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ABSTRACT. Cytochrome P450 (P450) 3A4 is the most abundant human P450 enzyme and has broad
selectivity for substrates. The enzyme can show marked catalytic regioselectivity and unusual patterns of
homotropic and heterotropic cooperativity, for which several models have been proposed. Spectral titration
studies indicated one binding site for the drug indinaMr 614), a known substrate and inhibitor. Several
C-terminal aminated peptides, including the model morphiceptin (YPFR;Nkhd with spectral changes
indicative of Fe-NH; bonding. The binding of the YPFP-NHN-terminal amine and the influence of
C-terminal modification on binding argue that the entire molecMge521) fits within P450 3A4. YPFP-

NH, was not oxidized by P450 3A4 but blocked binding of the substrates testosterone and midazolam,
with K; values similar to the spectral binding constaikit) (for YPFP-NH. YPFP-NH inhibited the
oxidations of several typical P450 substrates Witialues 10-fold greater than tikg for binding YPFP-

NH2 and itsK; for inhibiting substrate binding. The values for cooperativity of these oxidations were

not altered by YPFP-NKH YPFP-NH inhibited the oxidations of midazolam at two different positions

(2'- and 4-) with 20-fold differenk; values. The differences in th& values for blocking the binding to

ferric P450 3A4 and the oxidation of several substrates may be attributed to weaker binding of YPFP-
NH, to ferrous P450 3A4 than to the ferric form. The ferrous protein can be considered a distinct form
of the enzyme in binding and catalysis because many substrates (but not YPJrRadildate reduction

of the ferric to ferrous enzyme. Our results with these peptides are considered in the context of several
proposed models. A P450 3A4 model based on these peptide studies contains at least two and probably
three distinct ligand sites, with testosterone ardaphthoflavone occupying distinct sites. Midazolam
appears to be able to bind to P450 3A4 in two modes, one corresponding to the testosterone binding
mode and one postulated to reflect binding in a third site, distinct from both testosterone and
o-naphthoflavone. The work with indinavir and YPFP-N&lso argues that room should be present in
P450 3A4 to bind more than one smaller ligand in the “testosterone” site, although no direct evidence for
such binding exists. Although this work with peptides provides evidence for the existence of multiple
ligand binding sites, the results cannot be used to indicate their juxtaposition, which may vary through
the catalytic cycle.

P450 3A4 is the most abundant P450 in human liver and by the regioselectivity and steroselectivity with its substrates
is also found at high levels in the intestinal tra®t6). This (5, 6. The mechanisms underlying the selectivity of a
enzyme oxidizes endogenous and exogenous compounds asatalyst of this type are of interest in basic enzymology as
well as over half of the drugs in therapeutic uSe Although well as for practical applications.

P450 3A4 is often characterized as possessing a broad |, previous reports, P450 3A4 has demonstrated non-

substrate selectivity due to the_structural c_iiyersity pf t.hese Michaelis-Menten kinetics (homotropic cooperativity), and
substrates, the enzyme has a distinct specificity as indicated.4a\ytic activity can be directly stimulated or inhibited by

secondary ligands (heterotropic cooperativity) in some but
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tropic cooperativity {5) have been observed in recombinant of the ligand-bound complex, we exploited the binding
P450 3A4 systems and several explanations have beerproperties toward P450 3A4 of several peptides that had been
proposed. These include multiple, ligand-dependent confor-examined and reported by Delaforge et 8¥)( The effects
mations (6, 17 and a single cavity in the binding site large of a variety of ligand combinations on the rate of formation
enough to accommodate? ligands, which either compete  of ferrous P450 «CO complex) from ferric P450 were
for access to the heme irof&—20) or fit in “head-to-tail” measured. Finally, steady-state analysis was performed for
or “side-to-side” patterns to alter regioselectivi®/1( 22. the classical P450 3A4 substrates testosterone, midazolam,
Complicating issues include the variability in heterotropic and 17p-estradiol. Taken together, these studies provide
interactions often seen under varying conditions [e.g., buffer evidence for a model for P450 3A4 with at least two and
composition 23)] and the relatively low degree of positive  probably three binding sites with somewhat distinct features.
cooperativity (e.g., Hilh values usuallys 1.3) 6, 22, 24-

26). EXPERIMENTAL PROCEDURES
In our own work with P450 3A4aNF stimulated the 8,9- Chemicals Testosterone Bhydroxytestosterone;a-1,2-
epoxidation of aflatoxin Band attenuated itso3hydroxy- dilauroyl-sn-glycero-3-phosphocholine;o-dioleoyl-sn-glyc-

lation (6). Further, both reactions showed positive cooper- ero-3-phosphocholine, bovine brain phosphatidylsecing;,
ativity in the absence aiNF (n ~ 2.0) and no cooperativity = and most peptides were obtained from Sigma Chemical Co.
in the presence a&NF. This cooperativity is the strongest (St. Louis, MO). The peptide YPFP was purchased from
reported for a homogeneous P450 3A enzyme. Another Bachem Bioscience (King of Prussia, PA).AtEstradiol,
interesting point is that patterns of regioselectivity of 2-hydroxylestradiol, and 4-hydroxylestradiol were obtained
aflatoxin B, oxidation were very different when artificial  from Steraloids Inc. (Newport, RI). Midazolam,'-fy-
oxygen surrogates (e.g., cumene hydroperoxide, iodosylben-droxymidazolam, and 4-hydroxymidazolam were gifts from
zene) replaced the NADPHP450 reductase system and no A. J. J. Wood, Vanderbilt University. Indinavir was gener-
positive heterotropic cooperativity was observé). (The ously provided by J. H. Lin (Merck, West Point, PA).
pattern of homotropic cooperativity shows variation depend-  Synthesis of N-Acetyl-YPFP-NFYPFP-NH (25 mg) was
ing upon the reduction system used to deliver electrons to dissolved in 1 mL of pyridine. A stoichiometric amount of
P450 3A4 6, 27). Alternatively, others have proposed models acetic anhydride (ACS grade, 98%) to peptide was added;
that suggest a rather rigid P450 in which multiple ligands the mixture was incubated at room temperature for 30 min,
bind to yield the observed patterns of cooperativi2p-{ at which time a stoichiometric amount of NGH (in
22, 24, 28. However, direct evidence of a ligand stoichi- CH;OH) was added. The reaction was evaporated to dryness
ometry greater than unity for P450 3A4 has not been shown. with a Centrivap concentrator (Labconco, Kansas City, MO).

To address the issue of stoichiometry, we employed a The product was purified by HPLC on a Beckman ODS
variety of conventional binding techniques. All of the Ultrasphere octadecylsilane column (X0250 mm, Beck-
approaches relied on accurate quantitation of both bound andnan, San Ramon, CA) under gradient conditions;OH
free species of enzyme. These ligand interaction techniquesCH;CN (86/14 v/v, containing 0.10% GEO.H) to H,O/
included gel-filtration approache29), equilibrium dialysis, CHCN (68/32 v/v, containing 0.10% GEO.H) over 20
and binding to immobilized P450 3A4 [attached through a min, maintaining the latter condition for 5 min before
C-terminal (Hisy-tag to NP* resin]. None of these studies returning to the initial conditions. The chromatography was
revealed conclusive evidence regarding the stoichiometry of monitored at 230 nm and peaks elutingizaB82.8 and 38.2
binding, due to complications resulting from nonspecific mL were recovered and dried under.NSamples were
binding components, which prevented the correction of resuspended in a 50/50 mixture (v/v) of a {HH/H,O
binding data. solution [containing 0.10% (v/v) C¥OH] and then

In continuing our studies, we exploited the binding and subjected to ESI MS with a Finnigan TSQ 7000 spectrometer
catalytic properties of peptides, including a peptide mimic, (Finnigan, Sunnyvale, CA) by flow infusion. Operating
indinavir, to further examine the complex interligand interac- conditions were as follows: ion spray voltage, 4.0 kV; ion
tions that typify studies of human P450 3A4. Many oli- spray current, LA; electron multiplier, 1300 V; mass range,
gopeptides have important biological functions, e.g., neu- mz50—750; N, sheath gas, 70 psi; ion source pressure, 845
ropeptides, bradykinin, and enkephalins. P450 oxidation hasmTorr; manifold pressure, 56 107 Torr; capillary voltage
not really been considered to play a major role in metabolism and temperature, 20 V and 23C; tubel voltage, 71.1 V,
of peptides [with the notable exceptions of cyclosporin A and detection under positive ion mode. Data were ac-
(30) and bromocriptine31)], although few studies have been cumulated over each 1 min interval with scans taken every
done to explore this possibility. However, a major general 1 s. The signals seen wen#z 522.4 for the peak eluting at
approach to drug design and development is the identification32.8 mL (indicative of YPFP-NL) and m/z 564.4 for the
of critical peptide regions in protein interactions and ap- peak eluting at 38.2 mL (indicative df-acetyl-YPFP-NH),
propriate modification of the peptides to enhance drug with no starting material detected in the purified acetylation
response and bioavailability. Thus, interactions of relatively product.
hydrophobic oligopeptides with P450s can be expected. Enzyme Preparation®ecombinant P450 3A4 containing

Our binding studies took advantage of the different shifts a C-terminal (Hisjtag was prepared from P450 3A4 (NF14)
in the Soret spectrum resulting from binding interactions. (35, 3§ according to Domanski et al2®). The construct
Most P450 3A4 ligands induce a “type I” spectral sh§2) was expressed iBscherichia colDH5a and recovered from
upon binding the enzyme, but several peptides and deriva-the membranes by solubilization of the P450 with CHAPS
tives induce a “type II” spectral shif8@, 33 upon formation (1.0% wi/v) instead of nonionic detergen®7). The P450
of the ligand-bound complex. To further examine the nature 3A4 was purified by a two-step procedure: solubilized P450
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was loaded onto a 2.5% 10 cm DEAE-Sephacel column
(Fast Flow, Pharmacia, Piscataway, NJ) equilibrated with
20 mM potassium phosphate buffer (pH 7.4) containing 20%
glycerol (v/v) and 1.0% CHAPS (w/v). The flowthrough
fraction was diluted with KCI (0.5 M final concentration)
and loaded onto a 1.26 3 cm NP*-nitrilotriacetate column
(Qiagen, Valencia, CA) equilibrated with 20 mM potassium
phosphate buffer (pH 7.4) containing 20% glycerol (v/v),
0.5% CHAPS (w/v), 0.5 M KCI, and 10 m\-mercapto-
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through a centrifuge tube filter containing a 02 nylon
membrane (Costar, Corning, NY).

The reaction products were resolved by HPLC on a
Develosil ODS (4.6x 150 mm) column (Nomura Chemical
Co., Japan). The mobile phases and detection wavelengths
were as follows: testosterone oxidation,,Q4CH;OH
(30/70 viv), detection at 254 nmyNF oxidation, HO/CHs-

OH (20/80 v/v), detection at 220 nm; midazolam oxidation,
10 mM potassium phosphate (pH 7.4)/§HH/CH;CN

ethanol. The column was washed with 10 bed volumes of (40/38/22 v/viv), detection at 220 nm. A-Estradiol oxida-

the equilibration buffer and then 10 bed volumes of
equilibration buffer devoid of CHAPS. P450 3A4 was eluted
with 20 mM potassium phosphate buffer (pH 7.4) containing
20% glycerol (v/v), 0.5 M KCI, 200 mM imidazole, and 10
mM g-mercaptoethanol (pH adjusted to 7.4 with 43%
H3sPQO,). Colored fractions were pooled, dialyzeg ¥s 100
volumes of 10 mM potassium phosphate buffer (pH 7.4)
containing 20% glycerol (v/v), 0.1 mM EDTA, and 0.1 mM
dithiothreitol, and stored in aliquots at20 °C.

The amount of P450 was determined spectrally{FeO
vs Fé' spectra) by the method of Omura and S&a38)(
Protein concentration was determined (following 24 h
hydrolysis n 6 N HCI, 110°C) in the Vanderbilt facility.

Recombinant rat NADPHP450 reductase was expressed
in E. coli and purified by the method of Shen et 89) as
modified by Hanna et al.40). Rabbit liver cytochroméos
was prepared as described previougl§)(

P450 Catalytic Actiity AssaysPurified P450 3A4 was
reconstituted in batches with @81 P450, 1.0uM NADPH—
P450 reductase, 0.BM cytochromebs, and 0.5 mg of
CHAPS mL* (0.8 mM), 0.10 mg of phospholipid mix mtt
[1/2/1 (wiwlw) L-a-1,2-dilauroylsn-glycero-3-phosphocho-
line/L-a-dioleoyl-snglycero-3-phosphocholine/bovine brain

phosphatidylserine], and 50 mM potassium HEPES (pH 7.4);

aliquots were stored at20 °C (for validation of premixes
see ref27). Premixes (10@L) were diluted 5-fold with 300
uL of HO and 100uL of 5x premix buffer (200 mM
potassium HEPES and 150 mM MgCpH 7.4) to 500uL
total volume. Ascorbic acid (1.0 mM final) was added to
the 1B-estradiol oxidation reactions to minimize conversion
of 2-hydroxyestradiol to the-quinone. The reaction mixtures
(after ligands were added) were incubated for 3 min at 37
°C, at which time reactions were initiated by addition of an
NADPH-generating system [0.5 mM NADP 1 IU of
glucose 6-phosphate dehydrogenase land 10 mM
glucose 6-phosphatd?)]. Peptides were dissolved in8;
other ligands were dissolved in @BIH. The final concentra-
tion of CH;OH in reaction mixtures was 2% (v/v). After
incubation at 37°C for a designated time (testosterone, 5
min; midazolam, 1B-estradiol, anduNF, 10 min; YPFP-

tion gradient conditions were as follows:—8 min, 100%

A; 5—7 min, 100% A to 100% B; #8 min, 100% B; 8-10
min, 100% B to 100% A; 1612 min, 100% A, where A is
H,O/CH;OH (40/60 v/v) containing 0.5% CIEOH (v/v)

and B is HO/CH;OH (10/90 v/v) containing 0.5% GIEOH
(v/v). Oxidation of YPFP-NHwas assessed by HPLC/ESI/
MS (TSQ 7000 spectrometer, Finnigan, Sunnyvale, CA); a
3.0 x 250 mm octadecylsilane Phenomenex column was
used with a gradient of ¥/CH;OH (95/5 v/v, containing

10 uM NH4CH;CO;) to H,O/CH;OH (5/95 vlv, containing

10 uM NH4CH3CO,) over 30 min, stationary at 1@/
CH30H (5/95 vlv, containing 1&@M NH4,CH3CO;) over 20
min, returned to HO/CH;OH (5/95 v/v, containing 1&M
NH4CH3CGO;) over 10 min. Operating conditions were as
follows: ion spray voltage, 3.6 kV; ion spray current, 1.5
UA; electron multiplier, 1400 V; mass rangeyz 25—700;

N, sheath gas, 70 psi; ion source pressure, 800 mTorr;
manifold pressure, 5.% 1078 Torr; capillary voltage and
temperature, 10.9 V and 19€; tubel voltage;~3.0 V; and
detection in the positive ion mode (MS) and at 214 nm (UV).
Data were accumulated in the centroid mode with scans taken
every 0.5 s.

The concentration dependent oxidations were analyzed by
nonlinear regression with Graph-Pad Prism software (San
Diego, CA) and the equations= kst (K + S (Michae-
lis—Menten equation) and = k..SY/(So" + I, whereS
represents substrate concentratid®y is the substrate
concentration required to reach half-maximal velocityax
is the maximal velocity, and is a measure of the cooper-
ativity (15). The Michaelis-Menten equation was used when
the fits between the equations could not be distinguished, in
which casen = 1.

Oxidation ofaNF. Samples were analyzed by HPLC as
described elsewheré)(to idendify aNF oxidation products.
The major productX90%) was previously assigned as the
5,6-oxide on the basis of its parent iom/g) in the mass
spectrum and its UV spectrung,(43. However, work by
others reported two major peaks, one assigned as the 5,6-
oxide and the other the 7,8-dihydrodiol, on the basis of
comparison of general HPLC profiles with another study
(44). However, we found only traces of an earlier eluting

NH>, 30 min), reactions were quenched with either 2 volumes peak, which is judged to be a dihydrodiol on the basis of its

(1 mL) of ethyl acetate plus 0.2 volume (10Q) of a
solution containig 1 M NgCO; and 2 M NaCl (pH 10.5)
for testosterone, midazolam, amdNF, or 2 volumes of
CH.CI, for 17p-estradiol. The samples were mixed with a

UV spectrum and increased presence in samples containing
epoxide hydrolase (and in liver microsomes). The major
product was isolated from a preparative microsomal incuba-
tion (50 mL) and shown unambiguously to be the 5,6-oxide

vortex device for 10 s and the layers were separated byby its *H NMR spectrum (CDG| 400 MHz): the expected

centrifugation at 459 for 10 min. The organic layer from

H-5 and H-6 protons are shifted upfield from their normal

each sample was transferred to a sample vial, dried under goositions 43) and appear as a pair of doublets with- 4.0

N, stream, and dissolved in the mobile phase for HPLC.
Reactions with the peptide, YPFP-MHvere quenched with
0.55 volume of 17% aqueous HCJGand then filtered

Hz (see Supporting Information).
NADPH Oxidation.Reconstituted P450 3A4 (see P450
Catalytic Activity Assays) was preincubated for 4 min at 37
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°C with ligands of interest. The sample was transferred to a
1.0 cm cuvette and the baseline was set to zero. NADPH
was then added (14L of 10 mM NADPH to give a final of
100uM) to initiate the reaction anflz4o was monitored for

>3 min (Aezo = 6.22 mM cm™1), which was plotted
versus ligand concentration and analyzed by nonlinear
regression as described above (see P450 Catalytic Activity
Assays).

Reduction KineticsRates of reduction of ferric P450 3A4

were measured under anaerobic conditions in the presence

of saturating CO as described elsewhei®.(Reconstituted
P450 3A4 (as described above; see P450 Catalytic Activity
Assays) was diluted to 0.3ZM P450 3A4, 0.73uM
NADPH—P450 reductase, and 0.3M cytochromebs in

100 mM potassium HEPES buffer (pH 7.4) with 30 mM
MgCl,, 100 IU of glucose oxidase mt, 10 ug of catalase
mL~1, 120 uM glucose, and ligand of interest as follows:
50 uM or 200 uM testosterone, xM oNF, and/or 1quM
YPFP-NH. The sample was made anaerobic under Ar and
saturated with CO gas while anaerobic conditions were

maintained. The anaerobic sample was then loaded into a

stopped-flow device (Applied Photophysics, SX-18MV,
Leatherbarrow, U.K.) and combined with an anaerobic CO-
saturated solution of NADPH (1.5 mM) in 100 mM potas-
sium HEPES (pH 7.4). Reactions were run at°€7 with
data collection at 448 nm to monitor the formation of the
Fe#tCO complex. Data were analyzed with Graph-Pad Prism
software by comparing the fits to monophasic and biphasic
exponential reactions.

Spectral Binding TitrationsPurified P450 3A4 was diluted
to 1 uM in 100 mM potassium phosphate (pH 7.4) and
aliquoted (1.0 mL) into two glass cuvettes. A baseline of
the reference cuvette was recorded (3500 nm) on an
Aminco DW-2a/Olis spectrophotometer (On-Line Instrument

Systems, Bogart, GA). Ligand was subsequently added and

spectra were recorded (35600 nm) after each addition.
The vehicle solvent was added to the reference cuvette
(CH3OH for all ligands except peptides, which were dis-
solved in HO; the final CHOH concentration was kept2%

vIv). For analyses with multiple ligands, the inhibitory ligand
of interest was added to the sample cuvette, the baseline wa
recorded, and the titration was completed as above. The
difference in absorbance between the wavelength maximum
and minimum was plotted vs the ligand concentration, which
was analyzed by nonlinear regression methods with Graph-
Pad Prism software. Two equations were compared statisti-
cally to determine the best fitAA = Bnaxd(Ks + S and

AA = BnaIJY(KS + S, where S represents substrate
concentrationKs is the spectral dissociation constaBf,ax

is the maximal binding, and is a measure of the cooper-
ativity (15). The former equation was used when the fits
between the equations could not be distinguished, in which
casen = 1. Binding titrations with ferrous P450 were
completed as above, except thal mg of NaS,0, was

added to the both the reference and sample prior to recording0

the baseline and a new P450 aliquot was used for each ligan
concentration rather than adding the ligand sequentially.

RESULTS

Structure-Affinity Relationships of PeptideShe peptides
under consideration interact with the ferric heme iron through
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Ficure 1: Titration of ferric P450 3A4 with YPFP-NH (A) P450
3A4 (1.5uM) was divided into each of two 1.0 mL glass cuvettes
and a baseline was set. Aliquots of YPFP-NHO uL of a 50x
concentrated stock in @) were added to the sample cuvette and
equal volumes of D were added to the reference cuvette. (B)
Plot of AA43p-305 (from panel A) vs concentration of YPFP-NH

Table 1: Binding of Peptides to P450 3A4

peptide Ks (uM)
YPF 79+ 4
YPFP 77+ 3
YPFP-NH 7.8+24
N-Ac-YPFP-NH a
YGG b
YGGF 470+ 30
YGGFL 360+ 20
YGGFL-NH, 15+1
GGFL-NH, 67+3
GGFL a
YGGFM 300+ 20
YGGFM-NH; 12+1
GGFM-NH, 83+4
GGFM b
YPWG-NH, 8.8+ 0.2
Y (D)WGFM-NH;* 7.2+0.4

a Spectral signal too low for determinatiohPeptide solubility too
low for determination® p-Trp at second position.

a nitrogen on the peptide, as indicated by the type Il binding
spectra with a decrease in absorbance at 390 nm and an
increase in absorbance at 430 nm (Figure 1). The binding
affinities (Table 1) for a structural series of the peptides
indicated that affinity is enhanced by the addition of a
C-terminal amide and the presence of tyrosine at the

%\l—terminus. A further enhancement in affinity, although

slight, was seen by the presence of aromatic groups in the
interior of the peptide, i.e., Y)WGFM-NH, compared to
YGGFM-NH; (met-enkephalin). The free N-terminal nitro-
gen was imperative for the interaction with the heme iron,
as indicated by loss of signal wititacetyl-YPFP-NH, and
was a major contributing structural feature enhancing affinity.
Although an actuaks could not be obtained witN-acetyl-
YPFP-NH, aK; for inhibition of testosterone binding was
estimated at 67@M, 100-fold greater than for YPFP-NH
Binding Stoichiometry of Indindr. The HIV protease
inhibitor indinavir has been reported to have high affinity
for P4A50 3A4 46). In that indinavir is “peptidelike,” we felt
that it might mimic the binding observed with the bioactive

early equimolar binding of indinavir to P450 3A4 (Figure
) as determined by the break in the titration plot. e
was set at 0.3M to fit the data, yielding a stoichiometry of
unity after correction of the amount of the protein by
guantitative amino acid analysis.

Cooperatbity of P450 3A4-Catalyzed Oxidationdn
previous work 6) we reported positive cooperativity in the
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Ficure 2: Titration of ferric P450 3A4 with indinavir. (A) Spectral ‘9; 0.10

changes for P450 3A4 with varying indinavir concentration. The & B D

procedure is similar to that described with YPFP-NRiFigure 1, .

except that the P450 concentration wag:M8 (B) Plot of AAs30-395 9

(from panel A) vs concentration of indinavir. The P450 3A4 %

concentration indicated on the axis was based upon spectrally g 005

determined P450 and not corrected for quantitative amino acid §

analysis.

Table 2: Catalytic Parameters for Substrate Oxidation ‘ 0 i i
Substrate 350 400 450 500 20 40 60
(product in oxidation parametets Wavelength, nm [oNF], (i

parentheses) Sso (uM) Keat (Min~2) n FiGure 3: Titration of ferric P450 3A4 with (A) testosterone and
(B) aNF. The procedure is similar to that described with YPFP-
trgzis(}gigel;ﬁe (6OH) 60+13 79+4 1.6+ 0.1 NH in Figure 1. Plots 0\Asgo-420 VS (C) testosterone concentration
(1-OH) 4.6+ 0.1 25+ 06 10 (®) or (D) aNF concentrationM) are also shown.
(4-OH) 94+ 16 25+0.1 1.0
17B-estradiol (2-OH) 161 2.7+0.9 2.0+£0.1 Table 3: Binding Affinities of P450 3A4 Substrates addValues
aNF (5,6-oxide) 7.8:0.8 6.2+ 1.5 1.7+ 0.3 for YPFP-NH: Inhibition of Substrate Binding and Oxidation
a All data were fit tov = keaSYS" + ', whereS is the substrate inhibition by
concentration required to reach half-maximal velocity, ani an substrate substrate binding YPFP-NH,2
estimate of the extent of cooperativity. (product in parameters Ki (uM)
parentheses) Ks (uM) n binding oxidation

oxidations of testosterone & 1.3), 1B-estradiol 6 = 1.3), testosterone (OH) 41+11 1.3+0.1 8.2 190

amitryptiline (W = 1.4), and aflatoxin B(n = 1.8—3.6). We m'?ﬁfg'g;“ 85:02 1.0 71 75

did experiments with some of these substrates again, because (4-OH) 180

the P450 system had been modified, and found significant 178-estradiol (2-OH) 1&1 1.0 b 90

positive cooperativity for testosterong-Bydroxylation @ aNF (5,6-oxide) 5719 17+04 83 650

= 1.6), 1B-estradiol 2-hydroxylationn(= 2.0), andoNF aAll K; values are competitivé.Not determined due to high

5,6-epoxidation rif = 1.7) but not midazolam'4d or 4-hy- absorbance background.

droxylation f = 1.0) (Table 2).

Inhibition of Binding of Substrates by YPFP-AIBinding type Il ligand, with a shift of the spectrum from 430 to 390
titrations of substrates typically give type | spectra with P450 nm). The inhibition by YPFP-Nkwas competitive in nature
3A4, indicative of the removal of }D as the sixth ligand of as indicated by the change i@ apparent values, with little
the heme iron and resulting in a spin shift of the heme iron change inBax values or extent of cooperativity (Figure 4).
from low to high spin 82). The spectra are typified by an  However, the mechanism of inhibition assumes that the
increase in absorbance at 390 nm and a decrease irchange in signal reflects mutually exclusive binding. The
absorbance at 420 nm, where the magnitude of the differenceresults suggest two distinct binding sites for the peptide
of the absorbance maximum and minimum for each particular YPFP-NH,, a higher affinity site overlapping with testoster-
substrate is assumed to represent the extent of binding toone and midazolam and a lower affinity site overlapping with
the catalytic site. Binding of testosterone ardF both gave  aNF. Inhibition of 173-estradiol binding could not be
type | binding characteristics (Figure 3). Furthermore, the determined due to the high background absorbance. It should
binding of these ligands produced sigmoidal binding curves, be noted that since the binding is cooperative for some of
suggesting that the binding is cooperative (Table 3). Binding the ligands analyzed, entire concentration-dependent curves
of midazolam or 13-estradiol did not demonstrate coopera- were generated for the inhibition by YPFP-Ntather than
tive binding, but rather the plots were hyperbolic (Table 3; using a transformation method (e.g., LineweavBurk
graphs not shown), suggesting that the sigmoidicity seen withtransformation), which is often nonlinear with sigmoidal data.
oNF and testosterone is not an experimental artifact. Lack of Oxidation of YPFP-NH YPFP-NH (10 or 100

The difference between YPFP-MHa type Il ligand uM final) was incubated with P450 3A4 in the manner used
described above, and the type | ligands allows spectral for other substrates. No oxidation was detected by HPLC
competitive binding titrations for the determination Ik analysis A;15 detection) under a variety of conditions, and
values and thus affinity of the peptide to a given site (i.e., the lack of oxidation was confirmed by HPLC/MS withz
displacement of peptide by testosterone or another substrateset for M+ 16 (+0O) and M— 2 (i.e., M+ 16 — 18 = +0,
yields a spectral shift, due to displacement of the peptide —H,0), plus collection of full spectra. The level of detection
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Ficure 4. Competition of YPFP-NH for testosterone binding to ferric P450 3A4. (As90-420 VS testosterone concentration in the
absence and presence of varying concentrations of YPFR-i# 0, (a) 1 uM, (¥v) 2.5uM, (®) 5uM, (®) 10 uM, and () 20 uM. (B)
Plot of K (apparent values) vs YPFP-Nioncentration:K; = 8.2uM (—x-axis intercept). (C) Plot af (a measure of extent of cooperativity)
vs YPFP-NH concentration.

A 120 B 20, extent, with first-order rates of 220 mih (Figure 7A,
spectrum a) and 280 mih (Figure 7B, spectrum a),
180 - respectively, in the presence of ligand as compared0
min~tin the absence of ligand. When testosterone @Né

120 2% were examined in combination, the rate of reduction was

‘Y x further enhanced in an additive manner over the enhancement
/ seen when the ligands were examined individuadly=(530

S50(app), HM
Km(app), kM

N min~1, Figure 7B, spectrum b).
200 100 0 100 200 200 100 0 100 200 Reduction of P450 3A4 was neither stimulated nor
[YPFP-NH,], g inhibited by YPFP-NH (Figure 7A, spectrum c). Addition-
- 25 ally, YPFP-NH did not inhibit the stimulation of the initial
E'}%:gi j;ﬂi‘g‘;"bét')or(‘)rc’f(g)”f’rgigg‘;gf;ar;a')fh‘i% f@ﬁiﬁ?ﬁﬁ?%e reduction rate when examined in combination with testoster-
4-hydroxylation @) by YPFP-NH. Plots are apparer8s, or K, one (Figure .7A’ spect_rum_ b compa_red to spectrum a)
values vs varying YPFP-Nitoncentrations, giving thi; values although a slight reduction in the maximal absorbance was
indicated in Table 3. observed. These results are consistent with YPFR-N
being a substrate of P450 3A4 as determined by lack of
corresponded to a rate of0.1 min?, based on a conserva- product formation (vide supra) and by the lack of stimulation
tive estimate and assuming equal ionization properties for of NADPH consumption (results not presented).
YPFP-NH, and any products.
Inhibition of Substrate Oxidation by YPFP-MHnhhibiton ~ DPISCUSSION
of substrate oxidation catalyzed by P450 3A4 was analyzed  stimulation of P450 3A substrate oxidation reactions by
to determineK; values. Although the peptide was not found  effectors has been known for nearly 25 years, with in vitro
to be a substrate of P450 3A4, YPFP-Nebmpetitively  and in vivo evidence for both homotropic and heterotropic
inhibited catalysis of testosterone, midazolamg-gstradiol, modulation of oxidationsg| 8, 10-14, 18, 22, 24, 49, 50
andaNF (Table 3) in a manner similar to that observed in- The mechanism of the modulation of catalytic activity has
the binding analysis, as indicated by effects seeKa(Sso) remained undefined, although several reports provide evi-
and with little or no effect seen on the, andn (the extent  dence for an allosteric mechanism. Reports speculate on the
of cooperativity) (results not shown). However, tevalues  hinding of multiple ligands to rather distinct allosteric sites
are not similar to the spectral binding assay resuts ( (13, 51, 52 or binding to a large catalytic site that enhances
values), with the exception of inhibition of-hydroxylation  the interaction of the primary substrate to the catalytic site
of midazolam. In theory, thé&; of YPFP-NH; inhibition near the heme iron1Q, 20, 24, 53 while other reports
reflects affinity of the peptide to that respective binding site. speculate that the allosteric site itself is catalyfi4)( Absent
Formation of the two midazolam products was inhibited with  from the current reports is clear evidence for multiple ligands
different apparent YPFP-NHaffinities (e.g.,Ki values),  hinding to a single P450 3A4 molecule. We provide evidence
suggesting the presence of different binding sites for mida- jn support of such binding utilizing the peptide YPFP-\H
zolam and YPFP-NHK(Figure 5). which displays high affinity for P450 3A4 yet does not
The difference in inhibitory potential between spectral appear to be a substrate. Thus, the peptides offer a tool to
binding of substrate and catalysis of substrate oxidation wasstudy binding without the complication of oxidation.
suspected to be due to loss of affinity of YPFP-Nid a Evidence for Multiple Ligand Binding Site$he binding
different form of the heme iron following reduction by of the peptides resulted in type Il binding spectra, which
NADPH-P450 reductase. The affinity of YPFP-Nibas indicate that these ligands are bonded to the heme iron
~10-fold less to the ferrous form than to the ferric form of because this type of binding spectrum arises from nitrogen
P450 3A4 Ks 68 vs 7.8uM, Figure 6). interaction with the iron aton8@, 33. Binding of the typical
Influence of Ligand Binding on P450 Reduction Rates. P450 3A4 substrates, e.g., testosterone@X#, induces a
Rates of reduction of P450 3A4 by NADPHP450 reductase  type | spectrum indicative of displacement of the sixth-ligand
can be stimulated by the presence of substrdie 49. H,O molecule from the heme iror32, 33. The difference
Testosterone andNF stimulated reduction rates to the same in spectral shifts enabled the analysis of the inhibition of
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Ficure 6: Titration of ferrous P450 3A4 with YPFP-NHThe procedure is described under Experimental Procedures and is analogous to
the work presented in Figure 1, except thabt8}@,-reduced P450 3A4 was used under an Ar atmosphere. Binding titrations of (A) ferric
P450 and (B) ferrous P450 generated by addition of@,; (C) plot of AA/nmol of P450 vs YPFP-NEconcentration with M) ferric

P450 and 4) ferrous P450K; = 7.8 uM for ferric and 68uM for ferrous P450.

Scheme 1: Model for Inhibition of P450 3A4 by
YPFP-NH?
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Ficure 7: Reduction of ferric P450 3A4 under anaerobic conditions ,: :
and saturating CO in the presence of various ligands: (A) (a) 50 binds equally well to both enzyme forms (ferric and ferrous)

M testosteronek'= 220 min3), (b) 504M testosterone plus 10 but the inhipitor binds well only fto one fo_rm_ (ferric). Thus,
uM YPFP-NH, (k = 320 mirry), and (c) 10uM YPFP-NH, (k ~ substrate will be more competitive with inhibitor when the

60 mim?); (B) (&) 5uM oNF (k =280 mirr?) and (b) 5uM aNF enzyme is moving through the reaction cycle (including the

plus 50uM testosteronek(= 530 mir™). ferrous enzyme). The ferric and ferrous forms of the P450
- may well have different conformations; structural evidence

substrate binding by YPFP-NH(Table 3) and can be . ™: .

interpreted as the confirmation of multiple binding sites. In indicates changes in PA50s 1086) and 102 §7) upon

particular, two sites can be interpreted from the results: a reducthn. I_n oneé sense, Sc_heme 1 Isan overS|mpI|f|cat|_on
higher affinity site that overlaps with testosterone, mida- of the situation, since many intermediate forms of P450 exist

zolam, and possibly J#estradiot binding sites and a lower in. the catalytic cycle and each one COUld. be considered a
affinity site that overlaps with aaNF binding site. distinct form of the enzyme, perhaps having some confor-

YPFP-NH also inhibited substrate oxidation in a competi- mati(_)nal iden_tity. However, applying such a rationalizatio_n
tive manner, similarly to observations of substrate binding requires that ligand dissociation be faster than the conversion
Although the affinity of the peptide is substantially less to to the next P450 catalytic intermediate. What would a typical

ferrous P450 compared to ferric P450, the results consistentlyk"ff rate _be? If we assume an rate of~106. M 1 5! for
reveal two main groups of affinity, again supporting the view association of a protein and ligand, wh|gh IS gef‘e.ra"y
of two binding sites for the peptide with the lower affinity accepted to be §a Iot\:ver-elr;d \;alll&% ];arf dlflf)gsqun-llmflted
site overlapping with theaNF oxidation site. There is $'E>Zpy£nﬁ systefzm 0 Igf5n0%Ad4o' Id 1%2 lT |ng6o
precedence for individual binding sites for substrates such -NF} to ferrous yieldg ~10°s ™, or 6 x

ity T
as testosterone and the classical effeatdF. AlthoughaNF 1c.)tghm;)256\’\ghp'\ih IS d102 f%stglr thgn _lthe trat?hhmmtng séeop
is oxidized to the 5,6-oxide by P450 3A4, the addition of Wi (and probably similar to the rate o

. . H 4
aNF does not have a detectable effect on testosterone.bm.d'.ng at' an @ cpnceqtraﬂon of 2x 10 . M). Thus,
oxidation 6). individual intermediates in the P450 catalytic cycle should

Discrimination of Binding of YPFP-NHto Oxidation be considered to be potentially different enzyme forms in
States of P450 3A4The differences in thek: values of consideration of ligand interactions and cooperative phe-
I

YPFP-NH, binding and the steady-state oxidation of sub- nomena, just as the classic R and S forms of allosteric
strates (e.g., testosterone, midazolam, @aNé in Table 3) proteins 65_)' ) ) )

is rationalized in terms of weaker affinity of YPFP-NFor Anoth_er important point to discuss regarding treatment of
the ferrous than the ferric form of P450 3A4 (Figure 6). An the ferric and ferrous states (and probably some other
important point can be made here: the two forms of P450 catalytic intermediates) as distinct enzyme forms is the

differ in oxidation state and can be considered distinct forms acceéleration of reduction by substrates (Figure 7). The
of the enzyme in the same sense that the designation's E, g acceleration of the reduction of P450 3A4 by substrates is

etc. are used in considerations of allosteric systeB®. ( S€€n in most systems (including human liver microsomes)

Thus, Scheme 1 is proposed to explain the system. Substrat&vith the exception of baculovirus microsomes in which a
large excess of NADPHP450 reductase has been expressed

2YPFP-NH binding relative to 1j3-estradiol remains inconclusive (48). The basis of the stimulation is not known; it does not

because the high background offi@stradiol absorbance precluded ~@pPPear to be thermodynamic because testosterone does not
determination of 13-estradiol in the presence of the peptide (Table 3 alter the oxidatiorreduction potential45). We presume
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Scheme 2: Working Model of P450 3A4
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that the binding of substrate to P450 3A4 induces a change[M, 614, a known inhibitor46)] revealed one binding site,
in conformation to facilitate electron transfer, but the but the existence of additional “silent” sites cannot be
molecular basis for such a change is unknown. The availableprecluded because potential secondary ligand binding may
evidence with P450s with crystal structures shows confor- not produce a further absorbance change.
mational changes upon binding of substrei8)(although A second site bindsxNF. This view is based on the
it has not been shown that conformational changes are adifference in theK; values of YPFP-NKifor blocking oaNF
prerequisite to substrate oxidation. Interestingly, we have notand testosterone (Table 3). We cannot rule out the possibility
encountered ligands that stimulate steady-state P450 3A4that aNF can also move into the testosterone site, but the
oxidation of NADPH without being oxidized, nor have we results support at least one binding and oxidation site for
found substrates that are oxidized but do not stimulate P450aNF that is distinct from a testosterone site of interaction.
3A4 reduction [although the number of compounds we have oNF does yield a type | binding spectrum (Figure 3C), so
examined is limited®); Figure 7]. For example, in this study  we presume that its binding somehow leads i@ iisplace-
YPFP-NH was bound to ferric P450 3A4 but neither ment from the ferric iron. The point should also be made
stimulated reduction nor was oxidized (Figure 7). The that oNF binding shows sigmoidicity (Figure 3D), which
interaction of the peptide amino group with the heme iron could be the result ofiNF occupancy of theNF site plus
does not preclude catalysis, because indinavir (Figure 2) isone of the others.
known to be oxidized by P450 3A%9). Evidence for the third site arises from analysis of mida-
Evidence for a Three-Site P450 3A4 Mod&b explain zolam oxidation in the presence of YPFP-NHhe potent
the data from the present studies as well as previous work,inhibition of the I-hydroxylation of midazolam by the
we propose a three-site P450 3A4 model as described inpeptide indicates that YPFP-NIoes indeed have a high-
Scheme 2. In this scenario testosterone, midazolamybifd  affinity site of interaction during the catalytic site that is not
all produce type | binding spectra (presumably displacing seen in the binding spectra with ferrous P450 3A4. Thus,
the iron distal HO) and also stimulate reduction. The peptide this site is distinct from the site overlapping with testostefone
YPFP-NH (M, 521) best competes for binding in the andoNF sites of interaction. The view that two sites exist
testosterongmidazolam site, binds via an FeN bond, and  for midazolam binding (midazolaymand midazolan) is
has considerably reduced affinity for the ferrous enzyme. based on (i) the distiné, values for 1- and 4-hydroxylation
This loss of affinity may reflect a conformational change in (Table 2) and (i) the distindk; values for inhibition of 1-
P450 3A4 and not the change in the electronic properties of and 4-hydroxylation of midazolam by YPFP-N@able 3).
the iron atom, because other amines are reported to haverhe competitive inhibition of midazolam'-hydroxylation
similar affinities for ferric and ferrous iron (or actually to by the peptide resulted inl& 10-fold less than for YPFP-
preferentially bind ferrous iron)6Q). The low affinity of NH, binding to the ferrous form of the enzyme. This result
YPFP-NK for ferrous P450 3A4 cannot by itself explain  suggests that YPFP-NHhdeed has some high-affinity site
the lack of oxidation of the peptide because no oxidation of interaction during the catalytic cycle (i.e., with the ferrous
was observed even at high concentrations (480. We form of the enzyme). AdditionallyagNF has been shown to
presume that none of the atoms are in positions appropriatestimulate midazolam’ahydroxylation while having no effect
for oxidation. The site labeled testosterpigpostulated on  on 4-hydroxylation of midazolam2@). If midazolam and
the basis of the sizes of YPFP-Mldnd testosterone. aNF have overlapping binding sites with P450 3A4, one
All of the YPFP-NH molecule is considered to bind would expect modulation through mutually exclusive binding
within P450 3A4 because (i) the observed type Il binding and thus inhibition. The difference in the YPFP-NK;
spectrum is indicative of FeN bonding with the only amino  values for the midazolam products (Figure 5) is striking and
group in the peptide (and-acetylation abolished binding)  not readily explained without involving multiple modes of
and (ii) modification at the C-terminus had a strong effect midazolam binding. The multiplk; values for inhibition of
on binding (Table 1). The size occupied by YPFP-NM, the two different oxidations of midazolam by YPFP-NH
521) is roughly twice that of testosteroné,(288) (mida- likely reflect a binding phenomenon; however, kinetic
zolamM; 326). Precedence for multiple binding of testoster- influences in the mechanism of midazolam oxidation cannot
one molecules exists because homotropic, cooperative bind-be ruled out because little information is available with regard
ing and kinetics are observed. The titration with indinavir to the meaning oK, values.
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Scheme 3: Alternate Kinetic Explanations for Sigmoidal to P450, if we consider B to be an electron (treated here as
Responses. a substrate). Since binding of substrates facilitates reduction
ki, EAsJs under most conditionsgf, thenk;ks > kxk, and sigmoidal
E /m ‘:a\ EAB—=E + P kinetics could be expectedb®). Some of the previous
:}\k’z EB % literature (at least some of the homotropic cooperativity)
could probably be explained in such terni®9,20.3 It is
ki, Fe®.8 « k also possible that such a model could also explain hetero-
P450 Fea/{k: ‘k\s\a*,:ezﬂs_,,:eaup tropic cooperativity if one ligand could bind, facilitate
P Fet f}{' reduction, and exchange at the level of thé"F8 complex

(vide supra).

Relatively little has been done in terms of analysis of actual

Relationship of Current Model to Other P450 3A Propos- binding of ligands to P450 3A, where only the work of
als. P450 3A enzymes have been studied most extensivelyHarlow and Halpert Z4) on the cooperative binding of
in terms of cooperativity but are not the only P450s for which testosterone was found in the available literature=(1.3).
such behavior has been reported. Other P450s, even if notwe also found positive cooperativity in the binding of
clearly identified, have been reported to show homotropic testosteronen( = 1.3) andaNF (n = 1.7) (Figure 3).
(19, 51, 6] and heterotropic behaviolQ, 62-68). As in Cooperative binding, which may translate to cooperative
the case of many reports of homotropic behavior with P450 oxidation, supports the use of an equation that accounts for
3A enzymes, then values (i.e., the extent of positive interacting binding sites such as the Hill equation employed
cooperativity) are usually low. The sigmoidicity is often here (see Experimental Procedures) rather than an equation
driven by a small number of measurements, and unfortu- that assumes lack of interaction and independence of the
nately in many cases either plots are not shown or else themultiple sites. While the Hill equation may not provide a
analysis does not indicate the error in the estimates of completely satisfactory solution to analysis of P450 3A4
parameters. Another general problem in the area is thatsigmoidal kinetics, the equation offers a fit of the daa (
analysis through site-directed mutagenesis approaches caR2, 24, 25 without introducing additional parameters for
provide only limited information, since it is often unclear which there is a lack of evidencdg, 54.

how to interpret the resulting Hill parameters. The Hill  apother point of interest is that no positive heterotropic
equgtlon describes a phenomenon mathematlcally,. not meChaCOOperativity has been detected in P450 systems supported
nistically, and thus the parameters do not shed light on the \iip oxygen surrogates instead of NADPH/(®, 23, 50.
specific nature of cooperativity. An amino acid substitution These results can be difficult to interpret because an
may have a more global effect, as demonstrated in the recengqgitional reactant is imposed in the active site (albeit
report of Joo et al.§9) where random mutagenesis of P450 rg|atively small in the case of iodosylbenzene or cumene
101 yielded enzymes with increased catalytic activities due hygroperoxide). One interpretation of the results is that the
to changes at sites known through crystallographic work to cogperativity is related to the process of electron transfer
be distant from the substrate binding site. o into P450 3A4. Conney and his associates added purified

Another issue in the interpretation of cooperativity is the NADPH—P450 reductase to cholate-solubilized rabbit liver
limited number of studies on binding of ligands. Most of yicrosomes and found that the, for added NADPH-P450
the literature in this area deals only with the interpretation requctase was decreased when stimulatory flavonoids were
of steady-state kinetic results. The majority of the studies present 9, 67). These compounds appeared to exert their
yiel_d partia_l competitive inhibition with some asymmetries stimulatory effects, at least in part, by enhancing the binding
for interactions of two substrate,(18, 25, 26, 49 Some  of p450 and the reductase. The question arises as to what
of the steady-state work has been fit to more complex steady-i,e parameteK,, for reductase really encompassesKg,
state modelsl9, 54, but a general concern in these Systems gjectron transfer, or both? In our own work, the fusion of
is that the only parameters consideredérgandkea (Often  the P450 3A4 and NADPHP450 reductase proteins did not
presented a¥ma) and independent interaction among the  affect cooperativity), although it is not proven that electron
multiple sites for binding and oxidation is assumed. The rate- yansfer is only intramolecular in such fusion proteins)(
determining steps are not well established in very many P450 cogperativity can be dependent upon experimental conditions
systems and the meaning Kf, is usually unknown 70); (23), and in our own work with amitriptyline we noted
our own work with P450 2E171, 72 and the results  gigmoidicity in a reconstituted system but not liver or
presented in Table 3 show the complexity of interpretations p5culovirus microsomal systems (the latter of which con-
regarding ligand binding and steady-state kinetic parameters.igined a large excess of NADPHP450 reductaseRp). In

The rapid reduction of ferric P450 3A4 in the presence of e present work, sigmoidal binding was evident in the
substrate presents an interesting consideration regardingpsence of reconstitution (Figure 3). Although the model of
cooperativity. One model for sigmoidal kinetic response scheme 3 may explain these data, the findings of cooper-
involves ligand complexes, in the absence of a second ativity in binding to ferric P450 (Figure 3026) argue that

“allosteric” site (Scheme 3)56, 73. The system is bi-uni  requction may not be the only explanation for cooperativity
random and involves the formation of the complex EAB with (i it is at all).

both of the substrates bound. There are two possible routes
to EAB; one is favored because binding of A provides a

inat s ; 3The observation that cooperativity was detected ifi-&gtradiol
kinetic preference for binding B. The thermodynamics are 2-hydroxylation (Table 2) but not binding (Table 3) suggests that

identical for getting to EAB regardless of the path (ikeXs binding may not be responsible for the sigmoidal activity plot. An
= K2Ky), butkiks > koks (55). The model could be applied  explanation such as that proposed in Scheme 3 cannot be excluded.

aBi-uni random model %5, 73.
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Work with a rabbit P450 subfamily 2C protein also showed
cooperativity, and Johnson and Vickery used a model ligand
to demonstrate that the presence of effectors enhanced the
binding of the ligand to the P450 (as revealed by the type Il
spectral titrations)§1, 61). This model does not appear to
apply to the P450 3A4 situations considered here in that
testosterone, YPFP-NHand other ligands appear to compete
with each other. Unfortunately, it has not been possible to

examine the effects of testosterone aid- on the binding

of each other in that they produce the same spectral changes

(i.e., type I) (Figure 3).

Another proposal that has been made regarding the
cooperativity of P450 3A4 involves equilibrium of multiple
protein conformations. Evidence is limited to interpretations
offered in explanation of the effects of ligands on rates of

Fe*t-CO reassociation following flash photolysis2, 74.

A model involving altered equilibria for P450 3A4 confor-
mations was suggested in some of our own work to explain
differing characteristics of the P450 3A4-mediated oxidations

of testosterone and ethylmorphing&7). The equilibrium of

multiple conformations (at each step of the catalytic cycle)
modulated by ligands and differing in catalytic properties is
an interesting hypothesis that stands in contrast to efforts to
develop models in which multiple ligands are docked in a
single rigid protein latticeZ2). Unfortunately, systems with
multiple ligands and multiple conformations (related to

function) will be very hard to demonstrate structurally.

ConclusionsOur work differs from previous studies on
the steady-state kinetic approaches to the cooperativity of
P450 3A4 in that we have focused on a peptide ligand that
is not oxidized but has effects on activities that can be
interpreted in terms of multiple binding sites. Our results
provide evidence for a P450 model with at least two sites
proximal to the heme and probably three distinct binding
sites (or perhaps more appropriately, modes of binding). We
do not know exactly where these sites are or their juxtaposi-
tion. The work on the altered affinity for the peptide YPFP-
NH; in different P450 3A4 oxidationreduction states argues
in favor of a dynamic view of P450 3A4ligand interactions.
Exactly what ligand features influence P450 3A4 reduction
(by the reductase) and substrate oxidation (and how much
they overlap) is not clear. Finally, it must be emphasized
that neither our current working model (Scheme 2) nor any
others in the literature are very practical in predicting the

behavior of new ligands a priori.
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SUPPORTING INFORMATION AVAILABLE
A figure showing théH NMR spectrum ofxNF oxidation

product formed from P450 3A4. This material is available

free of charge via the Internet at http://pubs.acs.org.
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