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ABSTRACT: ω-Imidazolyl carboxylic acids (C10-C12) have been used as probes of the active site and
catalytic mechanism of the fatty acid hydroxylase P-450 BM3 fromBacillus megaterium. These compounds
are the most potent inhibitors of P-450 BM3 yet reported. All are mixed inhibitors, increasing theKm and
decreasing thekcat for laurate oxidation. All ligate the P-450 BM3 ferric heme iron, inducing a type II
shift in the Soret absorbance band from 419 to 424 nm. Binding to the ferrous form is much weaker.
10-(Imidazolyl)decanoic acid was the best inhibitor (Kic ) 0.9µM, Kiu ) 5.7µM), while 12-(imidazolyl)-
dodecanoic acid (Kic ) 1.35µM, Kiu ) 6.9 µM) was superior to 11-(imidazolyl)undecanoic acid (Kic )
7.5 µM, Kiu ) 16 µM). Dissociation constants for binding to oxidized P-450 BM3 heme iron were
determined spectrophotometrically as 8µM (C12 azole) and 27µM (C11 azole). The binding of 10-
(imidazolyl)decanoic acid was too tight for an absoluteKd to be determined spectrophotometrically, but
this value is<0.2 µM. The binding of different fatty acids to the enzyme was found to have distinct
effects on theKd for the azoles. Laurate induced tighter binding (Kd for the C12 azole lowered to 4.7
µM), while arachidonate weakened the affinity (Kd increased to 23µM). Arachidonate diminished the
affinity for the C10 azole sufficiently that aKd could be determined by spectrophotometric titration (11
µM). Affinity for the C12 azole was decreased in active-site-mutants R47G (R47 tethers the fatty acid
carboxylate group) and F87Y but increased in mutant F87Gsindicating an important role for this residue
in determining heme accessibility. The C10 azole binds much more weakly to the spin-state-insensitive
F87Y (32.2µM), suggesting that the inhibitors may bind preferentially to different conformers of P-450
BM3. NADP+ binding in the reductase also tightened affinity of these inhibitors for P-450 BM3 (Kd for
the C12 azole decreased to 2.7µM), but this effect was not observed for FMN-deficient mutant W574D,
suggesting that the interdomain effect of NADP+ on inhibitor binding was mediated via flavin
mononucleotide. Resonance Raman spectroscopy indicates that the inhibitors form low-spin complexes
with P-450 BM3 and that their binding induces movements of the heme vinyls relative to the ring.

The involvement of the cytochromes P-4501 in a vast array
of cellular processes is well-known, as is their ability to
oxidize numerous drugs and organic xenobiotics, thus
facilitating their excretion from cells or, in the case of
microbes, permitting their use as energy sources (1, 2). Their

substrate range is enormous, extending from simple mol-
ecules such as acetone through to complex polycyclic
compounds. Eukaryotic P-450s are usually membrane-bound
and interact with membranous redox partners. Bacterial forms
(and their redox partners) are generally soluble. The soluble
bacterial forms have proved the most experimentally tractable
systems and X-ray crystal structures have now been obtained
from six bacterial forms (2-4). The most extensively studied
of these are the camphor hydroxylase P-450cam from
Pseudomonas putidaand the fatty acid hydroxylase P-450
BM3 from Bacillus megaterium(2). In recent years, the
P-450 BM3 system has been the subject of intense scrutiny,
with the realization that it operates an electron-transfer system
similar to that used by mammalian drug-metabolizing forms
(P-450 and diflavin P-450 reductase) and also because the
heme domain of P-450 BM3 is fused to its diflavin reductase
in a single polypeptide, an arrangement similar to that of
the nitric oxide synthases (5). The atomic structures of the
substrate-free and substrate- (palmitoleate-) bound forms of
the heme domain of P-450ΒΜ3 have been determined (6,
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7). These structures have provided the basis for rational
mutagenesis aimed at the determination of the roles of key
active-site residues. Such studies have identified determinants
of heme binding and spin-state control (W96;8), of re-
giospecificity of substrate oxidation (F87;9, 10), and of fatty
acid ligation in the active site (R47,11).

The study of P-450 inhibitors and their mechanisms of
action is a major focus of interest in the pharmaceutical
industry for the rational design of fungicides and insecticides
and has major medical implications (e.g., in human drug
metabolism and steroid synthesis pathways). Substrate-like
compounds containing an imidazole functionality (capable
of ligating the heme iron) have found most widespread use.
For instance, steroid-derived azole antifungal agents provide
the basis of a multimillion dollar industry; with their target
as the 14R-sterol demethylase P-450 required for the
synthesis of the important membrane lipid ergosterol (12).
Analysis of the action of inhibitors of the P-450s and the
mechanisms by which they function has been important in
elucidating important features of the structures of active sites
of various isoforms and of the catalytic processes employed
(e.g., refs13 and14).

We have examined the binding characteristics and inhibi-
tion kinetics of P-450 BM3 with imidazolyl carboxylic acids,
potential heme-coordinating mimics of the natural fatty acid
substrates of P-450 BM3. Our results indicate these com-
pounds are the most potent inhibitors of P-450 BM3 yet
reported. The data also provide evidence for interdomain
communication between the heme (P-450) and diflavin
(reductase) domains of this model flavocytochrome and
indicate that the binding of either pyridine nucleotide or fatty
acid substrate or mutation at key catalytic residues can affect
dramatically the binding of the inhibitors to the P-450 BM3
active site.

EXPERIMENTAL PROCEDURES

Materials. All P-450 BM3 substrates and other reagents
were purchased from Sigma and were of the highest possible
grade. The fatty acids used were sodium laurate and
arachidonic acid. Stock solutions of laurate (50 mM) and
arachidonic acid (33 mM) were made up in 1:1 (v/v)
methanol/ethanol. NADPH (20 mM) was prepared in ice-
cold assay buffer [20 mM MOPS (pH 7.4)+ 100 mM KCl].
10-(Imidazolyl)decanoic acid, 11-(imidazolyl)undecanoic
acid, and 12-(imidazolyl)dodecanoic acid were synthesized
and purified as previously described (15).

Escherichia coli Strains and Plasmid Vectors. E. colistrain
TG1 [supE hsd∆5 thi ∆(lac-proAB) F′ (traD36 proAB+

lacIq lacZ∆M15)] was used for all cloning work and for
overexpression of intact P-450 BM3 and its heme domain.
The preparation of the constructs for the overexpression of
intact P-450 BM3 (plasmid pBM25) and the heme domain
(plasmid pBM20) has been presented in previous publications
(16, 17). Plasmid clones encoding the active-site mutants
R47G, F87G, and F87Y of P-450 BM3 were obtained from
Dr. David Mullin and Professor William Alworth (Depart-
ment of Chemistry, Tulane University, New Orleans, LA)
and overexpressed under a T7 promoter system from plasmid
vector pTZ18U in strain BL21 (DE3) [hsdS gal (λcIts857
ind1 Sam7nin5 lacUV5-T7 gene 1)]. The clone encoding

FMN-deficient mutant W574D in plasmid pBluescript (Strat-
agene) was obtained from Professor Armand Fulco (Depart-
ment of Chemistry, UCLA) (18) and expressed from strain
TG1 in identical fashion to the wild-type clone (17).

Enzyme Preparations.Intact cytochrome P-450 BM3 and
its heme domain were purified as described previously (16,
17). Protein was purified fromE. coli transformants TG1/
pBM25 and TG1/pBM20 by growth of the transformant
cultures (2-5 L in LB medium, 37°C, 250 rpm) for 6-12
h after induction at OD600 ) 1 with 250µg/mL IPTG. All
mutants of flavocytochrome P-450 BM3 were purified
exactly as described for the wild-type enzyme (17). Expres-
sion of the W574D mutant was from TG1 transformants as
described for the wild-type P-450 BM3. Expression of
mutants R47G, F87Y, and F87G was from BL21 (DE3)
transformants. Cells (2-5 L in LB medium) were collected
5 h post-induction with 500µg/mL IPTG. A final gel-
filtration step (Sephacryl S-200HR) was used to remove
minor contaminating protein species. PMSF (1 mM) and
leupeptin (1 mM) were added to all buffers to minimize
proteolysis. All proteins were stored at-20 °C after
dialyzing twice successively into 500-fold volumes of buffer
A [50 mM Tris‚HCl (pH 7.2) and 1 mM EDTA] containing
50% glycerol and protease inhibitors and were used within
1 month of manufacture.

Spectrophotometric and Kinetic Characterization.Aerobic
UV-visible spectra were collected with a Shimadzu 2101
spectrophotometer. Spectrophotometric and rate measure-
ments were performed in quartz cells of 1 cm path length.
The concentration of heme protein used in titrations with
the inhibitors was 3-8 µM. Inhibitors were added in small
(0.1-0.4 µL) aliquots (<5 µL total addition) from concen-
trated stocks (25-60 mM) prepared in DMSO:methanol (1:1
v/v). All titrations were performed at 30°C in assay buffer.
In attempts to determineKd values for the binding of the
ImC10 inhibitor to P-450 BM3 and mutant forms, heme
protein concentrations of 0.2-0.4µM were used in titrations
performed in a 5 cmpath length cell with a Unicam ATI
UV2 spectrophotometer. Other conditions were as described
above. For spectrophotometric titrations of substrates and
inhibitors, dilution effects were accounted for by multiplica-
tion of the spectra by the appropriate factor. Difference
spectra for each titration set were generated by successive
subtractions of the spectrum of the inhibitor-free enzyme
from the spectrum after each addition of inhibitor (after
appropriate corrections were made). Maximal absorbance
changes were computed by subtraction of the absorbance
value at the trough from that at the peak of each difference
spectrum (using the sameλ values in each titration).Kd

values were derived by fitting the resulting absorbance
difference values (A) plotted against the inhibitor concentra-
tion values ([I]) to a hyperbolic function:A ) Amax[I]/
(Kd + [I]).

Anaerobic titrations of reduced enzyme were conducted
within a Belle Technology glovebox under a nitrogen
atmosphere, with oxygen maintained at less than 5 ppm. All
samples were bubbled with oxygen-free nitrogen (30 min)
prior to transferring to the glovebox. Degassed enzyme
samples were passed through an anaerobic Sephadex G25
column (1× 20 cm) (Sigma) immediately on admission to
the glovebox, thereby removing all traces of oxygen. The
column was equilibrated and enzyme was eluted with assay
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buffer. Spectra were recorded on a Shimadzu 1201 UV-vis
spectrophotometer (typically between 250 and 800 nm)
contained within the anaerobic environment. Reduced en-
zyme samples were generated anaerobically by addition of
the minimum quantity of sodium dithionite solution (50 mM
stock in degassed buffer) required to cause fusion of the heme
R and â bands and a shift of the Soret band to 412 nm,
features typical of the reduced P-450 form (19). All data
manipulations and nonlinear least-squares curve-fitting of
titration and kinetic data were conducted with Origin
(Microcal).

Measurements of lauric acid oxidation rates were made
at 30°C using 20-50 nM P-450 BM3 and 200µM NADPH
in the assay buffer as described previously (16, 17, 20). Initial
rates of fatty acid (sodium laurate) monooxygenation were
measured by following the oxidation of NADPH at 340 nm
(6210 M-1 cm-1) over the first 10-15 s at 30°C in assay
buffer, with the enzyme concentration between 5 and 10 nM
and NADPH at saturating levels (200µM). The reversible
inhibition characteristics of ImC10, ImC11, and ImC12 were
evaluated by their effect on theKm and kcat for laurate
hydroxylation. TheKi values were determined from the
apparentKm andkcat values obtained from repetitions of the
Michaelis curve for laurate hydroxylation at 3-4 different,
fixed inhibitor concentrations (0.4-10 µM).

Spectroscopic Characterization.Resonance Raman spectra
of the P-450 BM3 heme domain were recorded with a
Coherent Innova 100 Krypton ion laser as the source of 413.1
nm radiation. Power at the sample was kept at 15-20 mW.
Scattered radiation was collected at 180°, analyzed by a Spex
1877 triple monochromator, and measured by a Princeton
Instruments 1152E LN/CCD detector. The heme domain was
1.6× 10-5 M in 0.1 M sodium phosphate buffer at pH 7.4.
ImC10 and ImC12 inhibitors were added from concentrated
DMSO/MeOH stocks (as described above) to give a final
concentration of 345µM for ImC10 and 191µM for the
ImC12 derivative. The same quantity of solvent was added
for both measurements. Far UV circular dichroism (CD)
spectra (between 190 and 260 nm) were recorded at 20°C
in a Jasco J600 spectropolarimeter for wild-type P-450 BM3
(3 µM) ( 100 µM ImC10 or ImC12.

RESULTS

Kinetic Studies.The ImC10 and ImC12 compounds proved
to be very potent inhibitors of fatty acid monooxygenation
by P-450 BM3. ImC11 was less efficient. The relative
potency of the inhibitors was evaluated by their effect on
the Michaelis parameters for laurate hydroxylation. A
preliminary comparison was performed at inhibitor concen-
trations of 3.2µM and a fixed laurate concentration of 400
µM. The rates of laurate hydroxylation were determined (in
moles minute-1 mole-1) as 672( 19 (ImC11), 316( 11
(ImC12), and 137( 9 (ImC10) compared with 1018( 22
(uninhibited). ImC10 is the most efficient inhibitor.

An increase inKm and a decrease inkcat were observed
for the laurate-dependent oxidation of NADPH with all three
inhibitors. These are characteristic of mixed inhibition,
whereby the inhibitor can bind to both free enzyme (E) and
the enzyme-fatty acid (ES) complex in the Michaelis-
Menten mechanism (Scheme 1). To determine the relative

dissociation constants for E and ES (Kic andKiu, respectively)
the following equations for mixed inhibition were used:

kcat(app)andKm(app)represent the apparentkcat andKm at each
of the different concentrations of inhibitor used. Values of
1.35 ( 0.36 µM and 6.94( 1.26 µM, respectively, were
calculated forKic (dissociation constant for the free enzyme)
andKiu (dissociation constant for the ES complex) (21) for
ImC12 (Figure 1). The analogous values for ImC11 were
7.5( 2.7µM and 16.2( 3.7µM, and for ImC10 they were
0.87 ( 0.39 µM and 5.7( 2.73 µM.

Spectrophotometric Titrations: (A) Substrate-Free P-450
BM3. Spectrophotometric titrations of oxidized flavocyto-
chrome P-450ΒΜ3 (2-4 µM) were performed at 30°C in
assay buffer, monitoring the absorbance change between 800
and 300 nm upon addition of the imidazoles (which have
no absorbance in this region). All inhibitors induced a type
II absorbance shift of the heme Soret band, indicating ligation
of the azole group to the heme iron. A red shift of 5 nm

FIGURE 1: Michaelis-Menten curves for the oxidation of sodium
laurate by P-450 BM3, uninhibited and in the presence of 4.2, 8.4,
and 16.8µM ImC12. Reactions were performed at 30°C as
described in the Experimental Procedures section. The decrease in
apparentKm [Km(app)] and apparentkcat [kcat(app)] is typical of the
action of a mixed inhibitor. (9) No inhibitor, Km ) 89 ( 18 µM,
kcat ) 1252( 70 min-1; (b) 4.2 µM ImC12, Km(app) ) 188 ( 20
µM, kcat(app)) 780( 28 min-1; (2) 8.4 µM ImC12,Km(app)) 306
( 29 µM, kcat(app)) 593( 22 min-1; (1) 16.8µM ImC12,Km(app)
) 453 ( 77 µM, kcat(app)) 342 ( 28 min-1. Similar phenomena
were observed for the ImC10 and ImC11 inhibitors.

Scheme 1: Characteristics of Action of a Mixed Inhibitor
(I) Binding to both Free Enzyme (E) and Enzyme-Substrate
Complex (ES) To Form EI and ESI with Dissociation
ConstantsKic andKiu, Respectively (21)

kcat(app))
kcat

1 + [I]/ Kiu

(1)

Km(app))
Km(1 + [I]/ Kic)

1 + [I]/ Kiu

(2)
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from 419 to 424 nm was observed on saturation of the P-450,
with smaller changes in the longer wavelength region where
the hemeR andâ bands are located (530-580 nm) (Table
1). Isosbestic points for the oxidized inhibitor-free and
inhibitor-bound forms are located at approximately 422 and
559 nm. Alterations in the spectra induced by the inhibitors
are more clearly distinguished in the difference spectra
(Figure 2).

Dissociation constants (Kds) were determined by fitting
the maximal spectral absorbance difference observed vs the
concentration of inhibitor to a rectangular hyperbola. For both
ImC12 and ImC11, this procedure resulted in good fits of
the data points to the function. TheKd determined for ImC12
is lower (8µM) than that obtained for ImC11 (27µM) (Table
2). This finding was not unexpected in view of the known
preference for longer chain fatty acids as substrates for P-450
BM3. For saturated fatty acids, activity is maximal toward
C16 (palmitic acid,Km approximately 2µM), with C12
oxidized more slowly and bound rather less tightly (lauric
acid,Km approximately 100µM) (8). While the imidazolyl
carboxylic acids have relatively short carbon chain length
(C10-C12), the imidazole ring adds considerable size to the

inhibitors. However, at concentrations of protein (ca. 4µM)
convenient for spectrophotometric determination of theKd,
the data for the ImC10 titrations are not described by a
hyperbolic function. Rather, there is a linear increase in the
heme absorbance difference induced with increasing [ImC10],
which sharply plateaus to reach an absolute value. Experi-
ments in which spectra were recorded during dilution of
enzyme/ImC10 complexes with the assay buffer showed that
the titration curve followed the same nonhyperbolic pattern
during the dilution, indicating that binding of ImC10 was
reversible (not shown). Such behavior is easily explained if
the Kd for the inhibitor binding is significantly lower than
the enzyme concentration. To demonstrate that very tight
binding of ImC10 was responsible for the unusual titration
curves observed, titrations were repeated with a longer path
length (5 cm) quartz cell at a much lower enzyme concentra-
tion (0.2µM). Again, the initially linear but abruptly breaking
titration curve was produced. However, the curve was seen
to plateau at a much lower concentration of ImC10, sug-
gesting that very tight binding was indeed the explanation.
Further titrations of ImC10 in the presence of fatty acid
substrates (discussed below) confirmed this to be the case.

Anaerobic titrations with reduced P-450 BM3 indicated
that all the inhibitors could ligate to the ferrous heme, albeit
more weakly than to the ferric form, inducing a red (type
II) shift of the Soret absorbance band to approximately 424
nm. TheKd values were 45.94( 3.5µM (ImC10), 34.38(
6.42 µM (ImC11), and 26.4( 9.6 µM (ImC12).

(B) Fatty Acid-Bound P-450 BM3.The observation of
mixed inhibition from the kinetic data indicated that the
inhibitors might retain high affinity for the substrate-bound
forms of P-450 BM3. To examine this possibility, titrations
with all the imidazoles were also performed with substrate
(arachidonic acid and sodium laurate) saturated P-450 BM3,
using 70 µM arachidonic acid (Kd 1.5 µM) or 500 µM
sodium laurate (Kd 100 µM) to saturate 3µM P-450. This
quantity of arachidonic acid, the best substrate for P-450
BM3 yet reported, induces spectral shifts typical of the
conversion to high-spin heme iron (Table 1) and results in
>90% conversion to the high-spin form (Soret absorbance
maximum shifts from 419 to 390 nm) (19). By contrast,
saturation with sodium laurate converts the protein to only
approximately 30% high-spin heme iron (8, 19).

It was found that saturating sodium laurate enhanced the
binding of the ImC12 and ImC11 inhibitors to P-450 BM3.
TheKds were lowered to 4.7µM (from 8.0 µM) for ImC12

Table 1: Visible Spectroscopic Properties of Wild-Type
Flavocytochrome P-450 BM3 in Its Oxidized/Ligand-Free Form,
Substrate-Saturated (High-Spin) Form, and in the Presence of
Saturating Concentrations of the Alkyl Imidazole Inhibitors

absorbance maxima (nm)

absolute spectra difference spectrab

enzyme state Soret â R peak trough

substrate-free 419 534 567.5
Ara-bound 391 shoulder∼ 542 389 420.5
Imid-bound 424 540 571 432 410
Imid/Ara-bound 424 540 571 425 391

a Ara ) arachidonic acid; Imid) ImC10, ImC11, and ImC12, all
giving identical spectral shifts.b Difference spectra were generated by
subtraction of the spectrum of the substrate-free oxidized form from
that of the arachidonic acid-bound form (Ara-bound) or the alkyl
imidazole-bound form (Imid-bound); or by the subtraction of the
spectrum of the arachidonate-bound form from that of the same complex
saturated with an alkyl imidazole (Ara/Imid-bound). Titrations with
substrate/inhibitors were performed as described in the Experimental
Procedures section.

FIGURE 2: Difference spectra for the titration of 5µM oxidized
substrate-free wild-type P-450 BM3 with the ImC10 inhibitor.
Difference spectra were generated by subtraction of the spectrum
of the azole-free form from each successive spectrum generated
by ImC10 additions. The traces showing increasing deviation from
the baseline correspond to addition of 9.1, 18.3, 27.4, 36.5, 45.6,
63.8, 82.0, 119, and 228µM ImC10, respectively. Titrations were
performed as described in the Experimental Procedures section.

Table 2: Dissociation Constants for the Binding of the Imidazolyl
Carboxylic Acid Inhibitors to Wild-type Flavocytochrome P-450
BM3 in Its Oxidized, Substrate-Bound, NADP+-Bound, and
NADP+/Substrate-Bound Formsa

inhibitor Kd (µM)

enzyme formb ImC10 ImC11 ImC12

ox.-free e0.2 27.2( 1.4 8.0( 0.2
ox.-Laur e0.2 10.5( 0.4 4.7( 0.6
ox.-Ara 10.7( 0.3 348( 28 23.3( 0.4
ox.-NADP+ e0.2 21.0( 1.4 2.7( 0.1
ox.-Laur/NADP+ e0.2 11.3( 0.6 3.4( 0.4
ox.-Ara/NADP+ 13.5( 0.7 133( 9 22.0( 0.5

a Titrations were performed as described in the Experimental
Procedures section.b Ox. ) oxidized; Laur) sodium laurate; Ara)
arachidonic acid.
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and to 10.5µM (from 27.2 µM) for ImC11. By contrast,
saturating concentrations of arachidonic acid caused large
increases in theKd values for the binding of ImC12 (23.3
µM) and ImC11 (348µM). The binding of ImC10 to laurate-
saturated P-450 BM3 remained too tight for aKd to be
determined by spectrophotometric titration, even when the
experiment was performed at low enzyme concentration (0.2
µM) in the 5 cm path length cell. However, the ImC10
titration of 0.2µM P-450 BM3 saturated with arachidonate
(performed in the 5 cm cell) yielded a good rectangular
hyperbola characterized with aKd of 11 µM. Clearly,
arachidonate also weakens significantly the affinity of ImC10
for P-450 BM3. In the presence of arachidonate, theKd for
ImC12 binding to P-450 BM3 increases 3-fold (from 8 to
23 µM) while that for ImC11 increases approximately 15-
fold (from 27 to 348µM) (Table 2). Thus, in the presence
of arachidonate, affinity of P-450 BM3 is weakened for all
imidazolyl fatty acids by a large enough factor to allow
measurement of aKd by conventional spectrophotometric
titration. For substrate-free P-450 BM3, binding of ImC10
is very tight and theKd is very low; e0.2 µM, the
concentration of enzyme used in the titrations.

Anaerobic additions of ImC10-ImC12 to sodium dithion-
ite-reduced, substrate (laurate, arachidonate)-bound forms of
P-450 BM3 did not result in any absorbance changes of the
heme bands. This indicates the inhibitors are unable to ligate
to the ferrous, substrate-bound form of P-450 BM3.

(C) NADP+-Bound P-450 BM3.In Scheme 1 shown
above, it appears that the binding of inhibitors to the free
enzyme (characterized with dissociation constantKic from
kinetic measurements) is analogous to theKd determined
spectrophotometrically. However, the discrepancy between
Kic values and theKd values calculated for ImC11 and ImC12
(Kic < Kd in all cases; e.g., for ImC12,Kic ) 1.35µM and
Kd ) 8.0 µM) suggested that other factors may influence
affinity for the inhibitors. The only component absent in
Scheme 1 is the pyridine dinucleotide coenzyme (NADP+/
H), which binds to the reductase domain of P-450 BM3. In
view of recent fluorescence data (22), which indicate that
interdomain effects occur on fatty acid binding to the
enzyme, we decided to investigate the influence of bound
NADP+ on the affinities for the inhibitors as a possible
reason for the differences inKic vs Kd.

Spectrophotometric titrations of P-450 BM3 saturated with
200µM NADP+ (Kd e 2 µM) were performed with each of
the three inhibitors. In all cases, theKd values were decreased
by binding of NADP+. For ImC12, theKd was lowered from
8.0 to 2.7µM, and for ImC11, from 27.2 to 21.0µM (Table
2). Again, as expected, the form of the titration curve for
ImC10 with NADP+-saturated P-450 BM3 indicated very
tight binding. A Kd could not be determined spectrophoto-
metrically. Evidently, binding of ImC10 to NADP+-bound
P-450 BM3 is at least as tight as to the NADP+-free form.

(D) FlaVocytochrome P-450 BM3 Heme Domain. Kd

measurements for inhibitor binding to the heme domain of
P-450 BM3 (16) were made to assess the influence of
removing the diflavin reductase on the affinity for the ImC10
and ImC12 inhibitors. For substrate-free heme domain, the
Kd for ImC12 was slightly increased by comparison with
the intact P-450 BM3 (12.1 vs 8.0µM), whereas theKd for
ImC11 was very similar (27.1 vs 27.2µM). The binding of
ImC10 to the heme domain remained very tight (Kd < 0.2

µM). However, laurate-saturated heme domain gave aKd of
8.1 µM for ImC12 (vs 4.7µM for intact P-450 BM3) and
arachidonate-saturated heme domain gaveKds of 17.1µM
for ImC10 (vs 10.7µM) and 149µM for ImC12 (vs 23.3
µM). There is a broadly lower affinity of the inhibitors
(certainly for ImC10 and ImC12) for the heme domain vs
intact P-450 BM3. This pattern is reminiscent of the
comparativeKd values with true fatty acid substrates. The
distinct effects of laurate and arachidonate binding to the
heme domain on its affinities for ImC10 and ImC12 are
similar to those observed for the intact P-450 BM3. As with
intact P-450 BM3, arachidonate binding weakens ImC10
affinity for the heme domain sufficiently that aKd () 17.1
µM) can be measured in the 5 cm cell (Tables 2 and 3).

(E) Mutant Enzymes.To investigate the possibility that
mutation at key catalytic residues might affect the affinity
and binding characteristics of the ImC10 and ImC12 inhibi-
tors, dissociation constants were determined for mutants
R47G, F87G, F87Y, and W574D (Table 3). Residues R47,
F87, and W574 have roles critical to fatty acid carboxylate
tethering to the enzyme (R47;10), control of regiospecificity
of substrate oxidation (F87;9, 11), and binding of the FMN
cofactor (W574;17, 18).

In R47G, ImC12 affinity was decreased relative to the
wild-type enzyme (42.2 vs 8.0µM). This increasedKd would
be expected if interaction between the positively charged
guanidinium group and the negatively charged carboxylate
of the ImC12 is important to the binding of the azole, as
seems to be the case for fatty acid substrates (10). ImC10
binding curves remained nonhyperbolic for R47G, measured
at an enzyme concentration of 4µM in a 1 cmpath length
cell. However, at lower R47G concentration (0.2µM) in a
5 cm cell, the ImC10 titration data accurately fit a rectangular
hyperbola and aKd value of 4.3µM was determined (Table
3).

Mutant F87G has increased affinity for ImC12 (Kd ) 5.3
µM), whereas the affinity of F87Y for ImC12 is considerably
decreased (Kd ) 24.3 µM). Residue F87 undergoes a
conformational change on substrate association (7). The
phenyl ring of F87 lies just above and parallel to the heme
in the oxidized substrate-free form and rotates to a perpen-
dicular orientation when substrate binds (6). Removal of the
aromatic side chain in F87G may improve access to the
heme, explaining the lowerKd for ImC12. By contrast, the
steric effect of an additional hydroxyl group in F87Y may

Table 3: Dissociation Constants for the Binding of the ImC10 and
ImC12 Inhibitors to Site-directed Mutants of Flavocytochrome
P-450 BM3 in Their Oxidized Forms and to the Substrate-Free and
Substrate-Bound Forms of the Heme Domain (P-450) of Wild-type
Flavocytochrome P-450 BM3a

inhibitor Kd (µM)

enzyme form ImC10* ImC12

R47G 4.3( 0.4 42.2( 1.0
F87G e0.2 5.3( 0.1
F87Y 32.2( 1.4 24.3( 2.6
W574D e0.2 7.7( 0.5
W574/NADP+ e0.2 8.5( 0.3
P-450 e0.2 12.1( 1.0
P-450-Laur e0.2 8.1( 0.3
P-450-Ara 17.1( 1.0 149( 3

a Titrations were performed as described in the Experimental
Procedures section.b Laur ) sodium laurate; Ara) arachidonic acid.
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restrict imidazole ligation to the heme, explaining the
increasedKd (Table 3). The affinity of F87G for ImC10 was
too high for aKd to be determined accurately by spectro-
photometric titration. However, the ImC10 titration curves
for F87Y (even in the 1 cm path length cell) appear as perfect
rectangular hyperbolae with aKd value of 32.2µM (Figure
3).

Residue W574 in the reductase domain of the flavocyto-
chrome is conserved in eukaryotic P-450 reductases and is
key to FMN binding, likely located directly above the
isoalloxazine ring structure and providing aromatic stacking
interactions that stabilize its binding to P-450 BM3 (23).
Mutant W574D is essentially devoid of FMN (18). There is
little alteration in the binding affinity of ImC12 to this mutant
(7.7 µM) compared with the wild type (8.0µM) (Table 3).
Affinity for ImC10 remained very strong in W574D.
Titrations of ImC10 and ImC12 were then performed with
W574D saturated with 200µM NADP+. There was little
effect on the affinity of ImC12 for NADP+-saturated W574D
compared with the NADP+-free form (Table 3), and the
nonhyperbolic trace for the ImC10 titration resembled almost
exactly that for the NADP+-free form at the same enzyme
concentration (0.2µM). These data indicate that NADP+

binding does not affect significantly the affinity of the FMN-
free enzyme for ImC12 (and probably not for ImC10 either).

Spectroscopic Characterization.CD spectra were run in
the far UV region (190-260 nm) to assess whether the
binding of the inhibitors (ImC10-ImC12 at 100µM) induced
detectable change in the secondary structure of P-450 BM3.
However, the spectra were essentially identical( inhibitors,
indicating that inhibitor ligation does not induce gross
changes in the protein structure. Resonance Raman (RR)
spectra of inhibitor-bound (ImC10 and ImC12) and -free
forms of the heme domain were then analyzed with excitation
at 413.1 nm (Figure 4). This wavelength falls within the
range of the Soret transition of the heme chromophore and
produces Raman scattering from vibrational modes of the
porphyrin ring. The resulting spectral bands are a probe of
the conformation and the electronic structure of the heme,
as well as oxidation and spin state of the iron center. The
ImC10- and ImC12-bound forms are indistinguishable by

RR spectra. However, differences are observed relative to
the inhibitor-free form (Figure 4). The oxidation-state-
sensitive bandν4 is observed at 1371 cm-1 in all spectra,
indicating that the iron center retains a ferric oxidation state
upon inhibitor addition (24, 25). The spin-state sensitive
bandsν3, ν11, ν2, ν37, ν38, andν10 display limited frequency
differences, indicating that the iron has a low-spin electronic
configuration in all the species (26). Differences are observed
in the intensity of some bands. Most are in the 1450-1650
cm-1 frequency region. The stretching of the vinyl substit-
uents and the breathing modeν3 of the porphyrin ring both
become more intense upon inhibitor binding. Also, the band
of the ring modeν37 both decreases in intensity and shifts
toward lower frequencies. The intensity ofν37 is affected
by the orientation of the vinyl substituents relative to the
porphyrin ring (27). Additional changes in intensity are
observed for other bands in the 1100-1250 cm-1 region,
namely ν44, ν43, and ν13. These bands arise from modes
including vibrations of both the vinyl substituents and the
porphyrin ring (27).

Overall, the limited frequency shifts affecting ring vibra-
tions suggest that no significant distortions in the structure
of the porphyrin ring or in its core size occur on inhibitor
ligation. This indicates that the ferric iron has not changed
position relative to the porphyrin plane. However, it appears
that the heme vinyl groups are reorientated on ligation of
the azoles.

DISCUSSION

Pyridine and imidazole derivatives are particularly wide-
spread as P-450 inhibitors. Derivatives that mimic aspects
of the structure of the normal substrate for the P-450 targeted
are generally the most effective inhibitors, since they
combine the lipophilic nature and molecular geometry of the
substrate with azole/pyridine functionality required to ligate
the heme iron. Optimization of these features for the sterol
14R-demethylase P-450 from yeasts has led to the develop-

FIGURE 3: Overlay of the titration curves for the binding of ImC10
for site-directed mutants F87G (1) and F87Y (b) of intact
flavocytochrome P-450 BM3. Absorbance difference data were
plotted vs [ImC10] as described in the Experimental Procedures
section. The data for the F87G (3.1µM) mutant titration are similar
to those for the wild-type enzyme and reflect very tight binding
(Kd e 0.2 µM). By contrast, ImC10 binds much more weakly to
the F87Y mutant. The data for the F87Y mutant (3.5µM) fit
accurately to a rectangular hyperbola, giving aKd of 32.2 µM.

FIGURE 4: Resonance Raman spectra of the heme domain of
flavocytochrome P-450 BM3 with Soret band excitation at 413.1
nm, as described in the Experimental Procedures section. (A)
Oxidized ligand-free heme domain; (B) ImC10 complex; (C) ImC12
complex; (D) oxidized heme domain plus equivalent volume of
solvent (DMSO/methanol 1:1 v/v) used for inhibitor addition in
spectra B and C. The asterisk indicates peaks arising from the
solvent.
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ment of effective antifungal agents such as ketoconazole,
miconazole, and fluconazole (12). Similarly, metyrapone and
its analogues have proved efficient inhibitors of the human
11â-hydroxylase enzyme that catalyzes the final step in the
biosynthesis of cortisol, and these have been used in the
treatment of hypercortisolism (Cushing’s syndrome) (28).

The features of substrate-like structure and heme-
coordinating azole group suggested that the imidazolyl
carboxylic acids might be effective inhibitors of the P-450
BM3 fatty acid hydroxylase. This proved to be the case. The
imidazolyl carboxylic acids (ImC10, ImC11, and ImC12) are
potent reversible inhibitors at the heme site of P-450 BM3.
They all show characteristics of mixed inhibition; i.e., they
bind reversibly to both the free enzyme (E) and to the
enzyme-fatty acid complex (ES) and have the apparent
effect of increasing theKm and decreasing thekcat of P-450
BM3-catalyzed laurate hydroxylation. The parameters defin-
ing the relative potencies of the three inhibitors,Kic andKiu,
the dissociation constants for their binding to E and to ES
(Scheme 1), indicate that ImC10 is a more effective inhibitor
(Kic ) 0.87 µM, Kiu ) 5.70 µM) than either the ImC11
(Kic ) 7.5 µM, Kiu ) 16.2µM) or ImC12 (Kic ) 1.35µM,
Kiu ) 6.94 µM).

Spectrophotometric studies of the binding of the inhibitors
to the laurate- and arachidonate-saturated forms of P-450
BM3 proved that affinity for the inhibitors was retained, in
agreement with the finding that all three behaved as mixed
inhibitors. However, while arachidonate saturation diminishes
inhibitor binding (elevatedKds), laurate saturation enhances
inhibitor binding (lowerKds) in both P-450 BM3 and its
heme domain (Tables 2 and 3). The results with laurate
suggest that binding of this fatty acid may induce a
conformational change in the active site of P-450 BM3 that
allows enhanced binding of the inhibitors (Figure 5). It might
be expected that binding of arachidonic acid (a superior

substrate to laurate) would have an effect similar to that
induced by laurate, substrate binding being known to cause
considerable structural rearrangement in the P-450 BM3
active-site cleft (7). However,Kds for the binding of ImC10-
ImC12 to P-450 BM3 are increased with arachidonate. This
likely reflects distinct modes of binding for these fatty acids;
with the larger (C20) polyunsaturated arachidonate protruding
further down the active site and obscuring access to the heme,
while the shorter (C12) laurate adopts a conformation that
not only permits co-binding of inhibitors but actually
enhances their ligation. Additional experimental evidence for
differential binding modes of distinct fatty acid substrates
of P-450 BM3 also comes from other sources. For instance,
resonance Raman studies indicate differing substrate-de-
pendent effects on P-450 BM3 heme ring vibrations (29).
Also, oxidation of arachidonic acid occurs with epoxidation
to form 14,15-epoxyeicosatrienoic acid, reflecting the inser-
tion of oxygen across a carbon-carbon double bond at
positionsω-5 andω-6 on the substrate, a position remote
from theω-1 to ω-3 favored for oxidation of saturated fatty
acids (9, 30). Previous studies have also indicated that co-
binding of inhibitor/substrate can occur in P-450 BM3. For
instance, the inhibitor metyrapone can bind simultaneously
with palmitate (31). Co-binding of pyridine/laurate has also
been observed by NMR (32). The co-binding of ImC10-
ImC12 with fatty acids may be energetically favorable, with
hydrophobic interactions between the molecules stabilizing
their binding in the active site. However, the inhibitors must
travel further into the active-site crevice of P-450 BM3 than
do substrates, in order for their imidazole group to ligate
the ferric iron (7, 32, 33). Thus, the dominant stabilizing
interactions will be different for S and I in the ESI complex.
The most important ES interaction will be between the fatty
acid carboxylate and R47 (and possibly Y51), and for EI
this will be between ferric iron and the imidazole group.

Pyridine dinucleotide binding also affects the affinity of
P-450 BM3 for imidazolyl carboxylic acids, but by a different
mechanism than that induced by bound fatty acid. Saturation
with NADP+ enhances binding of ImC11 and ImC12
(probably ImC10 also) to P-450 BM3 heme, presumably by
transmission of a conformational change through the reduc-
tase domain (where the NADP+ site is located) to the heme
domain. The absence of such effects in FMN-free mutant
W574D indicates that the effect involves this flavin cofactor.
It is tempting to speculate that the binding of pyridine
nucleotide induces structural realignment of the intact P-450
BM3 such that the reductase domain moves to interact with
the heme domain and causes a structural change at the active
site of the latter compatible with tighter binding of the
imidazolyl carboxylates. This effect could be transmitted via
bound pyridine nucleotide through FAD and FMN [which
are likely to be closely spaced, assuming structural homology
with the mammalian P-450 reductase (34)] and onto the heme
via interaction at the distal face of the P-450 between the
exposed edge of the FMN through the cysteine (C400) that
ligates the heme iron. This effect cannot be transmitted in
the absence of FMN. The interdomain effects induced by
NADP+ are consistent with the data of Murataliev and
Feyereisen (22), who observed that fatty acid binding to
P-450 BM3 induced flavin fluorescence in its reductase
domain. Also, the fact that NADP+ binding tightens the

FIGURE 5: Schematic representation of the effect of association of
substrates [NADP+ (N) and fatty acids (S)] on the binding of
imidazolyl carboxylic acid inhibitors (I) to the heme (H) of
flavocytochrome P-450 BM3 (FH). The affinity of I for the
substrate-free enzyme (a) is lower than that for the NADP+-bound
form of the protein (c), likely due to a favorable conformational
change transmitted through the flavin domain (F) to the P-450.
Affinity for I is also affected by the presence of fatty acid substrates
(S), with a general increase in affinity with laurate-saturated enzyme
and a decrease for the arachidonic acid-saturated form, presumably
due to different binding mode-dependent conformational effects
directly on the heme domain (e).
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ligation of the inhibitors helps to explain the differences
observed between theKd values from spectral titrations and
the Kic values from kinetic studies.

Studies of the binding characteristics of the inhibitors to
R47 and F87 mutants of P-450 BM3 have confirmed the
importance, suggested from crystallographic analysis, of
these active-site residues in substrate/inhibitor interaction
(6, 7). The binding of ImC12 to the R47G mutant is
characterized by a much higherKd (42.2 µM) than that of
the wild type (8.0µM), a result consistent with a favorable
charge-charge interaction between the positive guanidinium
group of the R47 side chain and the negative carboxylate of
ImC12. It is likely that the carboxylate group of ImC12
interacts with R47 in a fashion similar to that of substrates
and that this is an important factor controlling association
with the enzyme, prior to movement of the inhibitor further
down into the active site for coordination to the heme iron.
Residue R47 has a highly mobile side chain, and it has been
proposed that substrate/R47 interactions are transient and that
a hydrogen bond from residue Y51 is also important in
protein-substrate carboxylate interaction (7). This provides
a clear rationale for how both fatty acid and inhibitor can
interact simultaneously with P-450 BM3. A binding “switch”,
whereby the substrate carboxylate moves from its electro-
static interaction with R47 to form a hydrogen bond with
Y51, frees R47 to interact with the inhibitor carboxylate.
After binding at the mouth of the active site, the inhibitor
moves further into the channel to form the more stable
imidazole/Fe3+ bond. This liberates R47, which can then
share again with Y51 the role of stabilizing fatty acid binding
to the oxidized P-450. Loss of this stabilizing effect in R47G
results in a 5-fold decrease in affinity for ImC12. The
importance of the R47-carboxylate interaction is also
indicated by the recent demonstration of a large increase in
theKm for lauric acid with mutant R47E (which also showed
enhanced binding of alkylammonium compounds) (10). The
binding of ImC10 is also weakened in R47G, such that aKd

value (4.3µM) can be determined in the 5 cm cell. This
indicates that residue R47 is important for the binding of all
the imidazolyl carboxylic acid inhibitors.

Mutant F87G shows slightly higher affinity for ImC12 than
wild type (Kd ) 5.3µM), perhaps indicating improved access
to the heme on removal of the aromatic side chain. The
binding of ImC10 remains very tight with mutant F87G. By
contrast, the affinity of ImC12 for mutant F87Y is decreased
approximately 3-fold (Kd ) 24.3µM) from wild-type. The
presence of the additional hydroxyl group may sterically
impede ligation of this imidazole. Somewhat surprisingly,
the affinity of F87Y for ImC10 is significantly decreased.
The titration curve, even at 4µM enzyme, is described
accurately by a rectangular hyperbola, resembling those with
ImC11 and ImC12. TheKd value obtained (32.2µM) is
similar to that for ImC12. These data confirm the critical
role of F87 in controlling the active-site geometry and
suggest that mutation F87Y causes a dramatic alteration of
the heme environment. Other evidence from our studies on
this mutant lead to the conclusion that significant active-
site reorganization has occurred; specifically, that F87Y is
insensitive to spin-state shift; showing<10% conversion to
the high-spin form upon addition of up to 120µM arachi-
donic acid (unpublished data). The data with mutant F87Y
are consistent with a model in which the tighter binding of

ImC10 can be explained in terms of its preferential associa-
tion with a different conformer of the enzyme to that favored
by ImC11/ImC12. Considerable conformational rearrange-
ment occurs in the hydrophobic binding pocket on fatty acid
binding as the heme iron is converted to the high-spin form
(7). The conformer preferred by ImC10 may be one
associated with the high-spin form of the enzyme; since
binding of the substrate-like inhibitors may induce transient
low- to high-spin conversion of the heme iron (prior to heme
ligation) and since the binding of ImC10 is much weaker to
the spin-state-insensitive F87Y.

All of the imidazolyl carboxylic acids bind to sodium
dithionite-reduced P-450 BM3, but more weakly than to the
oxidized form. However, they cannot ligate to fatty acid-
saturated, reduced P-450 BM3. It is known that substrate
binding induces major structural rearrangement in the active
site (7), that the substrate binds initially to the P-450 at a
distance (approximately 0.8 nm) too great for hydroxylation
to occur (7, 12), and that reduction of the heme iron facilitates
movement of the substrate closer to the heme, brought about
by conformational changes in the binding channel (33). It
would appear to be the case that ImC10-ImC12 can access
the heme in the oxidized, reduced, and oxidized/substrate-
bound forms of P-450 BM3. However, in the reduced/
substrate-bound form, the constriction of the binding channel
and the close proximity of the fatty acid to the heme prevents
ligation of the imidazole fatty acid. It is unlikely, therefore,
that ImC10-ImC12 can inhibit P-450 BM3 efficiently at
stages after the first electron transfer to the heme of the
substrate-bound form.

In conclusion, we report here the identification of ex-
tremely potent inhibitors of the important flavocytochrome
P-450 BM3 model system and characterize their inhibitory
(Ki) and binding (Kd) properties. All are mixed inhibitors
and ImC10 is the best-known inhibitor of P-450 BM3, with
a Kd of <0.2 µM andKic/Kiu values of 0.87/5.7µM. Use of
ImC10-ImC12 as mechanistic probes has revealed a number
of intriguing features. The inhibitors bind simultaneously
with fatty acids and their binding strength is substrate-
dependent. Lauric acid tightens considerably the inhibitors’
affinity for ferric P-450 BM3. Residues R47 and F87 are
important to inhibitor binding and the binding of ImC10, in
particular, is dramatically weakened in the spin-state-
insensitive mutant F87Y, suggesting that ImC10’s high
affinity may be for a specific conformer. Most importantly,
the binding of NADP+ on a distinct domain of P-450 BM3
tightens markedly the affinity for these heme-coordinating
substrate analogues. The effect is not observed in a FMN-
deficient mutant, indicating that this conformational effect
is transmitted through the flavins. The imidazolyl carboxylic
acid inhibitors are extremely useful probes of active-site
geometry and interdomain effects and will prove important
in future detailed analyses of mutant forms.
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