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ABSTRACT: Thecyp102A2andcyp102A3genes encoding the twoBacillus subtilishomologues (CYP102A2
and CYP102A3) of flavocytochrome P450 BM3 (CYP102A1) fromBacillus megateriumhave been cloned,
expressed inEscherichia coli, purified, and characterized spectroscopically and enzymologically. Both
enzymes contain heme, flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) cofactors
and bind a variety of fatty acid molecules, as demonstrated by conversion of the low-spin resting form of
the heme iron to the high-spin form induced by substrate-binding. CYP102A2 and CYP102A3 catalyze
the fatty acid-dependent oxidation of reduced nicotinamide adenine dinucleotide phosphate (NADPH)
and reduction of artificial electron acceptors at high rates. Binding of carbon monoxide to the reduced
forms of both enzymes results in the shift of the heme Soret band to 450 nm, confirming the P450 nature
of the enzymes. Reverse-phase high-performance liquid chromatography (HPLC) of products from the
reaction of the enzymes with myristic acid demonstrates that both catalyze the subterminal hydroxylation
of this substrate, though with different regioselectivity and catalytic rate. Both P450s 102A2 and 102A3
show kinetic and binding preferences for long-chain unsaturated and branched-chain fatty acids over
saturated fatty acids, indicating that the former two molecule types may be the true substrates. P450s
102A2 and 102A3 exhibit differing substrate selectivity profiles from each other and from P450 BM3,
indicating that they may fulfill subtly different cellular roles. Titration curves for binding and turnover
kinetics of several fatty acid substrates with P450s 102A2 and 102A3 are better described by sigmoidal
(rather than hyperbolic) functions, suggesting binding of more than one molecule of substrate to the P450s,
or possibly cooperativity in substrate binding. Comparison of the amino acid sequences of the three
flavocytochromes shows that several important amino acids in P450 BM3 are not conserved in theB.
subtilishomologues, pointing to differences in the binding modes for the substrates that may explain the
unusual sigmoidal kinetic and titration properties.

The cytochromes P450 are a ubiquitous family of mono-
oxygenases that play key roles in mammalian xenobiotic,
steroid, and lipid metabolism (1). They catalyze the reductive
scission of molecular oxygen, with one atom of oxygen being

reduced to water and the other used to hydroxylate the
substrate. Two electrons are delivered from NAD(P)H1 via
flavoprotein and/or iron-sulfur redox partners (2). The two
protons required for the production of water appear to be
delivered from bulk solvent via a specific channel in the P450
active site (3). Eukaryotic P450s are almost invariably
membranous and interact with reductase partners at the
membrane surface (4). By contrast, bacterial P450s and their
redox partners are soluble enzymes, providing simpler
systems for structural and biophysical studies (2). The first
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P450 atomic structure solved was for the soluble camphor
hydroxylase P450cam (CYP101) fromPseudomonas putida
(5), and all but two of the P450 atomic structures solved
subsequently have been from soluble bacterial P450s. A
breakthrough was made with the determination of the
structure of a modified rabbit CYP2C5, the first mammalian
P450 structure (6). However, this was achieved only after
extensive protein engineering to discourage aggregation and
promote solubility (7). Clearly, this points the way to future
successes in determination of the structures of eukaryotic
P450s, as evidenced by the structures of substrate complexes
of rabbit CYP2C5 and human CYP2C9 (8, 9). However,
arguably the most important structures have been those of
the substrate-free and palmitoleate-bound forms of the heme
domain of P450 BM3 fromBacillus megaterium, a high-
activity fatty acid hydroxylase in which the redox partner
(an FAD- and FMN-containing NADPH-cytochrome P450
reductase) is fused to the P450 in a single polypeptide (10-
12). Virtually all other bacterial P450s operate a class I
reductase system, with electrons (often from NADH rather
than NADPH) delivered from a ferredoxin, which is itself
reduced by a separate FAD-containing ferredoxin reductase
(2, 13). P450 BM3 uses instead a class II-type diflavin
reductase system, akin to most eukaryotic P450s and
mammalian drug-metabolizing P450 systems. Thus, P450
BM3 has been studied as a good model for the analysis of
structure/function relationships in the mammalian-type P450/
P450 reductase system (14).

P450s are considered to be relatively rare in prokaryotes
and for some years were thought to be required in bacteria
only as components of pathways designed for the breakdown
of unusual carbon compounds (e.g., camphor and terpenes)
as energy sources (5, 15). Indeed, the fact that there are no
P450s in the gram-negative bacteriumEscherichia coli
contrasts with the sequence of the model plantArabidopsis
thaliana,which contains more than 200 P450 and P450-like
gene sequences. This indicates that P450 activity is not
essential for certain bacteria but fundamental to eukaryote
physiology (16, 17). However, the recent genome sequence
of the pathogenic bacteriumMycobacterium tuberculosis
(18), and those of other mycobacteria and streptomycetes
indicate that these bacteria encode large numbers of P450s
(20 in the case ofM. tuberculosis) and suggest that the P450s
play crucial roles in the metabolism of certain bacteria (19).
Although P450s are apparently absent from the model gram-
negative bacteriumE. coli, the genome sequence of the gram-
positive model organismBacillus subtilis168 encodes eight
cytochromes P450 (20, 21).

Of theseB. subtilisP450s, two have been well-character-
ized at the enzyme level. BioI (CYP107H1) is involved in
the early stages of synthesis of the vitamin biotin, and has
been reported both to catalyze the acyl bond cleavage of
long-chain fatty acyl CoA molecules and to hydroxylate long-
chain fatty acids (22-24). CYP152A1 (P450 BSâ) has been
structurally characterized and catalyzes hydrogen peroxide-
dependent hydroxylation of long-chain fatty acids (25, 26).
However, two otherB. subtilis P450s (CYP102A2 and
CYP102A3) show obvious similarity at the predicted amino
acid level to CYP102A1 (flavocytochrome P450 BM3) from
B. megateriumsa fatty acid hydroxylase P450:P450 reduc-
tase fusion enzyme of mechanistic and biotechnological
importance in the P450 superfamily (10, 12, 14).

Proteins containing both flavin and heme in a single
polypeptide are relatively rare in nature but include the lactate
dehydrogenase flavocytochromeb2 from Saccharomyces
cereVisiae (27), the fumarate reductase flavocytochromec3

from Shewanella frigidimarina(28), and bacterial flavo-
hemoglobin (29). Proteins containing each of the cofactors
FAD, FMN, and heme are rarer still, and the first of these
to be discovered was flavocytochrome P450 BM3 (30).
Subsequently, the various isoforms of nitric oxide synthase
were shown to have a similar domain structure to P450 BM3
and to contain the same cofactor complement (and, in
addition, tetrahydrobiopterin) (31). More recently, a further
membrane-associated diflavocytochrome P450 has been
isolated from the fungusFusarium oxysporum(P450foxy,
CYP505A1) (32). Here, we report the cloning, expression,
and characterization of the two further flavocytochromes
P450 fromB. subtilis, along with the demonstration that they
bind a range of long-chain fatty acid substrates and catalyze
their hydroxylation. The substrate preference profiles of these
P450s, and aspects of their substrate binding and kinetic
properties, are different from those of P450 BM3. These data,
along with important substitutions of amino acids known to
be functionally important in P450 BM3, suggest that there
are important structural differences between these enzymes
and that theB. subtilis flavocytochromes P450 may be
implicated in the processing of long-chain unsaturated and
branched-chain fatty acidsin ViVo.

EXPERIMENTAL PROCEDURES

General Molecular Techniques.Chromosomal DNA was
prepared fromB. subtilisstrain 1A1 (trpC2) (obtained from
Bacillus Genetic Stock Center, Columbus, Ohio: http://
www.bgsc.org/) according to the method described by Hoch
(33). E. coli strains XL1-Blue (recA1 endA1 gyrA96 thi-1
hsdR17 supE44 relA1 lac[FΦproAB lacIqZ∆M15 Tn10-
(TcR)]) (Stratagene) and BL21(DE3) (F- hsdS(rB

- mB
-) dcm

ompT galλDE3) (34) were used for general DNA manipula-
tion and gene expression, respectively.E. coli cells were
transformed by electroporation, as described previously (35).

Cloning of the cyp102A2 and cyp102A3 Genes.The
cyp102A2(yetO) gene was amplified by PCR using oligo-
nucleotide primers 102A21 and 102A22 andB. subtilis1A1
chromosomal DNA template. The sequence of 102A21 (5′-
CCCTCTAGAGGGAGGTATGGTTCGATGAAGGAAA-
CAAGCC-3′) includes aXbaI site (underlined) near the 5′
end, followed by 30 nucleotides containing a ribosome
binding site and the 5′-coding sequence ofcyp102A2. The
sequence of 102A22 (5′-CCCTCGAGTCTTCTTTATC-
TATATCCCTGC-3′) includes a XhoI site followed by
nucleotides complementary to the extreme 3′ end of
CYP102A2 coding sequence. The PCR product was purified
and digested withXbaI and XhoI. The cut PCR fragment
was introduced into the corresponding sites of plasmid
pBluescript II SK(-) to yield plasmid pBSCyp102A2. The
integrity of the clonedcyp102A2gene was verified by DNA
sequencing.

The cyp102A3(yrhJ) gene was cloned in a similar way
by use of oligonucleotides YrhI6 and YrhJ2. The sequence
of YrhI6 (5′- GGACGCCATTAAGCTTCATTCATCAC-3′)
includes the extreme 3′ end of the adjacentyrhI coding
sequence that contains aHindIII site. The sequence (5′-
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CCCTCGAGGCCGACCATTCGGCTGATTCAT-3′) of the
YrhJ2 primer includes aXhoI site (underlined) followed by
22 nucleotides complementary to the 3′ noncoding region
of the cyp102A3gene. The PCR product was purified and
digested withHindIII and XhoI. The cut PCR fragment was
introduced into the corresponding sites of plasmid pBlue-
script II SK(-) to yield plasmid pBSCyp102A3. The
integrity of the clonedcyp102A3gene was verified by DNA
sequencing.

Thecyp102A2gene in pBSCyp102A2 and thecyp102A3
gene in pBSCyp102A3 were then excised from these
plasmids bySacI/XhoI and HindIII/XhoI digestion, respec-
tively, and subcloned into the expression plasmid pET21-
(+) (Novagen) predigested withSacI/XhoI andHindIII/XhoI,
respectively, under control of the phage T7 promoter. The
resulting plasmids were named pETCyp102A2 and pETCyp-
102A3, respectively, and were used for production of the
flavocytochrome enzymes.

Gene Expression.Plasmids pETCyp102A2 and pETCyp-
102A3 were introduced intoE. coli strain BL21(DE3), in
which expression of the T7 RNA polymerase gene is under
control of thelac promoter. The resulting strains were grown
at 37°C in Terrific broth containing ampicillin (100 mg/L)
with vigorous agitation (250 rpm) until the cultures reached
an absorbance at 600 nm of 0.5. Typically, cultures of 10 L
were grown. Following a further 15 min incubation at 30
°C, expression of the P450 enzymes was induced by the
addition of 0.5 mM isopropylâ-D-thiogalactopyranoside
(IPTG), and growth of the culture was continued at 30°C
with shaking at approximately 200 rpm. The cells were
harvested 7 h later by centrifugation at 5000g for 10 min at
4 °C.

Protein Purification.Flavocytochromes P450 102A2 and
102A3 were prepared in identical fashion, by a method
similar to that described previously for P450 BM3 (35). Cells
of BL21(DE3) expressing the P450s were washed by
resuspension in ice-cold 50 mM Tris-HCl (pH 7.4) containing
1 mM ethylenediaminetetraacetic acid (EDTA) (buffer A).
Protease inhibitors [benzamidine hydrochloride and phenyl-
methanesulfonyl chloride (PMSF) at 1 mM] were also added.
Cells were pelleted by centrifugation as previously and then
frozen at-80 °C to weaken cell walls. Cells were next
thawed and resuspended in a small volume (∼200 mL) of
ice-cold buffer A including protease inhibitors. Cells were
broken by sonication with an MSE Soniprep sonicator on
80% power. Ten bursts of sonication for 15 s were given,
with 1 min intervals between bursts. Cells were kept on ice
throughout to minimize proteolysis. Following sonication,
the extract was separated from cellular debris by centrifuga-
tion at 18000g for 45 min. The soluble extract was removed
and dialyzed extensively into buffer A, prior to loading onto
a DEAE Sephacel (Pharmacia) column (5 cm× 40 cm)
preequilibrated in the same buffer. The P450s bound as a
tight red band at the top of the resin. Proteins were eluted
with a linear gradient of potassium chloride in buffer A (0-
500 mM over 500 mL), and the P450s were eluted between
100 and 250 mM salt. The reddest colored fractions
containing the highest quantities of P450 were pooled and
desalted by exhaustive dialysis into buffer A, as previously.
Thereafter, proteins were loaded onto a 2′,5′-ADP-agarose
column (Sigma, column dimensions 1 cm× 10 cm)
preequilibrated in buffer A. Again, a tight red band was seen

to form at the top of the column. The column was washed
extensively (10 column volumes) with buffer A, and then
the P450s were eluted with the same buffer containing either
NADP+ (5 mM) or 2′-AMP (10 mM). Eluted P450 was
concentrated by ultrafiltration (Centriprep and Centricon 100
000 molecular weight cut-off concentrators, Millipore) to
volumes of less than 2 mL and dialyzed extensively into
buffer A to remove the residual NADP+/2′-AMP. When
necessary, a final chromatography step, to remove minor
protein contaminants, was performed on Q-Sepharose resin
(Pharmacia) under the same binding and elution conditions
described for the DEAE column above. All operations were
performed at 4°C. Finally, pure P450s were dialyzed twice
against 500 mL of buffer A containing glycerol (50% v/v)
and protease inhibitors prior to storage at-80 °C. Enzymes
were used within 1 month of manufacture.

Spectroscopic and Kinetic Characterization of P450s.
UV-visible absorption spectra of the purified P450s were
recorded on a Shimadzu UV-2401 scanning spectrophotom-
eter or a Varian Cary UV-50 Bio in quartz cuvettes of path
length 1 cm. Protein concentrations used for spectral
measurements and for spectrophotometric titrations with
substrates and ligands to the heme iron were in the range of
1-5 µM, and these were performed at 30°C in buffer B
[20 mM 3-(N-morpholino)propanesulfonic acid (MOPS) (pH
7.4) plus 100 mM KCl], shown previously to produce good
activity for the P450 BM3 enzyme (e.g.,36). Reduction of
the P450s was achieved by addition of a few grains of solid
sodium dithionite to buffered enzyme solutions, and forma-
tion of the carbon monoxide complexes of CYP102A2 and
CYP102A3 was achieved by slow bubbling of carbon
monoxide gas into the reduced enzyme solutions for ap-
proximately 1 min. Difference spectra were generated by
subtraction of the spectrum for the reduced form from that
of the carbon monoxide ligated form. Concentration of P450
was determined by the method of Omura and Sato (37), with
the coefficientε450-490 ) 91 000 M-1 cm-1 being used for
the absorption difference between 450 and 490 nm in the
reduced/CO minus reduced spectrum. The presence and
relative quantities of FAD and FMN cofactors in flavo-
cytochrome enzymes were established by a fluorometric
method (38).

Spectral determinations of theKd values for the binding
of fatty acid substrates to the P450s were performed as
described previously (e.g.,36, 39), by addition of small
volumes (<5 µL total) of fatty acids to stock solutions of
the CYP102A2 or CYP102A3 solutions (typically 1-5 µM
in buffer B) at 30°C by use of a 10 mL Hamilton gas-tight
syringe (Hamilton, Reno, NV). Stock solutions of fatty acid
substrates for the P450s were made up either as ethanolic
stocks (25 or 50 mM) or as saturated aqueous solutions in
buffer B and were maintained at 30°C prior to assay.
Spectral differences due to the perturbation of the spin-state
equilibrium of the heme iron in favor of the high-spin form
were observed (i.e., a shift of the heme Soret maximum
toward∼390 nm), and absorption difference spectra were
generated at each point in the titrations by subtraction of
the spectrum for the resting (fatty acid-free) species from
those at subsequent titration points. TheKd values were
determined by plotting the maximal absorption changes
calculated from each difference spectrum against the con-
centration of the substrate and fitting the data to appropriate
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functions by use of Origin software (Microcal). For P450
BM3 (CYP102A1), the data for binding of all fatty acids
tested to date are described best by a rectangular hyperbola,
describing single-site, reversible binding. This is also the case
for certain substrates for CYP102A2 and CYP102A3.
However, data for the binding of various substrates for the
B. subtilisflavocytochromes were nonhyperbolic, describing
more closely sigmoidal curves. To estimate the apparent
binding constant (K) in these cases, data were fitted to the
Hill equation: A ) AmaxSH/(KH + SH), where A is the
absorption difference observed at each titration point,Amax

is the maximal absorption difference at substrate saturation,
S is the substrate concentration,K is the substrate concentra-
tion at 50% of the final overall change, andH is the Hill
coefficient. In fitting nonhyperbolic data to this equation,
only the value ofK was considered relevant as a measure of
the apparent binding constant for substrate, since we consider
that the nonhyperbolic curves may not reflect cooperativity
between binding of distinct substrate molecules in most or
all of the cases examined (see Discussion).

Kinetic assays of fatty acid-dependent NADPH oxidation
were performed at 30°C in buffer B, as described previously
(36). Initial rates of fatty acid-induced NADPH oxidation
were measured by monitoring the absorption change at 340
nm (ε340 ) 6210 M-1 cm-1), and NADPH was maintained
at saturating concentration (200µM) in the assay. Fatty acids
were prepared as described above and added in the concen-
tration range between 0 and 1 mM, according to the affinity
of the enzyme for the fatty acid. Enzymes (CYP102A2 and
CYP102A3) were typically in the concentration range 10-
100 nM, and the reaction was initiated by the addition of
NADPH. Rates ofA340 change were converted into activity
units (moles of NADPH oxidized per minute per mole of
enzyme) and plotted against fatty acid substrate concentra-
tion. At least three replicate experiments were performed at
each substrate concentration. As described above, some data
sets described rectangular hyperbolae (as seen for P450 BM3
with all substrates to date) and were fitted to the Michaelis
function to obtain theKM and kcat parameters. Other data
sets were nonhyperbolic, and apparent values for the maximal
rate constant (kmax) and binding coefficient (KH) were
estimated from the Hill function.

Assays for reductase domain-dependent electron transfer
to exogenous electron acceptors (cytochromec or ferricya-
nide) were also performed at 30°C in buffer B, with
approximately 1-5 nM enzyme, NADPH at 200µM, and
electron acceptors across the appropriate concentration range
for their KM values (cytochromec from 0 to 200 µM;
ferricyanide from 0 to 2 mM). As above, reactions were
initiated by addition of NADPH, and absorption change
versus time recorded for cytochromec at 550 nm (∆ε550 )

22 640 M-1 cm-1) and for ferricyanide at 420 nm (∆ε420 )
1020 M-1 cm-1). Observed rate constants,kobs, were plotted
versus [electron acceptor] and were fitted to a rectangular
hyperbola to definekcat andKM parameters.

EPR Spectroscopy.Electron paramagnetic resonance (EPR)
spectra were recorded on an X-band ER-200B spectrometer
(Bruker Spectrospin) interfaced to an ESP1600 computer and
fitted with a liquid helium flow-cryostat (ESR-9, Oxford
Instruments). Spectra were recorded at 10 K with 2 mW
microwave power and a modulation amplitude of 1 mT.
Protein samples (∼200 µM) were in 50 mM Tris-HCl (pH
7.2).

Determination of Products from CYP102A2 and CYP102A3
TurnoVer of Myristic Acid. The products of the catalytic
turnover of myristic acid (tetradecanoic acid) by P450 BM3
and flavocytochromes P450 102A2 and 102A3 were deter-
mined by high-performance liquid chromatography (HPLC)
and gas chromatography/mass spectrometry (GC/MS) ac-
cording to the method outlined previously (40). A Hewlett-
Packard 5971A GC/MS instrument utilizing electron impact
ionization (70 eV) was used to determine structural informa-
tion on the monohydroxylated metabolites of myristic acid.
Metabolites were generated by incubation of 120µM myristic
acid in the presence of 5 mM NADPH and a catalytic amount
of the P450s (1 nM) in a 2 mLvolume of 100 mM potassium
phosphate (pH 8.0) for up to 3 h. Samples were taken after
20 min and at the end of the incubation period. The
metabolites were extracted into diethyl ether and converted
to their methyl ester derivatives by diazomethane, before
analysis on the GC/MS. Chromatography of the samples was
performed on a HP-35 capillary column (30 m× 0.25 mm
i.d. × 0.25 µM film thickness) with a thermal gradient
beginning at 100°C for 0.5 min and increasing to 200°C at
a rate of 5°C/min for 5 min and then to a final temperature
of 250 °C at a rate of 10°C/min. Injector temperature was
set to 250°C and the GC/MS transfer line was set at 280
°C. Column flow rate was set at 0.76 mL/min.

The mass spectra of the products from the control run
(P450 BM3) were used to identify each GC peak. Mono-
hydroxylated products were identified by their characteristic
fragmentation pattern as shown in Table 1. The distribution
of products was based on the relative peak area of the gas
chromatogram, in which the total ion current was used to
assess quantity.

Other Methods.Alignment of amino acid sequences was
done with the ClustalW program via the European Bioin-
formatics Institute website at http://www.ebi.ac.uk/clustalw/.

RESULTS

Amino Acid Sequence Comparisons with P450 BM3.The
prototype enzyme for P450/P450 reductase fusions of the

Table 1: Characteristic Retention Times and Fragmentation Patterns of Myristic Acid Metabolites Used to Identify Position of Substrate
Hydroxylationa

m/z of fragmentsite of
hydroxylation

retention
time (min) M - CH3(CH2)n-1 M - CH3(CH2)n-1 - CH3OH M - CH3(CH2)n-1 - CHO

ω-1 24.66 243 211 214
ω-2 24.54 229 197 200
ω-3 24.23 215 183 186

a Retention times and masses for the fragments of the three hydroxylated derivatives of myristic acid produced by P450 BM3 (as described in
Experimental Procedures) are shown.
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CYP102A2 and CYP102A3 class is flavocytochrome P450
BM3 (CYP102A1) fromB. megaterium. The high degree
of relatedness between these enzymes is evident from the
amino acid alignments of their heme (P450) and diflavin
(P450 reductase) domains shown in Figure 1, left and right
panels, respectively. The overall levels of amino acid identity
across the three flavocytochromes are high. There is 48.7%
sequence identity between the three full-length enzymes (with
59.8% identity between P450 BM3 and CYP0102A2, 58.4%
identity between P450 BM3 and CYP0102A3, and 60.9%
identity between CYP102A2 and CYP0102A3 in pairwise
alignments). The most obvious difference in the alignments
is seen with the apparent insertion of approximately 7-8
residues in the CYP102A2 sequence (residues 482-488/489)
relative to P450 BM3 and CYP102A3 (Figure 1, right panel).
This region of the sequence corresponds to the structurally
undefined linker region between the heme and FMN domains
of the enzymes. The sequence diversity observed in this
region (particularly in view of the rapid turnover kinetics of
the enzymes reported below) may reflect that changes in
linker constitution (particularly extended length) are compat-
ible with the retention of efficient interdomain electron
transfer in these systems.

Extensive structural and protein engineering studies on the
heme domain of P450 BM3 over the past decade have
revealed roles for a number of amino acids in catalysis and
substrate/cofactor binding (14). Several of these residues are
conserved in the heme domains of CYP102A2 and CYP-
102A3, including Phe 87 in P450 BM3 (Phe 89 in CYP102A2
and CYP102A3) that interacts with theω-terminus of fatty
acid substrates and prevents hydroxylation at this position

(11, 41); Trp 96 (Trp 98 in CYP102A2 and CYP102A3)
that interacts with heme propionate and affects heme binding
and spin-state equilibrium of bound heme (10, 42); Cys 400
(Cys 403 in CYP102A2 and CYP102A3) that provides the
proximal ligand to the P450 heme iron; and Phe 393 (Phe
396 in CYP102A2 and CYP102A3) that interacts with the
Cys 400-Fe bond and regulates reduction potential of the
heme iron (43). Other completely conserved residues (num-
bers for P450 BM3) include Leu 75, Leu 181, Ile 263, and
Leu 437, which have been implicated in control of substrate
binding and selectivity (36, 44). The composition of several
structural elements is strongly conserved, with extended
identity particularly obvious in the I helix, which contains
several residues of importance to substrate binding and
catalysis in P450 BM3 (14). However, some important
sequence variations are obvious. Sligar and co-workers (45)
showed that a P25Q mutant of P450 BM3 exhibited
dramatically weakened binding of palmitic acid, and this
residue is replaced by a leucine (Leu 27) in CYP102A3.
Residues Arg 47 and Tyr 51 are recognized as important
for P450 BM3’s interaction with the carboxylate group of
fatty acids, although a Y51F mutant has minimal effects on
catalytic efficiency (11, 36). Neither amino acid is conserved
in theB. subtilisflavocytochromes: CYP102A2 has Gly 49
and Val 53 and CYP102A3 has Val 49 and Phe 53 instead.
The P450 BM3 heme domain (residues 1-472 of the
flavocytochrome) shows a slightly higher level of identity
with CYP012A3’s heme domain (65.0%) than with that of
CYP102A2 (63.8%), with a slightly higher level of identity
observed between the twoB. subtilisheme domains (65.7%).

FIGURE 1: (A) Amino acid sequence alignment of the heme domain of CYP102A1 (residues 1-472 of B. megateriumflavocytochrome
P450 BM3) with the respective domains ofB. subtilis CYP102A2 and -102A3. (B) Amino acid sequence alignment of the reductase
domain of CYP102A1 (residues 472-1048) of B. megateriumflavocytochrome P450 BM3) with the respective domains ofB. subtilis
CYP102A2 and -102A3. Alignments were performed with the ClustalW package, as described in Experimental Procedures. (f) Identical
residues in the different enzymes; (:) conserved substitutions; (.) semiconserved substitutions.
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In the reductase domains (residues 473-1048 in P450
BM3), levels of amino acid sequence identity are slightly
lower than in the heme domains (56.8% between P450 BM3
and CYP102A2, 53.3% between P450 BM3 and CYP102A3,
and 57.0% between CYP102A2 and CYP102A3). As with
the heme domain, several catalytically important residues
are retained. These include the “catalytic triad” of residues
involved in efficient hydride transfer reaction from NADPH
to FAD in the diflavin reductase family (46, 47) comprising
Ser 830, Cys 999 and Asp 1044 in P450 BM3 (Ser 843/
835, Cys 1011/1004, and Asp 1056/1049 in CYP102A2/
CYP102A3, respectively) and the FMN-interaction residues
Gly 570 (Gly 581/574) and Trp 574 (Trp 585/578) (48). In
contrast to the results for the heme domains, P450 BM3’s
reductase domain shows a higher level of amino acid
sequence identity to the CYP102A2 reductase (56.8%) than
to the CYP102A3 reductase (53.3%). CYP102A2 and
CYP102A3 reductases are 56.99% identical.

Cloning and Expression of P450s.The genes encoding
cytochromes P450 102A2 and 102A3 were amplified from
B. subtilis genomic DNA by PCR. DNA sequence of the
genes was verified against that from the genome sequence
by automated Sanger sequencing (49). The P450 genes were
cloned into expression vector pET21(+), creating expression
plasmids pETCyp102A2 and pETCyp102A3. Expression
tests in variousE. coli T7 RNA polymerase lysogenic strains
revealed consistently high levels of enzyme production, with
expression cell pastes developing a red color due to
overproduction of the cytochromes and bands of the ap-
propriate mass (ca. 120 kDa in both cases) clearly visible
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) analysis (not shown). Expression for
protein purification was done with BL21(DE3)/pETCyp102A2
and BL21(DE3)/pETCyp102A3, with growth and induction
as described in Experimental Procedures. Enzymes were
purified to homogeneity by a strategy similar to that
previously employed for theB. megateriumP450 BM3
enzyme, involving anion-exchange chromatography (DEAE-
Sepharose) and affinity for 2′,5′-ADP-agarose, with a final
anion-exchange step on Q-Sepharose resin for preparation
of ultrapure enzymes (36, 50). Both proteins were prepared
in good yield from theE. coli expression system (typically
up to 15% of total cell protein, a level similar to that found
previously for the P450 BM3 enzyme;50). However, while
CYP102A3 consistently had a full complement of bound
heme, preparations of CYP102A2 usually contained a
mixture of holo- and apoprotein. Heme content for CYP102A2
was typically in the range of 50-80%, with occasional
preparations having near-stoichiometric heme incorporation
(see below). Alteration of growth conditions (temperature,
culture time, induction levels) did not have a significant effect
on the level of heme incorporation in the T7 expression
system. Moreover, the lowered content of heme for
CYP102A2 was observed at the cell lysate stage (by
comparison of the CYP102A2 heme and flavin absorption
components, relative to those for P450 BM3 and CYP102A3
at the same stage), indicating that there is a lowered
efficiency of heme incorporation in the CYP102A2 enzyme,
as opposed to heme loss occurring during enzyme purifica-
tion. A similar level of heme incorporation was noted
previously for various tryptophan 96 mutants of P450 BM3
(42). However, this amino acid is conserved in both

CYP102A2 and CYP102A3. Evidently heme incorporation
is less efficient for the CYP102A2 enzyme in theE. coli
expression system.

Spectral Characterization: (A) Oxidized, Reduced, and
CO-Bound Spectra. The UV-visible spectra of oxidized
CYP102A2 and CYP102A3 enzymes showed expected
features for flavocytochrome homologues of P450 BM3, with
absorption components for both heme and flavin cofactors
evident (Figure 2). The absorption maxima for the heme
Soret bands are located at 418 nm for both enzymes, with
broad absorption features on either side of the Soret bands
due to flavin (FAD and FMN) in the enzymes. The smaller
R andâ absorption bands are located at approximately 567
and 535 nm for both CYP102A2 and CYP102A3. Addition
of small amounts of sodium dithionite induced complete
reduction of the flavins to their hydroquinone forms, leading
to diminished intensity of the absorption in the visible region.
However, the position of the heme Soret maximum was
virtually unchanged, indicating that this cofactor remained
completely oxidized on addition of dithionite under aerobic
conditions. This is likely to reflect the rapid reaction of
ferrous P450 heme iron with oxygen in CYP102A2 and
CYP102A3, which regenerates the ferric heme iron, as seen
previously with P450 BM3 (51). Addition of carbon mon-
oxide (CO) to the dithionite-reduced enzymes results in
ligation of the CO to the ferrous heme iron, forcing the
equilibrium across to the Fe2+-CO complex. For both
CYP102A2 and CYP102A3, this results in the movement
of the Soret band to 450 nm (as expected for a P450 enzyme)

FIGURE 2: Spectral features of CYP102A3 (4.1µM, panel A) and
CYP102A2 (4.4µM, panel B). Spectra are shown for the oxidized
(solid line), sodium dithionite-reduced (dashed line), and reduced/
carbon monoxide-bound (dotted line) forms of the enzymes. Sodium
dithionite completely reduces the flavins in both enzymes, leading
to spectral bleaching. Binding of carbon monoxide results in the
formation of Fe2+-CO complexes with heme Soret absorption
maxima shifted to 450 nm in both cases. Insets show difference
spectra generated by subtraction of the relevant dithionite-reduced
spectra from those for the carbonmonoxy complexes.
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and the formation of a single spectral feature in theR/â band
region at∼550 nm (Figure 2). Subtraction of the spectra of
reduced CYP102A2/A3 from those for the ferrous-CO
complexes produced difference spectra typical for cyto-
chrome P450 enzymes, with peak maxima and trough
minima at 450.5( 0.5 nm and 415( 2 nm (Figure 2, insets).
Typically, only small amounts of the inactive cytochrome
P420 forms of the enzymes were generated on reduction and
CO-binding, indicating that theE. coli-expressed enzymes
contained cysteinate-ligated heme iron and were relatively
stable to the carbon monoxide-binding process.

(B) Binding of Other Inhibitors. Addition of other known
heme ligands was shown to induce typical P450 spectral
perturbations in CYP102A2 and CYP102A3. Saturation of
the oxidized enzymes with imidazole induced shift of the
Soret maximum to 422 nm, and similar spectral conversions
were observed with the tighter-binding azole derivatives
1-phenylimidazole andω-imidazolyldodecanoic acid, both
of which also exhibit tight binding to P450 BM3 (52). All
azoles displayed hyperbolic binding curves, from which
apparentKd values of 1330( 75 µM (513 ( 30 µM), 45.2
( 7.6 µM (0.95 ( 0.10µM), and 9.5( 1.9 µM (4.5 ( 0.2
µM) were determined for binding of imidazole, 1-phenylimi-
dazole, andω-imidazolyldodecanoic acid, respectively, for
CYP102A2 (CYP102A3). Cyanide also bound the ferric
heme iron, inducing a Soret shift to 438 nm. Binding was
substantially weaker than with the azoles, withKd values of
3.1( 0.7 mM (2.8( 0.3 mM) for CYP102A2 (CYP102A3).
Addition of a few bubbles of nitric oxide (NO) gas to
CYP102A2 and CYP102A3 resulted in the formation of an
NO complex with the Soret band shifted to 433 nm and
increased absorption of theR/â bands (with maxima at 573
and 540 nm, respectively) (Figure 3). These type II spectral
shifts on addition of heme-ligating P450 inhibitors are highly
similar to those observed previously with P450 BM3.

Cofactor and Cofactor Binding Properties.The carbon-
monoxy and other adducts of CYP102A2 and CYP102A3
described above define the typical P450 heme system and
coordination type. To further characterize the heme in these
enzymes, we undertook electron paramagnetic resonance
(EPR) studies of the two proteins in their oxidized forms.
As expected, no signals typical of flavin radicals were
observed in this state, but low-temperature X-band EPR
studies of the P450’s hemes revealed major signals constitut-
ing a rhombic trio ofg-tensor elements. The occurrence of
three major peaks in the EPR spectra for CYP102A2 and
CYP102A3 indicates a nuclear spin state of1/2 in the hemes,
as expected for ferric low-spin heme irons. The resulting
g-values (gz, gy, and gx) of 2.43, 2.26, and 1.92 for
CYP102A2 and 2.42, 2.26, and 1.93 for CYP102A3 are
highly similar to those recorded previously for both flav-
ocytochrome P450 BM3 (2.41, 2.25, and 1.91) and its heme
domain (2.42, 2.26, and 1.92) (50), and to those for the other
well-characterized bacterial P450 system, P450cam (2.45,
2.26, and 1.91) (53).

Fluorescence spectroscopy was used to demonstrate the
presence of flavins in the CYP102A2 and CYP102A3
enzymes. With fluorescence excitation at 450 nm, both
samples produced fluorescence emission spectra with peaks
near 540 nm, as expected for flavin-containing enzymes. To
confirm the presence of both FAD and FMN cofactors in
the enzymes, the fluorometric method of Forti and Sturani

(as described by Aliverti et al.) was used (54, 55). An
approximately 10-fold enhancement of fluorescence was
observed on phosphodiesterase treatment of the flavin-
containing extract from CYP102A2 and CYP102A3 [ob-
tained by boiling enzymes briefly in the dark, followed by
cooling on ice and centrifugation to remove precipitated
protein from the flavin-containing supernatant, as described
(55)], indicating that both FAD and FMN cofactors are
present in approximately stoichiometric amounts.

Binding of Fatty Acids.The tight binding of various long-
chain saturated and unsaturated fatty acids to P450 BM3 has
been demonstrated by several groups (e.g.,12, 50). Binding
of fatty acids to P450 BM3 induces a shift in equilibrium of
the heme iron spin state toward the high-spin form, leading
to changes in the absorption spectrum in the Soret region
(12). To determine whether fatty acids also bound CYP102A2
and CYP102A3, spectral binding titrations were performed
for both enzymes with a range of saturated (lauric, myristic,
palmitic, and stearic acids), unsaturated (arachidonic and
linoleic acids), and branched-chain fatty acids (phytanic, 12-
methylmyristic, 13-methylmyristic, 14-methylpentadecanoic,
and 15-methylpalmitic acids). Arachidonic acid and the
saturated fatty acids have been shown to be substrates for
P450 BM3. Linoleic acid and phytanic acid were shown to
dissociate the FatR repressor protein (located immediately
upstream of thecyp102A3gene) from its operator, releasing

FIGURE 3: Inhibitor binding to CYP102A2 and CYP102A3. UV-
visible absorption difference spectra are shown for the binding of
saturating amounts of the inhibitors nitric oxide (solid line),
imidazole (dashed line), and cyanide (dotted line) to 2µM
CYP102A2 (A) and 3.5µM CYP102A3 (B). Insets show the fits
of absorption change versus ligand concentration for the binding
of imidazole to the P450s. Data are fitted to the Michaelis function
to deriveKd values of 1330( 75 µM (CYP102A2) and 513( 30
µM (CYP102A3). Other inhibitor binding data are described in
Binding of Other Inhibitors.
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repression of thefatR-cyp102A3operon (56). A variety of
branched-chain fatty acids are prevalent in the membranes
of B. subtilis and B. megaterium(e.g., 57, 58), but these
molecules have not been tested systematically as substrates
for theBacillusP450s, despite their potential physiological
relevance.

All fatty acids tested showed perturbation of the heme
spectrum of both P450s, with shift of the resting (substrate-
free, low-spin) Soret band from 418 nm toward a new
position (at∼390 nm) typical of the high-spin forms (50).
The extent of spin-state perturbation induced varied consid-
erably between the different fatty acids tested, with far more
extensive shifts in spin-state equilibrium observed for the
unsaturated and branched-chain fatty acids than with the
saturated fatty acids used. In particular, relatively small
degrees of spin-state perturbation (<20%) were noted with
lauric acid and stearic acid for CYP102A3 and for each of
the four saturated straight-chain fatty acids with CYP102A2,
within the solubility limits for these fatty acids in the aqueous
buffer system. Figure 4 illustrates the spectral perturbations
observed for CYP102A2 and CYP102A3 on titration with
selected fatty acids. Plots of absorption change versus fatty
acid concentration were hyperbolic in a number of cases (as

for P450 BM3 with all fatty acids tested to date). However,
the binding curves for various other fatty acids (most notably
with the majority of the branched-chain lipids) were distinctly
nonhyperbolic. While these data sets showed some sigmoidal
characteristics, many could not be fitted accurately to the
Hill function, suggesting that CYP102A2 and CYP102A3
are able to bind simultaneously two molecules of fatty acid
substrates (with the sites having different affinities; see
Discussion) but that the binding process does not reflect
purely cooperative binding of more than one fatty acid
molecule to the active sites of the enzymes (Figure 4, insets).
The apparent binding constants,Kd values, for fatty acids to
CYP102A2 and CYP102A3 are detailed in Table 2.
CYP102A2 enzyme preparations with>80% heme content
were used for all titrations reported in Table 2. However,
comparative titrations with CYP102A2 preparations with
lower heme content did not reveal any significant difference
in behavior or apparentKd values for fatty acids. An obvious
observation is that both P450s bind the saturated fatty acids
relatively weakly compared with the branched-chain and
unsaturated fatty acids tested. Also of note is the relative
similarity in Kd values between several of these fatty acids.
This contrasts with P450 BM3 (and P450 BioI fromB.
subtilis), where there is a strong correlation between chain
length andKd values, at least for saturated fatty acids (e.g.,
49). In addition, although selected fatty acids do induce an
almost complete change in the spin-state equilibrium of the
heme iron in CYP102A2 and CYP102A3, none of theKd

values determined are as tight as those seen for P450 BM3
with substrates such as arachidonic, palmitic, and myristic
acids (Kd values all in range 2-10 µM). A possible
explanation for the rather lower affinities for the saturated
fatty acids (cf. P450 BM3) is the absence of the Tyr/Arg
motif at the mouth of the active site that is implicated in
binding the carboxylate moiety of the substrates (11).

Reductase ActiVity and Pyridine Nucleotide Preference.
Cytochrome P450 BM3 exhibits a strong preference for
NADPH over NADH as the reducing substrate (59). In recent
studies of P450 BM3 reductase-dependent steady-state
reduction of cytochromec, we have shown that the apparent
KM values for NADPH and NADH are 7.2( 0.3 µM and
12.8( 1.0 mM, respectively (47). To determine the relevant
parameters for CYP102A2 and CYP102A3, we assayed the
cytochromec and ferricyanide reductase activities of these
enzymes. The data detailed in Table 2 show that both
enzymes catalyze rapid NADPH-dependent reduction of both
substrates, withkcat values comparable with those for P450
BM3. The KM values for NADPH and NADH were deter-
mined in a series of assays in which NAD(P)H was varied
at saturating concentrations of cytochromec, andkobsversus
[NAD(P)H] data were fitted to a hyperbolic function. These
data confirm that NADPH is the favored cofactor withKM

values of 3.6( 0.3 µM for CYP102A2 (cf. 17.9( 2.05
mM with NADH), and 5.1( 0.5 µM (cf. 2.43( 0.49 mM
with NADH) for CYP102A3. CYP102A2 has higher appar-
ent cytochromec reductase activity than does CYP102A3,
possibly as a result of a more efficient electron-transfer
interaction site for this substrate.

Steady-State Fatty Acid TurnoVer. The steady-state turn-
over kinetics for CYP102A2 and CYP102A3 with the various
fatty acids were determined by monitoring the fatty acid-
dependent oxidation of NADPH at a saturating concentration

FIGURE 4: Fatty acid binding to CYP102A2 and CYP102A3. The
spectral changes induced on titration of CYP102A2 (1.5µM, panel
A) with 12-methylmyristic acid (0-200 µM) and on titration of
CYP102A3 (4.8µM, panel B) with arachidonic acid (0-55 µM)
are shown. Arrows indicate directions of change of spectra induced
by successive additions of the substrates. In both cases, extensive
conversion to the high-spin form of the enzymes is observed. Insets
show the plots of fatty acid-induced absorption change computed
from difference spectra generated by subtraction of the starting
spectrum from subsequent spectra collected at each point in the
titration. In both cases,A390 minus A420 data from the difference
spectra are plotted versus the relevant [fatty acid]. The data plot
for the titration of CYP102A2 with 12-methylmyristic acid is
nonhyperbolic, but that for the titration of CYP102A3 with
arachidonic acid does describe a hyperbola. A fit of these data to
a rectangular hyperbola produces aKd value of 18.5( 1.8 µM for
the binding of arachidonic acid to CYP102A3.
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of the pyridine nucleotide cofactor. Results are detailed in
Table 2. Higher catalytic rates were generally observed with
branched-chain and unsaturated fatty acids than with the
saturated fatty acids used, in broad agreement with the higher
affinity for these molecules determined from optical binding
assays. CYP102A2 exhibited a higher rate of turnover of
many of these substrates than did CYP102A3 (e.g., maximal
turnover rates of 3865( 215 min-1, cf. 2160( 60 min-1

with 13-methylmyristic acid) (Table 2). Analysis of peroxide
production (by horseradish peroxidase-dependent reduction
of o-dianisidine) indicated that there was<3% uncoupling
of NADPH oxidation to peroxide in all of the reactions (60).
Thus it appears that both enzymes are efficient and well-
coupled fatty acid oxygenases, as is their close relative P450
BM3.

Plots ofkobs for CYP102A2/CYP102A3 versus fatty acid
concentration were hyperbolic in the case of certain substrates
(e.g., phytanic acid for both CYP102A2 and CYP102A3),
enabling determination of thekcat/KM parameters by fitting
to the Michaelis function. However, as observed in the optical
binding assays with fatty acids, the dependence of reaction
rate on fatty acid concentration was nonhyperbolic in the
case of several of the lipids tested, particularly for a number
of the branched-chain fatty acids. Figure 5 shows typical
kinetic plots for CYP102A2/CYP102A3. As with the spectral
binding data, many of the nonhyperbolic data sets showed
sigmoidal characteristics but were not accurately fitted by
the Hill function. However, reasonably accurate parameters
for the half-saturation point with substrate (K) and the
maximal rate constant (kmax) were obtained by fitting to a

sigmoidal function, and these data are presented in Table 2.
Analysis of Lipid Products.Previous studies on P450 BM3

have shown that this enzyme catalyzes efficient hydroxyl-
ation of myristic acid and other long-chain saturated fatty
acids, with hydroxylation occurring exclusively at theω-1,
ω-2, and ω-3 positions. Hydroxylation of myristic acid
occurs at the same carbon atoms for CYP102A2, CYP102A3,
and P450 BM3, but the pattern of regioselectivity of
hydroxylation of myristic acid is different for each enzyme.
While P450 BM3 hydroxylates predominantly at theω-1
position, the major product for CYP102A2 is theω-2
hydroxy myristic acid, while CYP102A3 oxygenates mainly
at the ω-2 and ω-3 positions, in approximately equal
proportions (Table 3). While bothB. subtilisflavocytochrome
enzymes produced large amounts of hydroxylated products,
their rate of consumption of myristic acid substrate was not
as fast as that for P450 BM3. Samples taken after 20 min of
reaction time showed that P450 BM3 had oxygenated 98%

Table 2: Kinetic and Binding Parameters for the Interaction of CYP102A2 and CYP102A3 with Fatty Acids, Pyridine Nucleotides, and
Electron Acceptorsa

CYP102A2 CYP102A3

substrate
Kd/K*
(µM)

kcat/kmax*
(min-1)

KM/KH*
(µM)

Kd/K*
(µM)

kcat/ kmax*
(min-1)

KM/KH*
(µM)

lauric acid 2310( 990 1615(94* 1990( 40* 87.8( 1.9 104( 7.7 165( 29.0
myristic acid 1065( 200 41( 8.2 640( 80* 106( 7.5 556( 110 542( 107
palmitic acid 482( 175 200( 27* 570( 20* 72.4( 3.2 676( 112 337( 67.6
stearic acid 281( 115 430( 81.7 38.8( 17.5 97.9( 5.6 374( 48.7 68.5( 12.8
phytanic acid 121( 21 5430( 1810 150( 37.6 100( 14.6 794( 74.8 28.7( 6.0
12-methylmyristic acid 89.9( 4.8* 4215( 100* 77.2( 1.4* 63.4( 1.6* 2055( 90* 69.1( 2.0*

13-methylmyristic acid 78.5( 4.1* 3865( 215* 57.8( 2.4* 65.1( 1.7* 2160( 60* 56.5( 1.4*

14-methylpentadecanoic acid 81.4( 5.7* 4790( 260* 51.0( 3.7* 53.1( 1.5* 2095( 57* 39.2( 1.4*

15-methylpalmitic acid 114( 11* 6105( 500 56.8( 11.1 62.6( 2.7 3845( 415 68.3( 15.9
linoleic acid 44.2( 1.5* 5230( 415* 50.2( 4.1* 25.8( 3.4 1110( 60* 43.2( 2.1*

arachidonic acid 40.2( 6.2* 6075( 285* 79.2( 6.1* 18.5( 1.8 1690( 200 79.0( 15.9
cytochromec 11400( 180 6.9( 0.4 3520( 60 10.9( 0.8
ferricyanide 38150( 1850 153.4( 24.1 37050( 1000 285( 27
NADPH 11560( 200 3.6( 0.3 3530( 80 5.1( 0.5
NADH 1850( 100 17900( 2050 95.4( 6.1 2430( 485
a Apparent binding and kinetic constants (as described in Experimental Procedures) for interaction of CYP102A2 and CYP102A3 with various

long-chain saturated, unsaturated, and branched-chain fatty acids are shown. For fatty acid binding constants determined from optical titration data,
plots of absorption change versus [substrate] described either rectangular hyperbolae (from whichKd values were derived by fitting to a rectangular
hyperbola) or were nonhyperbolic with sigmoidal characteristics. In the latter cases, apparent binding constants (K values) were approximated by
fitting data to the Hill function (relevantK values are indicated by asterisks). For kinetic data, hyperbolic plots of reaction rate versus [substrate]
were also fitted to the Michaelis function to derivekcat/KM parameters. Nonhyperbolic data (again having sigmoidal character) were again fitted to
the Hill function to provide estimates of the apparent affinity (KH) and rate constant (kmax) for these substrates. Results from kinetic data fitted in
this way are again indicated by asterisks. Thekcat andKM parameters for CYP102A2- and CYP102A3-dependent reduction of cytochromec were
derived by fitting data to the Michaelis function. The apparentKM values for NADPH and NADH were determined from analysis of the dependence
of cytochromec reduction rate on [NAD(P)H] at saturating [cytochromec]. Data were again fitted to the Michaelis function. Binding of the
straight-chain fatty acids to CYP102A2 is relatively weak (by comparison with their low solubility in aqueous media), and extrapolation beyond
the limits of the data points is required to obtain limiting values. For this reason, errors on these data sets are typically larger than those for the
binding and turnover of other substrates with CYP102A2 and CYP102A3. The saturated fatty acids induce only small degrees of heme iron spin-
state shift in the CYP102A2 enzyme, resulting in particularly large errors in these spectral binding data sets, all of which are fitted to rectangular
hyperbolae within the accessible substrate solubility range.

Table 3: Distribution of Hydroxylated Products of Myristic Acid
for P450 BM3, CYP102A2, and CYP102A3a

position of myristic acid hydroxylation

enzyme ω-1 (%) ω-2 (%) ω-3 (%)

CYP102A1 54.6 24.9 20.4
CYP102A2 20.7 61.7 17.6
CYP102A3 10.5 46.8 42.6
a The proportions ofω-1, ω-2, andω-3 products generated from

myristic acid by the three differentBacillusflavocytochrome fatty acid
oxygenases are shown. Data were generated as described in Experi-
mental Procedures.
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of the substrate, while the proportions of myristic acid
converted in the same time for CYP102A2 and CYP102A3
were approximately 25% and 89%, respectively. Leaving
reactions to run for longer times resulted in essentially
complete conversion of the fatty acid substrate to oxygenated
products.

DISCUSSION

The P450 BM3 fatty acid hydroxylase system fromB.
megateriumhas been one of the most intensively studied
P450 enzymes in recent years (14). P450 BM3’s high activity
(resulting from fusion to a eukaryotic-like P450 reductase
redox partner) and the pliability of its active site have
stimulated much interest in exploitation of the enzyme for
biotechnological purposes, e.g., stereo- and/or regioselective
oxidations to generate high-value chemicals and pharma-
ceuticals. Despite intensive molecular characterization, the
physiological role of P450 BM3 remains uncertain. Sug-
gested functions include roles in sporulation or in metabolism
of toxic fatty acids. The genes encoding both P450 BM3
and CYP102A3 are inducible by fatty acids (and a range of
other molecules in the case of P450 BM3), which displace
a repressor protein with binding site upstream of theB.
megateriumCYP102A1 andB. subtilis CYP102A3 genes
(56, 61, 62). However, studies on the regulation of theB.
subtilis P450s indicate that an adaptive response to toxic
linoleic acid was independent of the CYP102A2 and
CYP102A3 systems (56). However, the subsequent discovery
of genes encoding P450 BM3-like enzymes in other soil-
dwelling bacteria (e.g.,Bacillus anthracis, Bradyrhizobium
japonicum, Streptomyces aVermitilis, andRalstonia metal-
lidurans) suggests that this class of P450 does have important
physiological functions and is more widespread in prokary-
otes than was initially thought. Recently, a gene encoding a
novel BM3-like enzyme was discovered in the maize
pathogenic fungusGibberella moniliformis, located in a gene
cluster involved in biosynthesis of a fumonisin mycotoxin
(63).

Despite high levels of sequence identity between P450
BM3 and CYP102A2/CYP102A3, there are intriguing dif-
ferences in their properties with respect to fatty acid binding
and turnover. For the long-chain saturated fatty acids tested
(C12, C14, C16, and C18), the binding is generally substantially
weaker and turnover rate considerably slower for CYP102A2/
CYP102A3 with respect to P450 BM3 (Table 2). An
exception is the interaction of lauric acid with CYP102A3,
where apparentKd/KM values are comparable with those for
P450 BM3, but in this case thekcat value is at least 20-fold
lower than for P450 BM3. The relatively weak binding of
the straight-chain saturated fatty acids to CYP102A2 results
in their inability to saturate the active site of the enzyme at
the limits of their solubility in the aqueous buffer system
used. The apparent kinetic and binding constants determined
in these cases generally have rather larger errors associated,
due to the requirement for extrapolation to reach the apparent
limiting values. Notwithstanding these findings, both en-
zymes catalyzed efficient hydroxylation of myristic acid
(Table 3). In contrast to the data with saturated substrates,
steady-state turnover of many branched-chain fatty acids
occurs with maximal rates comparable to those for P450
BM3 and its better substrates (34). For both CYP102A2 and
CYP102A3, the best substrate tested (as regardskcat values)

FIGURE 5: Steady-state turnover of fatty acids by CYP102A2 and
CYP102A3. (A) Rate of NADPH oxidation catalyzed by CYP102A2
in the presence of varying concentrations of 15-methylpalmitic acid.
Data are fitted to a rectangular hyperbola by use of Origin software,
yielding parameters ofkcat ) 6105( 500 min-1 andKM ) 56.8(
11.1 µM. (B) Comparable data set for CYP102A3 with 13-
methylmyristic acid. The plot of rate versus [fatty acid] is
nonhyperbolic and is fitted to the Hill function, producing
parameters ofkmax ) 2160( 60 min-1 andKH ) 56.5( 1.4 µM.
(C) Comparable set of data for turnover of 14-methylpentadecanoic
acid by CYP102A2. Data are fitted to the Hill function producing
parameters ofkmax ) 4790( 260 min-1 andKH ) 51.0( 3.7µM.
(D) Comparable set of data for turnover of 15-methylpalmitic acid
by CYP102A3. Data are fitted to a rectangular hyperbola producing
parameters ofkcat ) 3845 ( 415 min-1 and KM ) 68.3 ( 15.9
µM. Kinetics were performed as described in Experimental
Procedures.
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was 15-methylpalmitic acid (6105( 500 min-1 and 3845
( 415 min-1, respectively). Turnover rates for the branched-
chain fatty acids were consistently higher for CYP102A2
than for CYP102A3. However, the relatively poor discrimi-
nation between binding of different substrates is evident from
comparisons of theKd/KH values for the binding of the
different branched-chain fatty acids (Table 2). For CYP102A2
these are in the range 78.5-121 µM, while for CYP102A3
the range is 53.1-100µM. This apparent lack of discrimina-
tion extends to the interaction of saturated fatty acids with
CYP102A3, although optical titration data indicate that the
unsaturated fatty acids bind slightly more tightly to this P450
(Table 2). A feature of the interaction of P450 BM3 with its
various fatty acid substrates is that there is a considerable
discrimination between fatty acids of different chain length,
with Kd and KM values varying from∼200 µM for lauric
acid (C12) through to∼2 µM or less for the tightest binding
saturated fatty acids (pentadecanoic acid and palmitic acid)
and for certain unsaturated fatty acids (e.g. arachidonic acid;
36). The relative lack of discrimination observed for
CYP102A2 and CYP102A3 obviously relates to differences
in active-site structure in these P450s compared to P450
BM3.

Changes in linker length and constitution with respect to
P450 BM3 do not have great influence on interdomain
electron transfer, since catalytic center activity of both
CYP102A2 and CYP102A3 is rapid with the best substrates.
The largest deviation in the whole amino acid sequence
alignment of the three flavocytochromes occurs at the
junction between the heme and flavin domains (in the region
between amino acids 453 and 478 in Figure 1, right panel),
with CYP102A2 having approximately seven additional
amino acid residues in its linker with respect to CYP102A3
and P450 BM3. In recent years, there have been many efforts
to engineer cytochrome P450/P450 reductase fusions with
enhanced catalytic activity via improved interdomain electron
transfer (reviewed in ref3). Examination of the different
linker constitution in the highly related P450 BM3,
CYP102A2, and CYP102A3 enzymes shows that large
differences in linker constitution do not result in diminished
catalytic efficiency. This may reflect that specific interactions
between the FMN- and heme-binding domains are the major
requirement for rapid electron transfer to the heme iron and
that the linker serves only to tether the interacting domains
in close proximity in order to increase the frequency of
productive interactions.

Despite weaker binding of the saturated fatty acids with
respect to P450 BM3, the three hydroxylated products
obtained from CYP102A2- and CYP102A3-dependent turn-
over of the C14 substrate myristic acid are the same as those
derived from P450 BM3: theω-1, ω-2, andω-3 mono-
hydroxymyristic acids (Table 3). However, the precise
regioselectivity of oxygenation varies between the enzymes.
CYP102A2 hydroxylates myristic acid predominantly at the
ω-2 position, while CYP102A3 favors theω-3 carbon. This
could reflect differing cellular requirements for theω-2 and
ω-3 metabolites, which might have specific signaling or other
roles in this species. This could explain the requirement for
two distinct flavocytochrome P450 enzymes inB. subtilis.
An alternative explanation might be that the two enzymes
fulfill a similar cellular role but are expressed at different
growth stages. CYP102A2 may be under control of the

σ-factor E, a sporulation-specific transcription factor (64),
whereas CYP102A3 is induced as required when the
substrate reaches sufficiently high endogenous levels to bind
and displace the FatR repressor (56).

In conclusion, we have cloned, expressed, purified, and
undertaken kinetic, spectroscopic, and binding studies of the
CYP102A2 and CYP102A3 enzymes fromBacillus subtilis.
Both enzymes are FAD-, FMN-, and hemeb-containing
flavocytochromes P450 that bind and hydroxylate fatty acids.
However, there are intriguing differences with respect to the
well-characterized P450 BM3 homologue, including large
decreases in selectivity toward long-chain saturated fatty
acids. In addition, there is nonhyperbolic binding and steady-
state kinetic behavior with various branched-chain and
unsaturated fatty acids, likely reflecting the binding of two
molecules of these substrates in the active sites of theB.
subtilis flavocytochromes. An alternative explanation could
be that these enzymes are predominantly dimeric in solution
(as P450 BM3 is considered to be) and that the binding of
substrate to one monomer of the dimer influences the
substrateKd for the second monomer, giving rise to positive
cooperativity. However, it should be noted that P450 BM3
itself has not been reported to exhibit sigmoidicity in
substrate-binding or fatty acid oxidation kinetics. CYP102A2
consistently incorporates less heme than CYP102A3 in the
E. coli expression system, but control experiments indicated
that nonhyperbolic binding/kinetic curves are not a result of
heme depletion in this enzyme. Co-binding of more than one
substrate-like molecule in the P450 BM3 active site has been
reported previously (52, 65), but all fatty acids tested with
this enzyme to date display apparent simple hyperbolic
dependences for the binding and turnover of substrates.
However, the atypical CYP102A2 and CYP102A3 kinetics
have been recognized previously in other P450 systems and
can be rationalized in terms of a two-site binding model, in
which KM and/orkcat values are different for the substrates
binding in the two sites (66, 67). In the study by Korzekwa
et al. (66), a variety of forms of P450 kinetic and binding
curves are described according to the various apparent
binding (Kd1, Kd2) and kinetic parameters (KM1, KM2, Vmax1,
Vmax2) for the two substrate molecules bound. According to
whetherKd1/KM1 > Kd2/KM2 or vice versa, and dependent on
the relative values ofVmax1andVmax2, considerable deviations
from hyperbolic binding/kinetic curves can be observed. In
particular, the importance of theVmax1 andVmax2 parameters
in determining the final form of the rate versus [substrate]
curves means that it is feasible to obtain optical binding
curves that resemble hyperbolae, while kinetic curves for
the same substrate are clearly nonhyperbolic (e.g., for
CYP102A3 with linoleic acid), or vice versa (e.g., for
CYP102A2 with 15-methylpalmitic acid), in addition to
observing similar forms for both binding and kinetic curves
(e.g., CYP102A3 with palmitic acid) (66). The apparentKd/K
and KM/KH values are typically of similar magnitude, but
variations are evident in certain cases and likely result from
differences in theVmax1 andVmax2 parameters. It should also
be remembered that the estimates of apparent binding
constants (whether by fitting to a sigmoidal or hyperbolic
function) obtained for CYP102A2 and CYP102A3 in most
cases are saturation midpoints, with the true distinctKd/KM

values for substrate binding in the two different sites
impossible to discern accurately from these analyses. How-
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ever, the deviations from “pure” hyperbolic dependence of
reaction rate and/or heme iron spin-state change on [sub-
strate] in several cases for CYP102A2 and CYP102A3 are
strongly suggestive of bipartite substrate binding in these
enzymes, as has been inferred in P450 BM3 on the basis of
other evidence (e.g.,52, 65). Cooperativity of substrate
binding (e.g. to enzyme monomers in a solution dimer)
cannot be ruled out at this point, but titration curves in many
cases do not fit well to the Hill function. It is tempting to
speculate that the absence of the fatty acid carboxylate-
binding motif defined by Tyr 51/Arg 47 in P450 BM3 is
one of the determinants for the observed changes in kinetic
and binding behavior for CYP102A2/CYP102A3. However,
a Y51F mutant of P450 BM3 showed rather minor effects
on substrate binding and kinetic properties. In addition, while
a P450 BM3 R47A mutant and a R47A/Y51F double mutant
showed compromised substrate binding and turnover proper-
ties, there was no deviation from hyperbolic binding and
kinetic curves (35). Thus, it appears more likely that several
subtle structural changes throughout the extended hydro-
phobic active sites in the heme domains of CYP102A2 and
CYP102A3 (>35% of heme domain residues are different
than those in P450 BM3) combine to alter the substrate
binding modes in these enzymes and to produce the apparent
nonhyperbolic dependence of kinetic and binding parameters
on the substrate concentration. Ongoing studies on these
enzymes include mutagenesis work to investigate structure/
function relationships in CYP102A2/CYP102A3, with par-
ticular emphasis on those residues that vary from those
recognized as catalytically important in preceding studies of
P450 BM3. Such studies may reveal how differences in
kinetic/binding properties of theB. subtilisflavocytochromes
relate to specific amino acid variations from P450 BM3.
However, the results of these studies can be best understood
with reference to the atomic structures of the proteins. For
this reason, attempts are underway to crystallize the
CYP102A2 and CYP102A3 heme domains. We are also
attempting to establish conditions for crystallization of the
intact flavocytochromes. Preliminary studies indicate that the
CYP102A3 enzyme is more stable in solution than is P450
BM3, with a lower tendency to aggregate and precipitate.
These findings suggest that it may be feasible to crystallize
and determine the structure of the intact CYP102A3 enzyme,
enabling a better understanding of the interaction between
the covalently linked P450 reductase and P450 domains in
this important P450 class.
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