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ABSTRACT:. Cytochrome P450 Biol (CYP107H1) froBacillus subtilisis involved in the early stages of

biotin synthesis. Previous studies have indicated that Biol can hydroxylate fatty acids and may also perform
an acyl bond cleavage reaction [Green, A. J., Rivers, S. L., Cheesman, M., Reid, G. A., Quaroni, L. G.,
Macdonald, I. D. G., Chapman, S. K., and Munro, A. W. (2001Biol. Inorg. Chem6, 523—533. Stok,

J. E., and De Voss, J. J. (2008)ch. Biochem. Biophys. 38851—360]. Here we show novel binding
features of P450 Bietspecifically that it binds steroids (including testosterone and progesterone) and
polycyclic azole drugs with similar affinity to that for fatty acid€s(values in the range 01160 uM).
Sigmoidal binding curves for titration of Biol with azole drugs suggests a cooperative process in this
case. Biol as isolated frofascherichia coliis in a mixed heme iron spin state. Alteration of the pH of

the buffer system affects the heme iron spin-state equilibrium (higher pH increasing the low-spin content).
Steroids containing a carbonyl group at thepdsition induce a shift in heme iron spin-state equilibrium
toward the low-spin form, whereas fatty acids produce a shift toward the high-spin form. Electron
paramagnetic resonance (EPR) studies confirm the heme iron spin-state perturbation inferred from optical
titrations with steroids and fatty acids. Potentiometric studies demonstrate that the heme iron reduction
potential becomes progressively more positive as the proportion of high-spin heme iron increases (potential
for low-spin Biol = —330+ 1 mV; for Biol as purified fromE. coli (mixed-spin)= 228 + 2 mV; for
palmitoleic acid-bound Biot —199+ 2 mV). Extraction of bound substrate-like molecule from purified

Biol indicates palmitic acid to be bound. Differential scanning calorimetry studies indicate that the Biol
protein structure is stabilized by binding of steroids and bulky azole drugs, a result confirmed by resonance
Raman studies and by analysis of disruption of Biol secondary and tertiary structure by the chaotrope
guanidinium chloride. Molecular modeling of the Biol structure indicates that a disulfide bond is present
between Cys250 and Cys275. Calorimetry shows that structural stability of the protein was altered by
addition of the reductant dithiothreitol, suggesting that the disulfide is important to integrity of Biol structure.

The cytochromes P450 are a superfamily of helme  proteins. However, genetic manipulation of microsomal
containing monooxygenase enzymes found in all major life CYP2C5 allowed production of a soluble monomeric form
forms (1, 2). Their activity is central to synthesis and of the enzyme and enabled its crystallization and structural
interconversions of numerous lipids, steroids and polyketides, elucidation §). Structures of other human P450s have been
and mammalian hepatic microsomal P450s are the front line determined recently by industrial and academic consortia
of defense in the body against drugs and other xenobioticsusing similar strategies. By contrast, bacterial P450s are
(3). Eukaryotic P450s are, almost without exception, integral generally soluble enzymes, simplifying their expression and
membrane proteins, and this has been a major factorpurification. The structures of several bacterial P450s have
hampering the determination of atomic structures for these been solved, including forms from pathogenic bacteBja (

and P450s involved in catabolism of environmental pollutants
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Table 1: Cytochromes P450 and Flavocytochromes P450 Encoded in the Gen8aéliofs subtilig

B. subtilis alternative genomic predicted closest relative
P450 gene name(s) locus (kb) P450M; (Da) (% identity) putative role
CYP107H1 biol 3089.5 44704.8 B. subtilisCYP107J1 (38%) synthesis of biotin precursor
CYP107J1 cypAor yrde 2731.6 47 222.4 S. erythraea€CYP107B1 (41%) branched chain amino acid
metabolism (54)
CYP134 cypXor cypB 3602.8 45311.8 S. coelicolorCYP159A1 (40%) polyketide synthesis?
CYP102A2 cypDoryetO 792.0 119 259 B. subtilisCYP102A3 (61%) fatty acid hydroxylase
CYP102A3 cypEoryrhJ 2776.3 118 467 B. subtilisCYP102A2 (61%) fatty acid hydroxylase
CYP152A1 cypCorybdT 229.5 47 945.8 Clostridium acetobutylicum peroxide-driven fatty acid
CYP152A1 ortholog (57%) f hydroxylase
CYP107K1 pksS 1859.0 43257.4 B. subtilisCYP107J1 (44%) polyketide synthesis
CYP109B1 yjiB 1290.7 44 829.6 B. subtilisCYP109A1 (43%) polyketide synthesis

a Cytochrome P450 systems Bacillus subtilisstrain 168 are listed according to their formal cytochrome P450 nomenclature (CYP number),
alternative gene name, genetic locus, predidtedrom translated sequence), closest relative based on amino acid identity (from a BLAST search
via the EBI at prohttp://ca.expasy.org/tools/blast/), and putative cellular role (based on experimental evidence or genetic context). #5further P
(CYP109) has been recognized in the distiBetillus subtilisW23 strain.

chrome P450 reductas&d). AnotherB. subtilisP450 is the
structurally characterized P450Q@svhich hydroxylates long-
chain fatty acids at theu/f positions. Substrates for P450

an appropriate reduction potential for P450 reductiv, (
20).
While the capacity of Biol to bind and oxygenate fatty

bg are the same as those for CYP102A2 and CYP102A3, acids is clear and a role in synthesis of biotin appears proven,
but these flavocytochromes P450 hydroxylate (as does P45Cseveral biophysical characteristics of the enzyme remain to
BM3) close to then-end of the fatty acidsl@, 14). P450bg be elucidated. In this study, we perform a detailed structural,
appears not to require an accessory redox partner enzymepectroscopic, and thermodynamic study of cytochrome P450
to deliver electrons required for reductive activation of heme Biol. These studies reveal novel substrate-, steroid-, and
iron-bound molecular oxygen. Instead it interacts directly ligand-binding features of the enzyme, the reduction poten-
with hydrogen peroxide, using the so-called “peroxide shunt” tials of the heme iron system and how they are affected by

mechanism to facilitate oxidative catalysi$4( 15). The
remaining characterize®. subtilis P450 is P450 Bidl
(CYP107H1), which is involved in the synthesis of biotin
in this bacterium 16). Thebiol gene is located at the end of
an operon of genes involved in biotin synthesis, and the
deleterious effects on growth induced ibial gene knockout
strain confirmed involvement of the P450 in an early stage
of the biotin synthesis process, leading to synthesis of pimelic
acid or pimeloyl CoA 17). P450 Biol was reported to
catalyze the oxidative cleavage of long-chain fatty acyl CoA
substrates (involving multiple successive P450-mediated
reactions) to produce pimeloyl CoA, a known intermediate
in the biotin synthesis pathways of other bacteli, (L8).

In these experiments, enzyme activity was reconstituted using

a redox system involving a flavodoxin (cindoxin from
Citrobacter braaki) as the mediator of electron transfer
between a reductase and the P438).( However, other
reconstituted Biol redox systems were also reported to
hydroxylate fatty acids close to theterminal position 16).

In this case, activity was reconstituted using redox systems
comprisingEscherichia colNADPH—flavodoxin/ferredoxin
reductase and eithdf. coli flavodoxin or theB. subtilis
ferredoxin (Fer) 16). The B. subtilis genome sequence
revealed Fer as the only recognizable ferredoxin in the
genome 9). Previously characterized ferredoxins in class |
bacterial and eukarytotic P450 redox systems have bee
FeS,- or FeSs-cluster proteins (e.g., refd9 and 20).
However, Fer is an R&,-cluster ferredoxin that binds P450
Biol to induce heme iron spin-state perturbation and that has

! Abbreviations: Biol, cytochrome P450 Biol from froBacillus
subtilis DSC, differential scanning calorimetry; DTNB, 5@ithiobis-
(2-nitrobenzoic acid); DTT, dithiothreitol; Fer, I% ferredoxin from
Bacillus subtilis GdmCI, guanidinium chloride; NOS, nitric oxide
synthaseTm, melting temperature.

n

the presence of various molecules in the active site, and the
likelihood that Biol contains a disulfide bond: a novel feature
in a cytochrome P450 enzyme.

EXPERIMENTAL PROCEDURES

Materials.Guanidine hydrochloride>(99.0% purity) was
from Invitrogen Life Technologies. Ethanol, methanol,
acetonitrile, and DMSO (all 99%, anhydrous), acrylamide,
and benzamidine hydrochloride were from Aldrich (Gilling-
ham, Dorset, U.K.). Palmitoleic acid, myristic acid, and other
fatty acids, testosterone and other steroids;&ithiobis-2-
nitrobenzoic acid (DTNB), and miconazole were from Sigma
(Poole, U.K.). Econazole nitrate and ketoconazole were from
ICN Biomedicals Inc. (Aurora, OH). Ampicillin and isopro-
pyl-5-p-thiogalactopyranoside (IPTG) were from Melford
Laboratories (Suffolk, U.K.). Yeast extract and tryptone were
from Oxoid Ltd. (Hampshire, U.K.). DEAE Sepharose Fast
Flow was from Amersham Biosciences (Uppsala, Sweden).
Ceramic hydroxyapatite was from Bio-Rad Laboratories
(Hercules, CA). Hydrochloric acid (S.G. 32%) and acetic
acid were from Fisher Chemicals (Leicestershire, U.K.).
Unless otherwise stated, all other reagents were purchased
from Sigma and were of the highest grade available.

Expression and Purification of Cytochrome P450 Biol.
Cloning and expression of Biol has been reported previously
in a BL21 (DE3) pLysS hostl). To optimize expression
and investigate influence of a putative disulfide bond,
expression of Biol was analyzed in various bacteriophage
T7 RNA polymerase lysogég. coli strains using the pET11a
expression systenl ). These were BL21 (DE3) [FompT
hsd$(r, m,") gal decm(DE3)], BL21(DE3) pLysS, BL21
trxB (DE3) [BL21 (DE3)trxB::kan], HMS173 (DES3) [F
recA hsdRrki12 mk12") Rif? (DE3)], HMS174 (DE3) pLysS;
Origami B (DE3) [F ompT hsdgrs"mg~) gal dcm lacY1
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ahpC gor522Tn10 (T&) trxB::kan], and AD494 (DE3) of ~5 ul) across the concentration range required for
[Aara-leu7697AlacX74AphoARPull phoRAmMalF3F [lact saturation of the Biol active site. Spectra were recorded at
(lacl9) pro] trxB::kan (DE3)]. All strains were from Novagen each titration point. To facilitate analysis of spectral titration
(Nottingham, U.K.). Expression was examined in small scale data, difference spectra were computed at each point in the
cultures (5 mL of Luria-Bertani (LB) medium containing titration. The maximal overall absorption shift induced at
appropriate antibioticsP@). The strain, growth temperature, each point was determined by subtraction of the absorption
culture incubation time, and inducer (IPTG) concentration value at the trough from that at the peak in each difference
effects on Biol expression were determined by SIPAGE spectrum (using the same wavelengths in each case).
(10% acrylamide gels) of culture samples grown under Thereafter, values calculated in this way were plotted against
different conditions. Gels were stained with Coomassie blue the relevant ligand/substrate concentration, and data were
(0.1% Coomassie blue R-250, 40% methanol, 10% aceticfitted to the relevant equation. For weaker binding substrates
acid) for 30 min at room temperature, then destained (40% or ligands, data were fitted to a rectangular hyperbola. For
methanol, 10% acetic acid) fd h with agitation. substrates or ligands wity values not substantially greater
Expression of Biol was carried out in Origami (DE3) using than the concentration of enzyme used in the assay, data were
the pMG2 construct (P450 Biol in plasmid vector pET11a) fitted instead to a quadratic function (eq 1), as described
described previouslyl@). Cultures (typicayf 6 L from 12 previously @4):
x 0.5 L of media h 2 L flasks) were grown in LB media
using a slightly modified procedure to that described previ- Aobs= (Amad (ZED)(S+ E; + K —
ously. IPTG induction was unnecessary for optimal enzyme ((S+E,+ Kd)2 — 455)0-5) 1)
production, and cultures were typically grown for 24 h from
inoculation without IPTG addition. Cells were collected by |n eq 1,Aqsis the absorption shift determined at the substrate
centrifugation (5000, 20 min, 4°C), resuspended in 50 MM or ligand concentratiomyaxis the maximal absorption shift
Tris'HCI containing 1 mM EDTA (buffer A) plus 1 mM  obtained at saturation with substrate or ligaBdE; is the
benzamidine hydrochloride, and broken using a French pressiotal enzyme concentration used, aKd is the apparent
(three passes at 950 psi) and by sonication (Bandelindissociation constant for the substrater ligand—enzyme
Sonoplus GM2600 sonicator on 50% full power). Extract complex.
was centrifuged at 18 0930 min, # C) and dialyzed twice Binding of azole drugs (ketoconazole, miconazole, econa-
versis 5 L of buffer A plus 1 mM benzamidine prior to  zole) was performed both using Biol in the form isolated
loading on a DEAE Sephacel column preequilibrated in the from E. coli (in a mixed heme iron spin state) and with
same buffer. Protein was eluted using a linear gradient of enzyme converted to low-spin state either by (a) performing
KCI (0—500 mM) in buffer A. Fractions containing Biol titrations at pH 9.0 or (b) incubating a Biol enzyme sample
were pooled and exchanged into 25 mM potassium phosphatgon ice) in 50 mM TrisHCI (pH 7.2) containing 20% (Vv/v)
(pH 6.5), 1 mM EDTA (buffer B) plus 1 mM benzamidine  ethanol for 30 min prior to exchange into alcohol-free buffer
by dialysis, as before. Protein was then loaded onto apy ultrafiltration with multiple changes of buffer and
hydroxyapatite column preequilibrated in buffer B and eluted reconcentration to remove the ethanol. Binding data from
in a linear gradient of buffer B to 500 mM potassium these experimentsAgps versus ligand concentration) were
phosphate (pH 6.5), 1 mM EDTA. Biol-containing fractions  fitted to either a rectangular hyperbola or eq 1 (for tight-
were pooled and exchanged into buffer A, as previously. binding azoles) for the titrations starting from low-spin Biol,
Protein was further purified by ion exchange chromatography or a sigmoidal (Hill) function (eq 2) for titrations using the
on Q-Sepharose, using the same procedure as for the DEAEmixed-spin form of Biol purified fromE. coli, where the
step. Biol-containing fractions were concentrated by ultra- pinding data described a sigmoid in the case of binding to
filtration and dialyzed into buffer A plus 1 mM benzamidine. certain ligands.
A final gel filtration step was performed using Sephacryl

S-200 resin. Thereafter Biol was reconcentrated by ultrafil- A= Ay /(KT + S 2)
tration to~1 mM, dialyzed into buffer A plus glycerol (50%
v/v), and stored at-80 °C. Molecular Modeling of the Biol Structurd.o date, it has

This treatment resulted in homogeneous enzyme as verifiednot proved possible to produce crystals of the Biol protein
by spectral analysis and by SB8AGE analysis (10%). The that diffract well enough to solve the structure of this P450.
enzyme concentration was determined spectrophotometricallyTo obtain further information regarding overall structure and

using a difference absorption coefficietso-490= 91 mM~* active site architecture of Biol and in particular to help
cm1, as previously described. For the fully low-spin form explain our data indicating unusual molecular binding
of Biol, this corresponds te;;9 = 95 mM* cm™ (23). characteristics, we built a molecular model based on the

Optical Titrations.Binding of fatty acids and steroids to  known 3D structures of other P450s. Proteins of known three-
P450 Biol was measured by spectral titration. Fatty acid dimensional structure homologous to Biol (i.e., suitable
substrates induced a shift in heme iron spin-state equilibrium structural templates) were identified by scanning the amino
toward the high-spin form (type | spectral shift) concomitant acid sequence of P450 Biol against the sequences of those
with movement of the Soret peak from 417 to 394 nm. In structures in the Protein Data Bar®5j using PSI-BLAST
contrast, certain steroids induced Soret spectral shifts toward(26). At the time, this resulted in the P450s cam (PDB
the location typical of the low-spin species (reverse type | accession code 1ph6)j, terp (1cpt 27)), BM3 (2hpd @8)),
spectral shift), that is, from 394 to 419 nm. In both cases, 2C5 (1dt6 4)), and eryF (loxaZd9)) being identified as
titrations were performed by addition of small volumes of suitable templates. These templates were used to generate
substrate or ligand (typically 0-10.4 uL to a total volume comparative models by aligning them structurally to produce
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a profile using Malign3D within Modeller30), which was (econazole, testosterone, and palmitoleic acid). Ligands or
then aligned against the sequence of Biol using CLUSTALX substrates (at minimal concentration required to saturate Biol)
(31). The resultant alignment was then checked to ensurewere delivered in DMSO (final concentratieti% v/v), and
that (i) all of the secondary structural elements have a a control spectrum was recorded for Biol in the presence of
minimum number of insertions or deletions in them and (i) DMSO alone.
any residues crucial to catalytic activity, such as the proximal  Spectroscopic Analysis: Electron Paramagnetic Reso-
cysteinate in the fifth coordination site of the hen®2)( nance.EPR spectra were recorded on an X-band ER-200D
were conserved. Correlation between secondary structuralspectrometer (Bruker Spectrospin) fitted with a liquid helium
elements observed in a template (obtained from the Databasélow cryostat (ESR-9, Oxford Instruments). The oxidized
of Secondary Structure in Protein83f [DSSP]) and the  (ferric) Biol samples were prepared in THCI buffer (50
secondary structure predicted for Biol (using PSIPRBD)( mM, pH 7.5 and 9.5) and frozen in liquid nitrogen prior to
was used to modify the sequence alignment. Once anspectral acquisition. At pH 7.5, spectra were recorded for
acceptable alignment had been produced, an ensemble of 15oth Biol as purified fromE. coli and the testosterone-
models of Biol were generated using Modelldd), and the saturated bound enzyme. A spectrum was also recorded for
“most representative” model was select8#)( Note that the the purified enzyme at pH 9.5. The protein concentrations
disulfide bridge between Cys250 and Cys275 was not were 0.5 (ligand-bound forms) and 1.0 mM (ligand-free
included as a restraint in the modeling proceitss the form), and the spectra were recorded at 10 K with microwave
relative position of these two side chains in the resulting power= 2.01 mW and modulation amplitude 10.0 GHz.
(unrestrained) model that leads us to suggest the existence Spectroscopic Analysis: Resonance Ranf@sonance
of a disulfide. Bio-myristate and Biottestosterone com-  Raman spectra for P450 Biol were recorded using a Coherent
plexes were then modeled by docking the respective ligandinnova 100 krypton ion laser as the source of 413.1 nm
into the active site using the program GOLBX. radiation. Power at the sample was 30 mW. Scattered
Experimental Verification of a Disulfide Bond in P450 radiation was collected at 180analyzed by a Spex 1877
Biol. To establish the presence of a disulfide bond in Biol, triple monochromator, and measured by a Princeton Instru-
determination of solvent-accessible cysteine residues wasments 1152E LN/CCD detector. Concentration of the Biol
performed using Ellman’s reager®7). All operations were  was 10uM in 0.1 M potassium phosphate (pH 7.0). The
done anaerobically (Belle Technology glovebox) unless effects of binding and ligation of various compounds upon
otherwise stated. Assay buffer (100 mM potassium phos- the electronic properties of the ferric form of Biol heme were
phate, pH 7.0) was deoxygenated (argon sparged) and usedlso examined using resonance Raman spectroscopy using
to prepare solutions of dithiothreitol (DTT, 50 mM) and the same Biol concentration. Ligands or substrates tested
Ellman’s reagent (5;&ithiobis-(2-nitrobenzoic acid), DTNB,  were the fatty acids myristic acid and palmitoleic acid, the
10 mM). The product of the reaction with free thiols, steroid testosterone (all at saturating concentrations deter-
5-mercapto-2-nitro benzoate (MTNB), produces a yellow mined by optical titration studies), and the azoles 4-phenyl
color (Amax 412 nm, €412 = 14150 Mt cm™3), and the imidazole and econazole. Also examined was the alkaline-
formation of this product was followed over time after mixing pH-induced low-spin form (0.1 mM potassium phosphate at
of reagents with protein (1 h, on a Cary UV50 Bio pH 9.5).
spectrophotometer). In a control experiment, a sample of Isolation and Characterization of Lipid Bound to Biol.
DTNB (final concentration 40@M) in assay buffer was run  To determine the lipid bound to the active site of Biol
as a blank, and nonspecific changes in absorption at 412 nnpurified fromE. coli (which induces a partial conversion to
were monitored. In the cysteine thiol measurements on Biol, the high-spin form), a sample of purified Biol enzyme (1.0
a sample of Biol (1Q«M final concentration) was added to  umol) was acidified (usig 1 M HCI) and extracted with
assay buffer (96@L), and the cuvette was sealed. DTNB dichloromethane. The organic layer was dried over magne-
(40uL, 10 mM) was injected into the cuvette, and absorbance sium sulfate, and the solvent was removed under vacuum.
at 412 nm was followed as above. A second duplicate sampleThe residue was resuspended in methanol and analyzed by
of Biol (20 uL, 0.5 mM) was preincubated (2%, 1 h) with electrospray mass spectrometry (mass spectra were obtained
DTT (10 uL, 50 mM) in assay buffer (80@L). DTT was in El mode with 70 eV ionization using a Micromass Quattro
then removed by gel filtration (10 DG column) in the triple quadrupole mass spectrometer). To confirm identifica-
glovebox, and the protein solution was transferred to the tion of the sample, it was converted to a methyl ester by
cuvette. The volume was made up to 960, and DTNB refluxing in acidic methanol and then analyzed by GC-MS
was added as before with monitoring &4, for 1 h as (GC-MS analysis was performed with an RSL-150 column
above. Reagent-accessible thiol groups on Biol pre- and(25 m x 0.25 mm) on a Perkin-Elmer gas chromatograph
postreduction by DTT were determined using the cited coupled to a Micromass Quattro triple quadrupole mass
extinction coefficient. spectrometer, 20L injection volume, ionization voltage 70
Spectroscopic Analysis: Circular Dichroisi@D spectra eV). The retention timeyz, and fragmentation pattern were
for Biol in the far-UV CD region (196260 nm) were compared to known standards, and a library search was
collected using a Jasco J600 spectrapolarimeter<280 carried out using the instrument software.

nm) at 20°C in a 2 mmpath length cell in 50 mM Tri¢dCl Structural Stability Measurements: Differential Scanning
(pH 7.2). The sample compartments were purged with Calorimetry (DSC)Differential scanning calorimetry experi-
nitrogen gas to avoid absorption due tg. @iol protein ments were performed to characterize heat-induced confor-

concentration was 2bg ml~* (560uM). Spectra were also  mational transition of Biol. DSC allows determination of the
recorded in the presence of various ligands/substrates of Biolunfolding transition midpoint temperaturel{). Useful
at saturating concentrations determined from optical titrations information on thermal stability of the protein in isolation
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and in the presence of various ligand/substrates can bein stability buffer. For CD measurements, spectra were
obtained. All DSC scans were performed using a MicroCal recorded using a Jasco J600 spectropolarimeter in the range
VP-DSC (MicroCal LLC, Norhampton, MA) at a heating 190-260 nm. Sample compartments were purged with
scan rate of I’C/min (unless otherwise stated). The DSC nitrogen gas to avoid absorption by.E&ffects of substrates
was interfaced to a Gateway PIlI computer and data or ligands on stability to GdmCI were analyzed by addition
acquisition was achieved using Origin 5.0 (MicroCal LLC, of near-saturating quantities to the Biol sample, as described
Northampton, MA). The reference cell was always filled with  in the Experimental Verification of a Disulfide Bond in P450
a buffer solution in addition to any ligand (as appropriate), Biol section. For U\-visible, fluorescence and CD spec-
and instrumental baselines were measured by placing buffertroscopy experiments, a stock solution of GdmCI (8 M) was
in both cells. Buffer baselines were subtracted from scans prepared in stability buffer, and the appropriate volume was
of the protein prior to data analysis using Origin 5.0 added to the Biol solution to give the required chaotrope
(Microcal). . _ concentration (67 M). After addition of GdmCl, the

A stock solution of Biol was dialyzed agair&L of a50  relevant Biol solution was incubated at 2G for 15 min
mM potassium phosphate buffer at pH 7.5 for 24 h. Dialysis prior to analysis. Data at appropriate wavelengths (reflecting
buffer was stored for use in reference experiments, and themaximal change in absorption, fluorescence, or CD proper-
concentration of Biol was determined as stated above. Aties) approximated sigmoids and were fitted to the Hill

stock.solution of proteip (0.137 mM) was aliquoted for DSC  1,nction (eq 2) with the paramet&® replacingK used in
experiments. One fraction was treated with DTT, excess DTT eq 2 and reflecting the GdmCI concentration at the point at

was removed from the enzyme by filtration through a BioRad | hich there is 50% loss of Biol heme binding or secondary

10DG gel filtration column in the glovebox, and the sample_,- or tertiary structure.

was sealed anaerobically immediately prior to DSC experi- : o __
ments. Another 1 mL fraction of the protein was scanned in Potentiometric TitrationsRedox titrations were performed

the DSC without adding any DTT or ligands. In all cases, N2 Belle Technqlogy glovgbox under a nitrogen atmosphere,
initial DSC scans were manually stopped just after The largely as described prewou_sl@& 39). All solutions were
samples were then cooled back to room temperature, angd@gassed under vacuum with argon. Oxygen levels were
the scans were repeated; this is a standard procedure foffaintained at less than 2 ppm. The protein solutions
checking the reversibility of protein unfolding. (typically 50-100uM in ~5 mL of titration buffer) were

The remainder of the protein was used to investigate the titrated electrochemically according to the method of Dutton
effects on Biol stability of adding various substrates/ligands. (40) using sodium dithionite as reductant and potassium
These molecules were added in sufficient amounts to ferricyanide as oxidant. Mediators were added to facilitate
facilitate near-complete saturation of Biol within solubility —electrical communication between enzyme and electrode,
limits of the molecules, as previously established by optical prior to titration. Typically, 2uM phenazine methosulfate,
titrations. Stoichiometric concentrations of substrates or 5uM 2-hydroxy-1,4-naphthoquinone, 0.8/ methy! violo-
ligands were mixed with Biol: econazole, testosterone, and gen, and uM benzyl viologen were included (to mediate
palmitoleic acid. DMSO solvent for these ligands or sub- in the range betweern-100 to —480 mV, as described
strates was present at a constant 1% v/v in each sample. Irpreviously 88, 39)). Spectra (306800 nm) were recorded
control DSC experiments, 1% v/v DMSO was added to Biol using a Cary UV-50 Bio UV-visible scanning spectropho-
in isolation, and the effect on enzyme stability was found to tometer. Potentials were measured using a Pt/calomel
be negligible. electrode, as described previousdg,(39). A factor of +-244

Structural Stability Measurements: Guanidinium Chloride- mV was used to correct relative to the standard hydrogen
Induced Structural PerturbationThe effect of binding of electrode. Data manipulation and analysis were performed
substrates/ligands on the conformational stability of Biol was using Origin software (Microcal). Potentiometric titrations
further examined using the chaotrope guanidinium chloride were performed for Biol enzyme purified fror&. coli
(GdmCI) and by following the perturbation of the optical without further manipulation (i.e., in a mixed heme iron spin
spectrum of Biol (effects on chromophore environment), the state), for Biol saturated with fatty acid substrate (palmitoleic
aromatic amino acid fluorescence emission spectrum (envi-acid at a final concentration sufficient to facilitate maximal
ronment of tryptophans), and the far-UV CD spectrum extent of shift toward the Biol high-spin formy100 uM),
(secondary structure) in the presence of different concentra-for Biol bound to the steroid testosterone (converted
tions of GAdmCI. maximally to the low-spin complex with testosterone-a00

For UV—visible analysis of Biol, enzyme (4 &M final uM), and for Biol purified fromE. coli and pretreated with
concentration) was added to 50 mM FHCI, 1 mM EDTA ethanol (20% v/v) to remove bound lipid and convert the
(pH 7.0) (stability buffer), followed by GdmCl in the range  Bjol heme to a completely low-spin form. Data for redox
0—7 M. UV-visible absorption spectra were recorded potential-dependent absorbance changes between 418 and
between 700 and 300 nm using a Cary UV50-Bio spectro- 407 nm (for low-spin Biol) and between 394 and 407 nm
photometer. To monitor effects on tryptophan fluorescence, (for high-spin Biol) were plotted against the applied potential.
a final Biol concentration of 2:M was used in stability  pata were fitted to eq 3, which represents a one-electron
buffer. Fo_r ﬂuore_scence measurements, spectra were recordegyqox process derived by extension to the Nernst equation
on a Varian Eclipse quorlmete.r using quartz quorescer_lce and the BeerLambert law, as described previous88(39).
cells of 1 cm path length. Excitation was at 290 nm with
data collected between 300 and 400 nm. Excitation and E/'—E)/59

i el a+ b1g=®
emission slit widths were both set at 5 nm. For far-UvV CD P
measurements, a final Biol concentration of @\ was used 1+ 105780

3)
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In eq 3,A is the total absorbance,andb are component 030 - T
absorbance values contributed by the heme in its oxidized l 045
(ferric) and reduced (ferrous) states, respectivelys the 025 A 010
observed potential, arig,’ is the midpoint potential for the Y&
heme iron ferric/ferrous couple. In use of eq 3 to fit the & o.20
absorbance-potential data for the heme systems in the§
different forms of P450 Biol, the variables were uncon- 'g 0.15
strained, and regression analysis provided values in close & 3 1
agreement to those of the initial estimates. 2 0.10
RESULTS 0.05
Isolation of Cytochrome P450 Biol and Identification of 000 , . : —
a Copurified SubstratePreliminary studies focused on 300 400 500 600 700
optimization of expression of Biol, examining a rangecof Wavelength (nm)

coli hosts strains and growth and induction conditions to . : ) .
- h o f : f . Ficure 1: pH-dependent perturbation of optical properties of P450
determine the best conditions for production of P450 Biol gijo) Uy —visible absorption spectra were recorded for fatty acid

from the previously reported pET11a construct (pMGIH)( (palmitoleate)-saturated P450 Biol (2:MM) in the pH range
The Origami (DE3) strain (Novagen), which promotes between 6.0 and 10.0. Spectra shown are at pH values 6.5, 7.0,

cytoplasmic disulfide bond formaion, was found (0 ProdUCe. Lo newith he spectrum atpr 10,0 & a thic soid i, Specta.
the highest levels of Biol .(l.Jp to 20 mo/L cE. col at intermediate pH values are shoWn as dashed lines. :I'here is a
transformant cells), and addition of IPTG was found to be progressive shift toward the low-spin form with increasing pH,

unnecessary for strong expression of Biol in most host indicated (with arrows) by the decreasing spectral intensity at 394
strains. P450 was expressed without induction in Origami nm and increasing intensity at 418 nm. There is an isosbestic point

(DE3)/pMG2 transformant cells (typicgllé L of culture) for the spectral transition close to 408 nm. The inset shows a plot

. . L . of induced absorption change in the Soret region versus the relevant
grownin LB m_ed'um at 37C for 24, h foIIowmg.lnocuIatlorj pH value with data fitted to the HenderseHasselbalch equation
from an overnight culture. P450 Biol was purified essentially for a single proton process (eq 1) in Origin software.

as described previousiy1§), using DEAE Sephacel, hy-
droxyapatite, and Q Sepharose resins. However, it was notechf the enzyme. It was found that treatment with solvents
that the electrophoretically homogeneous enzyme so-purified (acetonitrile or ethanol, 20% v/v) resulted in the complete
exhibited a UV-visible spectrum typical of a P450 with its  conversion of Biol to a form with Soret band centered at
heme iron in a mixed spin state (i.e., with a population of 418 nm, indicative of the low-spin form and suggesting that
both low-spin and high-spin forms), perhaps indicative of the bound palmitic acid was favorably dissociated in the more
the presence of a substrate-like compound tightly bound to apolar medium.
a large proportion of the P450 molecules. In previous studies Through pH titrations of Biol, it was also found that
on the P450 B fatty acid peroxygenase enzyme, Shiro and jncreasing the pH of the buffer solution produced spectral
co-workers established that this enzyme copurified with changes indicative of an increased proportion of the low-
palmitic acid, a fatty acid abundant in tle coli host (5). spin form of the cytochrome (Figure 1). The effect was noted
Lipid bound to Biol was extracted using dichloromethane in all buffers used (sodium or potassium phosphate,- Tris
and subjected to electrospray mass spectrometry. ThisHCI, or N-2-hydroxyethylpiperaziné¥-2-ethanesulfonic acid,
showed a predominant peak in the ES spectrum/af255, HEPES) but was more pronounced for the organic buffers.
giving strong indication of the presence of palmitic acid. The There was an almost complete conversion to low-spin Biol
identity of the compound was further established by meth- by pH 9.5, and the process was freely reversible up to this
ylation and analysis by GC-MS. The retention time was pH. Using both the Biol form purified fronkE. coli and a
identical to that for commercial palmitate methylated in house fatty acid (palmitoleate)-saturated Biol sample, we deter-
using the same protocol, and the mass spectrum of both themined the effects of pH on the proportions of low-spin and
isolated compound and standard were similar, that is, high-spin enzyme through pH dependence of optical spectra.
showing the same fragmentation pattern typical of a fatty In both cases, a plot of the extent of change to the low-spin
acid methyl ester. Searching a library containing examples form with pH increase produced a sigmoid, suggesting the
of mass spectra of many organics and natural compoundsimportance of a single ionizable group, possibly reflecting
(National Institute of Standards and Technology database)the K, value for the interaction of the fatty acid with a
gave the identification of the isolated compound as palmitic protein side chain. The apparergpvalues for the spin-
acid. The fragmentation pattern for the sample was also thestate transition were 8.4 for the palmitoleate-bound enzyme
same as that for a palmitic acid standard and for that from and 8.4 for the (partially high-spin) form as purified from
library information, confirming palmitic acid to be the E. coli (Figure 1).
predominant compound bound by Biol i coli, as found Binding of Substrates and Ligands to P450 Biol: Lipid
also for P450 BB (14). Binding StudiesBinding of a number of different fatty acids
Corversion of Biol Spin-State Equilibrium by pH Change was shown previously to induce shift in the heme iron spin-
and Salent Extractionln light of the coisolation of palmitate  state equilibrium of Biol in favor of the high-spin form.g).
with Biol purified from E. coli, investigations were done to  This study confirms and extends this work, showing that
establish conditions whereby the fatty acid could be dissoci- unsaturated fatty acids, as well as long-chain saturated fatty
ated from Biol and which might result in the low-spin form acids, induce substrate-like high-spin shifts in the heme iron
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Table 2: Dissociation Constants for Binding of Fatty Acids to P450
Biol?

lipid substrate molecular formula Kg (uM)
decanoic acid @H200, 215+ 2.6
dodecanoic acid BH240, 11.0+1.0
tridecanoic acid GH260; 7.7+£0.6
myristic acid GaH2502 5.3+ 0.5
pentadecanoic acid 16H3002 52+0.7
hexadecanoic acid 16H3.0, 7.2+ 0.6
octadecanoic acid 1eH340, 33.0£ 5.6
myristoleic (A9) acid GaH2602 1.5+0.1
palmitoleic (A9) acid GeH2802 0.4+0.1
oleic (A9) acid GsH3002 0.9+0.1
myristoyI-CoA GsHeoN7017P5S 12.44+0.9

aBinding constants were determined by optical titration of Biol at
30 °C, as described in the Experimental Procedures section. All fatty
acid and fatty acid derivatives tested induced a shift in heme iron spin-
state equilibrium toward the high-spin form (type | shift), as evident
from a shift in Soret absorption maximum toward 394 nm.

spin-state equilibrium with absorption shifts of the heme

Soret band toward 394 nm. The apparent binding constants

(Kg values) for the fatty acids were determined through
optical titrations, and values are shown in Table 2. Among
the saturated fatty acids, the most complete shift in heme
iron spin-state equilibrium is obtained with the tightest-
binding G4 and Gs fatty acids myristic acid and pentade-
canoic acid. However, the monounsaturatA®)( C,4, Cis,

and Gg fatty acids myristoleic, palmitoleic, and oleic acid
bound even more tightly to Biol than did the saturated acids,
all havingKgy values of<2 uM (Figure 2A). In addition the
coenzyme ester myristoyl CoA was found also to bind Biol
and to induce substrate-like optical shifts, albeit with affinity
reduced more than 2-fold in comparison to myristic acid itself
(Table 2).

In view of the apparent strong affinity for long-chain
carboxylic acids, we also tested a number of similar
compounds for binding to Biol to establish the importance
of the carboxylate group in association with the P450 (Table

Lawson et al.
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Ficure 2: Optical spectral perturbations associated with fatty acid,
steroid, and azole ligation to cytochrome P450 Biol. In panel A,
binding of palmitoleic acid induces a type | (typical substrate-like)

3). Because the fatty acid binding data had shown that theshift in the absorption features of the Biol heme with spectral

optimal carbon chain length for binding to Biol was 14 or
15, the compounds assessed all contained,alkyl chain

(to mimic myristic acid) with the group at,Meing varied.
The polarity of the @ group was altered from the nonpolar
alkane tetradecane through to the highly polar amine deriva-
tive 1-amino tetradecane. This allowed us to evaluate the
contribution of the @ group to binding of these molecules
to Biol and to assess better whether the major driving force
for binding of these relatively hydrophobic compounds is
due to the lipophilicity of the alkyl chain and favorable
interactions with the hydrophobic active site cavity of the
protein, or whether ionic or hydrogen bonding interactions
between the carboxylate group of the fatty acid and more
polar residues (as with the interaction of fatty acid carboxy-
late with Arg47 and Tyr51 in the P450 BM3 system, 44j

play a major role in the stability of the enzyme/lipid complex.

With both the saturated and unsaturated forms of tetrade-

canol (1-tetradecanol ands-9-tetradecen-1-ol) an initial
small shift of the spin-state equilibrium of Biol toward the
high-spin form was followed by a spectral conversion back
to the low-spin form Anax = 418 nm) at higher lipid
concentrations. A possible explanation is that, at higher

maximum moving from 418 toward 394 nm (selected spectra
shown). Selected spectral data are shown for titration of Biol as
purified fromE. coli (~3.6 uM, thin solid line) with palmitoleate

at 0.53, 0.70, 1.23, and 1.7M (dotted lines). The final spectrum
shown is with palmitoleate at 2.4/M. The inset shows a fit of
induced absorption shift versus palmitoleate concentration to eq 1,
yielding aKq value of 0.4+ 0.1 M. In panel B, binding of enone
ring-type steroids induces a reverse type I-like shift in absorption
features, typical of an inhibitor molecule that forces the P450 into
a low-spin form with Soret band shifting to 417.5 nm. Spectral
data are shown for titration of steroid-free Biot2.1 uM) in its
starting form (thin solid line) and following addition of progesterone
at 10, 15, 20, 25, and 40M (dotted lines). The final spectrum is
for Biol following addition of 60uM steroid (thick black line).
Negligible change in spectral properties were observed after this
point. The inset shows a fit of absorption shift versus the
concentration of progesterone to eq 1, yieldinigsavalue of 16.4

+ 0.1 uM. In panel C, binding of the polycyclic azole drug
miconazole induces a shift of the Soret band to 423.5 nm on
complexation with the ferric heme iron. Selected spectral data are
shown for titration of Biol (2.9 uM, starting spectrum shown as

thin, solid black line) with miconazole at 0.1. 0.3, 0.4, 0.6, 0.8,

1.1, 1.45, 1.8, and 24M (dotted lines). The final spectrum is for
Biol following addition of 3.2 uM azole (thick black line).
Negligible change in spectral properties were observed after this
point. Arrows show direction of absorption change induced on
addition of miconazole. The inset shows a fit of the induced

alcohol solvent concentrations, these molecules act as @apsorption shiftuz, minusAsg:) versus miconazole concentration
solvent increasing the organic component of the environmentto eq 1, yielding a4 value of 0.045+ 0.015uM.
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Table 3: Dissociation Constants for Binding ofs@lkanes,
Alcohols, Alkyl Sulfates, and Alkyl Amines to P450 Bl

molecular shift to

compound name formula A (nm) Kg (uM)
myristic acid G4H270; 394 5.3+ 05
tetradecanol GH300 394 0.9+0.1
A9-tetradecanol GH250 394 1.240.2
tetradecylamine GH2oNH, 423 5.44+0.5
tetradecyl sulfate GH20S0O, 393 1.0+0.1
1-bromotetradecane 16H20Br 394 1.7+£0.6
methyl myristate GH3002 394 3.0+0.2
tetradecane aHs0 394 0.024+0.005

a Apparent dissociation constants for binding of tetradecafet,
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the substrate and the active site cavity are of as much
importance as the presence of an electronegative group on
the substrate as regards efficiency of spin-state conversion
of the P450 heme iron.

Binding of Substrates and Ligands to P450 Biol: Binding
of Steroids to P450 Biollhe genome sequence®f subtilis
revealed the presence of eight putative cytochrome P450
enzymes, of which Biol and at least three others have been
shown to bind fatty acids (Table #2). The other three
enzymes are the flavocytochromes P450 102A2 and 102A3
(homologues of the well-characterized P450 BM3 enzyme,
13) and the peroxide-driven fatty acid hydroxylase PA5@BBS

tetradecanol, tetradecylamine, tetradecyl sulfate, 1-bromotetradecane(13, 43). Amino acid sequence alignments with the P450

and tetradecane were determined by optical titrations atGG0as

described in the Experimental Procedures section. The binding constant

are compared with those for the saturatedcarboxylic acid myristic
acid and for its methyl branched chain derivative 13-methyl myristic
acid (methyl myristate). All molecules give a spectral shift indicative
of promoting the high-spin form in Biol (type | shift toward 394 nm),
with the exception of tetradecylamine, which gives a type Il spectral
shift of the Soret band to 423 nm, indicating ligation of the amine
group of this molecule to the heme iron.

of the protein, withdrawing the lipids from the active site of
Biol and forcing the spin-state equilibrium back toward the
low-spin form. Estimates for thi€q values for 1-tetradecanol
and cis-9-tetradecen-1-ol are calculated from a fit of the
optical titration data to a rectangular hyperbola in the low
lipid concentration regimes for which thg falcohols induce
spectral shifts toward the high-spin form. Binding of,C
molecules with an electronegative group air@@luced a shift
toward the high-spin form of Biol. 1-Bromotetradecane,
1-tetradecyl sulfate, and methyl myristate bound tightly to
Biol (K4 values <3.0 uM) but induced a less-complete
conversion toward the high-spin form than did saturating
levels of myristic acid. In the case of methyl myristate, the

BSS and the heme domains of the two flavocytochrome

$450s revealed rather low levels of identity between these

B. subtilisfatty acid-binding P450s and Biol (22.3% identity
with heme domain of flavocytochrome P450 102A3 over
the 395 amino acids of Biol, 18.7% with P450 102A2, and
20% with P450 BB). However rather higher levels of amino
acid sequence identity were found with three of the obher
subtilis P450s, none of which have been characterized as
fatty acid metabolizing enzymes (38.7% identity with
CYP107J1, 35.7% identity with CYP107K1, and 30.9%
identity with the putative P450 product of tBe subtilis yjiB
gene). Among these, CYP107K1 is a potential hydroxylase
of polyketides synthesized by thgks gene products oB.
subtilis In addition, Biol showed higher levels of identity
with several actininomycete P450s, many of which may also
be involved in metabolism of polyketides, polycyclics or
both. Among the structurally characterized P450 isoforms,
Biol shows strongest sequence identity with P450 eryF
(CYP107A1) from Saccharopolyspora erythraga P450
involved in hydroxylation of the polyketide 6-deoxyeryth-
ronolide B (34.2% identity, 70.4% similarity over the full

conversion to the high-spin form at saturation was at least length of Biol). P450 eryF has been shown to bind tightly

80% of that with myristic acid, but in the case of 1-bro-

motetradecane and 1-tetradecyl sulfate, the proportionate

changes were-60% and~30%, respectively. Tetradecyl-
amine gave an inhibitory shift due to the presence of the sp

to steroids and polycyclic aromatic hydrocarboAé)(

In view of the apparent closer identities with P450s
involved in metabolism of polycyclics, we tested a variety
of sterol, steroid, polyketide, and polycyclic compounds for

nitrogen, which ligates the heme iron, as indicated by a shift binding to Biol, using spectral perturbation as a marker for
in the Soret band to 423 nm (a type Il shift, as observed molecular interactions in the active site. Spectral changes

with interaction of the heme iron with the Shybridized
nitrogens of imidazole). The tight binding of tetradecylamine
is clearly facilitated by its & alkyl chain, as is also seen
with the fatty acid-linked imidazole derivative&{ values

< 3.0 uM, cf. imidazole with aKyq > 200 uM). These
findings suggest that the relative contribution of the car-

were observed with the steroid molecules androstenedione,
hydrocortisone, testosterone, corticosterone, progesterone,
and @x-methyl-1#®-hydroxy-progesterone acetate but not
with the steroid and steroid-like molecules 3-[(3-cholami-
dopropyl)dimethylammonia]-1-propanesulfonate (CHAPS),
cholesterol, estrong:estradiol, 5-pregneng3ol-20-one, and

boxylate to the binding energy of fatty acids is considerably prednisolone. An obvious difference between those steroid
less than that provided by interactions between the alkyl molecules that did or did not give rise to spectral changes is
chain and the Biol binding pocket. This is further confirmed the presence of a carbonyl group on the 3-position of the
by analysis of the binding data for the less water-soluble A-ring (i.e., a conjugated carbonyl rather than a phenol ring,
tetradecane. While this compound did induce a shift in the Figure 3). The nature of the spectral shift observed was an
heme iron spin-state equilibrium toward high-spin (despite apparent reverse type | shift, whereby there is spectral
the absence of an electronegative group oruitsarbon), conversion to a species similar to that observed for the
near-complete conversion of Biol to the high-spin form was completely low-spin form of Biol (i.e., with Soret maximum
not obtained with residual absorption indicative of the low- at 419 nm). However, at this stage it remained unclear as to
spin component remaining at the end point in the titration. whether this type of spectral shift arose indirectly from an
Saturation with tetradecane produce8@0% of the conver-  effect of spin state induced by binding of steroid in the
sion to the high-spin form observed at the endpoint of the vicinity of the heme or through direct coordination of the
titration with myristic acid itself. Thus, the binding of steroid carbonyl group as the distal axial ligand to the heme
tetradecane illustrates that the balance between compoundron. Optical binding titrations were performed with andros-
solubility in agueous media and the complementarity between tenedione, hydrocortisone, testosterone, corticosterone, proges-
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OH Table 5: Dissociation Constants for Binding of Azole Inhibitors to
P450 Biok
2 ! molecular
azole inhibitor formula Ka (uM)
o " HO imidazole GH:N2 208+ 15
A B Im-C10 Q3H23N202 2.64+0.2
i L. i Im-C11 Q4H25N202 1.5+ 0.2
Ficure 3: Influence of steroid structure on P450 Biol interactions. |m-c12 GisHaNSO, 1.04+02
Molecular structures of the steroid hormomes testosterone (A) and 4-promo-H-imida- CsHsN.Br 348+ 20
p-estradiol (B) are shown. Steroids, such as testosterone, containing zgjle
the enone type A ring (humbered with carbonyl g}, ®ind tightly 4-phenylimidazole  €HgN, 16.54+ 0.6
to Biol, inducing spectral conversion. By contrast, no spectral econazole Ci18H1sClsN,O 0.37+ 0.01 (0.016+ 0.009)
changes are induced by steroids containing the phenol A ring. miconazole GeH14ClaN,O 2.01+ 0.35 (0.045+ 0.015)
Apparent K4 values for enone-type steroids are affected by ketoconazole CaeH2eCIoNJO4  2.31+ 0.35 (0.0344 0.008)

substituents on the D ring, but binding per se is not prevented. aDissociation constants for binding of a number of azole-based

inhibitors to P450 Biol were determined by optical titrations at’@0
at pH 7.0, as described in the Experimental Procedures section. The
azoles used included the-imidazolyl carboxylic acid derivatives of

Table 4: Dissociation Constants for Binding of Steroids to P450
Biol2

steroid Kqg (uM) lauric acid (ImC12), undecanoic acid (ImC11) and decanoic acid

- (ImC10) 63) and the azole antifungal drugs econazole, miconazole,

andostenedione 1385 and ketoconazole. Binding constants were determined by fitting

hydrocortisone 62.&6.1 absorption shift versus azole concentration data to a rectangular
progesterone 16407 hyperbola or (wher&g values were<104M) to eq 1 describing tight-

testosterone 6.60.3 binding ligands. Values in parentheses for the binding of the azole

ggt“n?gtsr:)?lr-i?{ihy droxy- 1%81 %‘11 antifungal drugs are from titrations performed at pH 9.5. In these cases,

all azoles bound much tighter than at pH 7.0, and data were fitted to
eq 1.°In the case of the binding of econazole and ketoconazole to Biol
a Dissociation constants for binding of steroids with carbonyl group at pH 7.0, the binding plots were distinctly sigmoidal and were fitted
at the 3-position on the “A” ring (see Figure 3) were determined by best to eq 2 to derive the apparéqf values.
optical titration at 3C°C, as described in the Experimental Procedures
section. These steroids induced a type Il (or reverse type I) P450 spectralacid-binding enzyme. Remarkably, th& values for the
change with a shift in Soret absorption maximum toward 418 nm. binding of the polycyclic azole drugs econazole, miconazole,
and ketoconazole was also extremely tight. These data
terone, and @&-methyl-1%-hydroxy-progesterone acetate, indicate that the active site of Biol is relatively large and
using an extensively high-spin (palmitate-bound) preparation flexible and can accommodate favorably both long alkyl
of Biol in each case (Figure 2B). From these titrations, chain-containing molecules and polycyclics.
apparent binding constants for these steroids were determined While binding of imidazole, the small substituted imida-
(Table 4). The failure of other steroid and steroid-like zoles, and the imidazolyl carboxylic acids gave rise to
molecules to induce any significant spectral shift with the “normal” hyperbolic plots of induced absorption change
same extensively high-spin preparation of Biol suggested thatversus ligand concentration, the azole antifungal drugs
these molecules had minimal affinity for the Biol active site econazole and ketoconazole produced sigmoidal binding
within their range of solubility. In the case of those molecules curves with Biol that fitted best to eq 2. Miconazole bound
with the aromatic “A” ring, this is likely to be a consequence to Biol rather more tightly, and in this case, the data fitted
of the nonplanarity of the steroids at this part of the structure. best to eq 1 (Figure 2C). This apparent cooperative binding
In parallel studies, no spectral perturbations were detectedof ligand has been observed previously in studies of P450s,
on addition of the polyketides tylosin tartrate or erythromycin including recent studies of P450 eryF. In the case of the
or the polycyclic aromatic hydrocarbons phenanthrene, androstenedione- and 9-aminophenanthrene-bound structures
9-amino phenanthrene, and fluorene. of P450 eryF, two molecules of these ligands are present in
Binding of Substrates and Ligands to P450 Biol: Azole the active site, indicating that there may be true homotropic
Drug Binding.In view of the apparent diversity in molecular cooperativity in binding. In the case of Biol, earlier studies
structures found to bind P450 Biol, binding of various had shown that palmitic acid copurified with the enzyme.
commercially available azole-based inhibitors was done to Thus, the possibility existed that residual amounts of this
probe further the spatial properties of the Biol active site molecule were responsible for the unusual binding phenom-
and the effects of aromatic and alkyl substitutions on affinity enon. In view of this, azole antifungal binding titrations with
for azole derivatives. Binding of all azoles induced a type Il Biol were repeated at pH 9.5, under which conditions the
shift in the heme spectrum, the Soret band shifting to a Biol spectrum indicates that the heme iron is almost
maximum at longer wavelength (between 423 and 425 nm). completely low-spin. Under these conditions, the form of
As above Ky values were determined from optical titrations the binding curve was clearly hyperbolic for each of the three
with the azole drugs (Table 5). The binding of imidazole azole antifungal drugs tested, suggesting that apparent

progesterone acetate

itself was relatively weakiy = 208+ 15 uM), as was that
for 4-bromo-H-imidazole Kq = 348 + 20 uM). 4-Phen-
ylimidazole, a compound used successfully in crystallization
of P450s, bound somewhat more tightly (= 16.5+ 0.55
uM). However, attachment of an alkyl chain £ C;,) to

the imidazole resulted in & 100-fold improvement in

cooperativity observed at pH 7.0 could be due to interactions
between palmitate and the azole antifungals and that on
weakening of fatty acid binding at high pH these azole drugs
exhibit normal single site reversible binding properties. In
addition, all of the azole antifungal drugs bound considerably
more tightly at the higher pH, suggesting that palmitate

binding for these molecules, as might be expected for a fatty probably obstructs the binding of these azoles (Table 5).
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Alkaline pH did not lead to spectral shifts for the testoster-
one-bound enzyme, indicating that the steroid remained
bound tightly, possibly facilitated by a steroid carbonyl

heme iron interaction. In parallel studies, it was found that
“extraction” of the endogenously bound fatty acid could be

achieved by brief mixing with solvent (up to 20% viv _ _ -

acetonitrile or ethanol), resulting in conversion of the enzyme A a)

to a low-spin form. Binding of azole antifungal drugs to the i

solvent-treated Biol (following gel filtration to remove the - _ LEN

solvent) again resulted in hyperbolic ligand-binding plots, _« : ": .
Fé 7 \;\ y

as observed for the pH 9.5 titrations.

Molecular Modeling of the Biol StructureWork to
crystallize the Biol protein has to date failed to produce
crystals that diffract well enough to solve the structure of
the P450. To obtain further information regarding the overall  \ ™,
structure and active site architecture of Biol (in light of above
binding data indicating unusual molecular binding charac-
teristics), we built a molecular model based on structures of
existing homologous P450 enzymes (see Experimental ' )

Procedures section). The model suggests that the active sité'¢URE 4: Molecular model of P450 Biol. A model structure for

S . S . cytochrome P450 Biol was generated as described in the Experi-
Of_ Biol is predomlnantly_ hydroph_oblc In natu_re, |n_ common mental Procedures section. Secondary structural features (helices
with other P450s. Residues ||n|ng the active site include angd sheets) are depicted in gray. The heme is shown in yellow
Phe83, Leu84, Ala235, (the side chain methyl of) Thr239,

space-fill with the heme iron in red and equatorial coordinating
and Phe384. Two particularly interesting points about Biol ~ hitrogens in blue space-fill. A disulfide bridge predicted between
ligand interactions are suggested by the model.

Cys250 and Cys275 is indicated with the bonded sulfur atoms
First, myristate is predicted to bind with tlkeend of the

shown in orange space-fill. Cys275 is to the right, located near
one of the termini of the long | helix in P450 Biol.
molecule close to the heme (as is seen for P450 BABR,
This suggests that Biol could catalyze hydroxylation close
to thew-terminus. However, this model appears to rule out
the possibility of oxidation of the  fatty acid at central
carbon atoms. In a previous study of Biol, sequential
oxidative attack of fatty acid bound to ACP protein copurified
with Biol or of palmitic acid was reported to produce very
small amounts of the Qicarboxylic acid pimelatel®). This
was postulated to occur through three consecutive Biol-
catalyzed oxidative reactions at the9 carbon (in the case
of palmitic acid, w-7 for myristic acid). A distinct result
suggesting hydroxylation close to the-terminus was
obtained by Green et all§). In more recent work, Cryle et
al. confirm that Biol-mediated hydroxylation occurs near the
w-position (atw-1, w-2, andw-3 for myristic acid), albeit
in a system with a large (15-fold) excess of enzyme over
substrate46). The modeling data with myristic acid favors
strongly the hydroxylation of fatty acids close to the

(Cys250 and Cys275) are located in close proximity to one
another (separated by 4.1 A). This suggests that a disulfide
bond between these amino acids may be present on the
surface of the protein. The putative disulfide is located 11.1
A from the heme macrocycle at the closest point from the
disulfide bridge heme (Figure 4). No structural evidence
exists to date for the presence of disulfide bonds in any other
cytochrome P450 enzyme.

Verification of a Disulfide Bond in BiolModeling data
for the Biol structure suggest strongly the presence of a
disulfide bond between Cys250 and Cys275, predicting that
the side chains of these residues approach within 4 A. In
addition, expression of Biol was found to be optimal in the
E. coli strain Origami B (DE3), which hagor/trxB muta-
tions, promoting disulfide bond formation (Novagen), con-
sistent with the proposal that a disulfide bond is present in
Biol and that this affects the stability of the expressed
w-terminus due to a constriction in the size of the active enzyme. To confirm the presence of a disulfide bond, we
site close to thev-2 position that would occlude the extra determined the number of free thiols in P450 Biol using
bulk required for successive oxidative reactions around the Ellman’s reagent, both in the oxidized enzyme form and
w-7 carbon. The model also predicts that the carboxyl group following anaerobic reduction of Biol with dithiothreitol
of myristate may hydrogen bond with the side chain (DTT) to reductively cleave any disulfide bridgess). When
hydroxyls of Ser67 and Thrl179. the same preparation of enzyme was used for both anaerobic

Second, testosterone is predicted to bind with the C assays, the number of free cysteine thiols was#®1 for
carbonyl close to, and potentially interacting with, the heme the fully oxidized enzyme, rising to 24 0.2 for the DTT-
iron, consistent with experimental results that suggest thatreduced form. These data indicate the exposure of additional
the steroid carbonyl group may interact with the heme iron. cysteines on DTT addition, consistent with the disruption
The modeling studies suggest that the alternative orientationof a disulfide bond between Cys250 and Cys275 in the P450.

with the G hydroxyl and G carbonyl juxtaposing positions
does not occur due to the position of Glu65. This is predicted
to be a hydrogen bond acceptor for the; @ydroxyl but is
not able to form an equivalent interaction with the C
carbonyl.

A further major feature evident from modeling of the Biol

To our knowledge, this is the first example of a disulfide
bond in a cytochrome P450 enzyme.

Analysis of the Structural Stability of P450 Biol: Electronic
SpectroscopyGuanidinium chloride (GdmCI)-induced dis-
ruption of heme ligation and subsequent loss of the heme
cofactor from Biol (in various substrate- or ligand-bound

structure is that the side chains of two cysteine residuesforms) was followed by electronic absorption spectroscopy.
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All Biol forms underwent similar spectral changes as GdmCl (A) - .
concentration was elevated with decreases in Soret intensity 0.3 E N Ve i
and a shift in spectral maximum toward370 nm at high s / /
GdmCI concentration. The loss of intensity and spectral shift § . 4 b

is correlated with dissociation of heme from its cysteinate- . /)

ligated state and ultimately from the protein matrix. Plots of 0.2 SN N vy

0 1 2 3 4 5 6

the extent of conversion of the spectral species against amen o

GdmCI concentration in the range-@ M were sigmoidal,

and fits of these data to the Hill function (eq 2) produced
estimates for the midpoint concentration of GdmCI required
to dissociate 50% of the heme from its native form. These
midpointKY values were very similar for the palmitate-bound
form purified fromE. coli (mixed-spin), low-spin and low-
spin DTT-treated, and steroid-bound (testosterone, proges-
terone) Biol. In all cases, thi€V value was in the range of
2.5+ 0.3 M. Heme binding in the low-spin form at pH 9.5 o
was considerably weakened withk’ of 1.5 + 0.2 M 35+
GdmCI. However, in various ligand-bound forms (econazole,
4-phenylimidazole), the midpoint is much higher at %6

0.2 M, suggesting stabilization of heme binding by the
presence of the azole ligands to the heme iron (Figure 5A).
These data are consistent with resonance Raman studies of
the azole complexes of Biol, where tighter heme binding is
inferred (see below).

Analysis of the Structural Stability of P450 Biol: Fluo-
rescence Spectroscogdyluorescence from tryptophan resi-
dues was measured as a function of GdmCI concentration ol
to establish whether stability of tertiary structure was affected
according to the substrate- or ligand-bound status of Biol.

Modeling of the structure of Biol predicts that the three
trytophan residues (Trp37' Trp161, and Trp376) may all be Ficure 5: Structural Stab”lty of P450 Biol to denaturation by

: g : guanidinium chloride. In panel A, the main figure shows the optical
at least partially solvent-exposed on the protein surface. Thus,IorOIOeIrtieS of the 4-phenyl imidazole-bound P450 Biol (@) in

a large increase in tryptophan fluorescence on unfolding of the absence of denaturant (thick solid line). Subsequent spectra in
Biol was not expected. This is seen to be the case with thedotted lines (at 0.5, 1.5, 3.5, 4, &6 M GdmCl) show the

fluorescence emission intensity from the native Biol protein progressive diminution of the native-like Soret feature at ap-
at 0 M Gdml (regardiess of presence of substrate or ligand) FrERE Y 8 el 20 e R eeociated rom
being similar 1o that (_)bs_erved for fully unfol(_jed en_zyme at cysteinate ligation. Theyfinal spectrurh&M GdmcCl is shown as
8 M GdmCI. The emission wavelength maximum is at 340 g'thin solid line. The inset shows an overlay of tha data Guzs
nm for native Biol, shifting to 358 nm for the unfolded form.  minusAgssg) for the 4-phenyl imidazole-boundlj and palmitoleic
There is a progressive shift in emission maximum wavelength ?Cidi_bou?d Q%)formsd of P450 _giol; l?atal are fi';t?]d to adsigmqidtal

i i : ; i function (eq 2), producing midpoint values of heme dissociation
 mermedite CANG, oneenaln Elecng 0 et e i o 01
] : . h M for the 4-phenyl imidazole-bound form. In panel B, the main
tions of GdmCI, the fluorescence intensity decreases to afigure shows the aromatic amino acid fluorescence emission spectra
minimum at~2.5 M GdmCI with fluorescence intensity collected from the econazole-bound form of P450 Biok({2) in
around 50% of that for the starting form, prior to rising again the absence of the chaotrope GdmClI (thick, solid black line) and

: : in the presence of 0.5, 0.75, and 1.5 M GdmCI (dotted lines,
as the fully unfolded state is approached (Figure 5A). decreasing fluorescence at 340 nm), 2.5 M GdmCI (thin, solid line),

To determine the midpoint GdmCI concentration for 37and 5 M GdmCl (dotted lines, increasing fluorescence at 358
tertiary structure loss through analysis of change in tryp- nm), and 6 M GdmCI (thick, dashed line). The inset shows an
tophan fluorescence, ratios of fluorescence at the wavelengthoverlay of the maximal changes in fluorescence (expressed as a
maxima for fully folded (340 nm) and fully unfolded (358 normalized ratio of the fluorescence values at 358 and 340 nm and

: : presented as a proportion of overall change in the tertiary structure
nm) forms were plotted against GdmCl concentration, and of the protein) for the econazole®) and palmitoleic acid-bound

data were fitted to a sigmoidal function (eq 2). The midpoint (m) forms of Biol. The data are fitted to a sigmoidal function (eq
for the ligand-free Biol was 1.5% 0.15 M GdmCI, within 2), producing midpoint values of Biol tertiary structure loss of 2.3
error of that determined in the presence of DTT (162 £ 0.1 M GdmCI (econazole-bound) and 24 0.1 M GdmCl
0.15 M). The tertiary structure stability was diminished at (Palmitoleic acid-bound).

pH 9.5 (1.29+ 0.22 M), possibly reflecting destabilization Analysis of the Structural Stability of P450 Biol: Dif-
of Biol by alteration of protonation states of key residues ferential Scanning Calorimetnifferential scanning calo-
involved in stability or through increased nucleophilicity of rimetric studies of Biol were performed with the enzyme in
the guanidinium ion. Addition of substrates (palmitoleate 2.1 its native form and in complex with testosterone, econazole,
+ 0.1 M; myristate 2.4+ 0.2 M), steroids (progesterone and palmitoleate. Analysis of the effects of pretreatment with
2.6+ 0.2 M) and ligands (econazole 230.2 M) had some  DTT was also undertaken using DSC to establish whether
stabilizing effects (Figure 5B). there were measurable effects on thermal stability induced
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Table 6: Calorimetrically Derived, Values for the Unfolding of
16F - --0137mMBiol J Biol in the Presence and Absence of Substrates or Ligands

——0.137 mM Biol DTT treated

1k | substrate or ligand Tm (°C) ATm (°C)
12 free Biol 65.5
- i ) econazole 66.2 +0.7
S ot i palmitoleate 61.2 —4.3
= testosterone 65.6 +0.1
—_— 8F 1 a2 DSC was performed as described in the Experimental Procedures
8 6l J section. TheT, for unfolding of Biol in the presence and absence of
Y DTT was 65.5°C. Binding of the azole drug econazole and the steroid
4 : testosterone had minor effects on fhg but there was an apparent

destabilization ATy,) of 4.3 °C in the presence of the tight-binding
fatty acid substrate palmitoleate.

Temperature (°C)

Ficure 6: DSC analysis of P450 Biol. DSC scans are shown for
Biol (137 uM) in the presence<) and absence+) of DTT. Excess

DTT was removed from the sample as described in the Experimental
Procedures section. A buffer baseline has been subtracted from the
raw data, and the scans have been normalized for molar concentra-
tion and scan rate. In both cases above, the protein unfolds
irreversibly; however, thd, for the transitions, both with and
without DTT, is 65.5°C.

by reductive cleavage of the disulfide. Figure 6 shows the 1.89
results of DSC scans conducted with the form of Biol isolated
from E. coli in the presence and absence of DTT. These
studies reveal that in all cases Biol melts irreversibly and, . . . . .
therefore, analysis based on equilibrium thermodynamics 100 200 300 400 500
cannot be used to extract thermodynamic parameters from Magnetic Field (mT)

the data. However, it is possible to use the transition midpoint 5 zc 7- EPR spectra for P450 Biol. EPR spectra are shown for

(i.e.,Tm) to quantify protein stability. In this case, the protein  p450 Biol in the testosterone-bound form (panel A, extensively
has al, of 65.5°C, and it is not affected by the presence of low-spin) and in the forms isolated from th& coli expression

the reducing agent DTT. Closer examination of Figure 6 host and recorded at pH 7.5 (panel B, mixed-spin state) and pH

; P 9.5 (panel C, extensively high-spin). Relevgtalues for the major
shows that Biol unfolding in the presence of DTT may be low-spin form are at 2.41g9), 2.25 ), and 1.92 ¢,) and for the

more complex than in the absence of. reducing agent. Therehigh-spin form at 8.14.¢f), 3.14 @), and 1.67 ¢). Specira were
is clear evidence of a small shoulder in the DSC endotherm recorded as described in the Experimental Procedures section.

in the temperature range 560 °C. Therefore melting is
clearly non-two-state in the DTT-reduced form, as it appears and a crossover point at 201 nm. The effects of addition of
to be in the absence of DTT. various substrates and ligands to the spectrum were deter-
DSC analysis of the various substrate- and ligand-bound mined. The effects of the denaturant guanidinium chloride
forms of Biol revealed again that, in all cases, a single (GdmCI) on the stability of Biol in various bound states were
melting temperatureT(,) was observed with irreversible  also determined by assessment of its effects on the secondary
endotherms and protein aggregation at temperatures abovetructure using far-UV CD spectroscopy. By measuring the
the Tn. The values fofT,, in the presence and absence of proportional change in ellipticity at 219 nm between Biol
ligands (after scan rate normalization), as well\dg, values samplesn 0 M GdmCI (fully folded) ad 7 M GdmCI (fully
(with respect to substrate-free protein), are collated in Table unfolded), it was found that there were minimal effects of
6. There is an apparent destabilization of Biol by fatty acid the binding of various ligands and substrates on the GdmCl
with the palmitoleate-bound enzyme havinglg 4.3 °C concentration required to induce loss of 50% of the secondary
lower than that for the substrate-free enzyme. The effect onstructure. Plots of percent loss of ellipticity at 219 nm versus
protein stability of the steroid testosterone is negligible, and GdmCI concentration described sigmoids and were fitted to
econazole, at best, only induces a very modest stabilization.eq 2 to yield a midpoinKY value that was consistently in
Spectroscopic AnalysiSpectroscopic characterization of the range 1.84: 0.23 M GdmClI regardless of the ligand or
P450 Biol was undertaken using circular dichroism, reso- substrate. Thus, it appears that there are negligible effects
nance Raman, and EPR to define further the structuralon stability of secondary structure of Biol induced by
properties of the enzyme and examine in detail the featuressubstrate or ligand binding to the enzyme.
of its heme center. The far-UV CD spectrum of Biol is EPR analysis of Biol at pH 7.5 in the form isolated from
typical of a helix-rich protein (as expected for a P450) and theE. coli expression host indicates a heterogeneous popula-
resembles closely the far-UV CD spectrum of the heme tion of high-spin/low-spin (HS/LS) heme, as observed also
domain of the structurally characterized P450 BM3 enzyme by UV—visible absorption spectroscopy (Figure 7, panel B).
(47). Biol has CD spectral minima at209.5 and 218.5 nm A rhombic trio was observed withrvalues ag = 2.42 @,),
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with the higher wavenumber feature indicative of the low-

heme. The values are close to those reported previously forspin component and the lower one indicative of the high-

the well-characterized P450 BM3 heme domain (2.41, 2.25,

1.91) @2) and to those previously reported for Biol (2.41,
2.24, 1.97/1.91)X6). In the previous study by Green et al.,
some heterogeneity in the low-spip value was observed

with signals at botlg = 1.97 and 1.91 (16). Here, we are

spin component. For the testosterone-bound, econazole-
bound, and pH 9.5 samples, the magnitude of the feature at
1501 cmt is much larger than that at 1487 chindicating
predominance of the low-spin form. For the fatty acid-bound
forms, the 1487 cmt form is more intense, as expected for

able to better resolve this heterogeneity, distinguishing two a high-spin enzyme. The Biol form purified frof. coli,

distinct low-spin forms of Biol at pH 7.5. The second species

has itsg-values at 2.47, 2.25, and 1.98. Carbon monoxide-

with palmitate bound in a proportion of molecules, has an
intermediate spectrum with bott3 features being of similar

binding studies show that the Biol preparation used was intensity, indicating a similar proportion of the two forms,
essentially all P450. Thus, presence of an inactive P420in agreement with the optical data.
component as an explanation for the heterogeneity of the Potentiometric Studiefotentiometric studies were per-

low-spin form can be ruled out. A triplet of signals typical

formed on Biol in a variety of ligand-bound and ligand-free

of a considerable proportion of high-spin Biol is also present forms, as described in the Experimental Procedures section.

at pH 7.5 (8.14, 3.48, 1.67). Again, the high-spin signals

Biol purified from E. coliwas consistently found to be in a

are consistent with those reported previously for the camphormixed spin-state form, that is, with considerable proportions

hydroxylase P450 cam and other P45@8) (EPR spectros-

of both low- and high-spin forms of the heme iron. At 25

copy of the same enzyme preparation at pH 9.5 (Figure 7,°C (the temperature at which the redox titrations are

panel A) shows the virtually complete removal of the high-

performed), theAsqo (absorption wavelength typical of the

spin component, as suggested from optical studies. Inhigh-spin form) was invariably of very similar intensity to

addition, the heterogeneity of the low-spin species is
dramatically decreased with the more “typical’ rhombic trio
at 2.42, 2.25, and 1.92 predominating. On addition of

the A419 (typical of the low-spin form), suggesting roughly
equal proportions of the two forms. As discussed above, this
behavior results from copurification of Biol with a lipid

testosterone at pH 7.5, the high-spin component is alsosubstrate front. coli (palmitate), rather than being due to a

effectively removed with the major signal being the “typical”
low-spin triplet at 2.42, 2.25, 1.92 (Figure 7, panel C). This

natural “poise” of the high-spin and low-spin forms in a close
equilibrium due to the electronic properties of the system.

may suggest that the effect of the testosterone is to reinforcePotentiometric titration of a palmitate-bound Biol sample as
a native-like aqua-cys ligated ferric heme iron, as opposed purified fromE. coli yielded a midpoint reduction potential

to coordinating directly itself to the iron via a carbonyl group.

of —228 + 4 mV. The redox titration was completely

However, at this stage we cannot rule out the possibility that reversible in reductive and oxidative directions, without

the EPR signals for the two different types of oxygen
coordination at the distal position can give rise to highly

similar EPR spectra. Also in the testosterone-bound form,

another minor species is evident with a low-spin triplet at
2.54, 2.25, 1.89. Potentially, this might reflect a proportion
of the enzyme in a steroid carbonyl-ligated form. However,
previous EPR studies of human endothelial nitric oxide
synthase (eNOS) anf@usarium oxysporun®450 nor have
revealed similar triplets ofi-values, considered to reflect

development of turbidity due to enzyme aggregation and with
no sign of hysteretical behavior (i.e., the spectra collected
at similar potentials during oxidative and reductive titrations
were essentially identical, Figure 8). The reduced form of
the enzyme had its Soret band shifted~+d406 nm with
apparent spectral fusion of tikeand$ bands with maximum

at ~552 nm.

Since this sample of P450 Biol was effectively a partially

substrate (palmitate)-bound enzyme, further potentiometric

minor populations of another low-spin ligand-free cys-aqua studies were performed with enzymes saturated with the

ligated ferric heme speciedq, 50). Thus, it is also feasible

tight-binding fatty acid palmitoleic acid (i.e., as near complete

that these EPR data for the testosterone-ligated Biol revealhigh-spin form as possible) and following addition of
the presence of two distinct cys-aqua ligated species.testosterone and at pH 9.0 (i.e., as near complete low-spin

Regardless of whether carbonyl ligation to the Biol iron

heme iron as possible). Treatment of another sample from

occurs in the testosterone-bound enzyme, it is clear that thisthe same preparation with 15% (v/v) ethanol, followed by
(and similar steroids) bind tightly and induce a near-complete gel filtration to remove the solvent, produced a low-spin form

conversion to a low-spin ferric heme iron species.

that underwent complete conversion to a nativelike spectral

Resonance Raman spectra were collected for Biol asform on addition of dithionite reductant and introduction of

purified fromE. coli, for the testosterone-bound, fatty acid-
bound (palmitoleic acid, myristoleic acid), and econazole-
bound forms (at pH 7.0), and for Biol as purified frof
coli at pH 9.5. The spectra recorded were highly similar to
those reported previously with the domina#tsignal at 1372
cm-tindicating the presence of only ferric heme iron in the
samples16). However, spectral analysis of the various forms
of Biol indicate clear differences in the degree of “splitting”
of the spin-state-sensitiued band. Heterogeneity of the3
signal was observed previously in the study of palmitate-
bound Biol purified fromE. coli and is consistent with a
mixture of high- and low-spin forms of the enzym&6y.
Thev3 features in Biol are located at 1501 and 1487 tm

carbon monoxide (i.e., the P450 form with Soret absorption
maximum at 448 nm). Potentiometric study of the resultant
low-spin form of Biol showed that the enzyme could be
reversibly reduced and reoxidized as normal without hys-
teretic behavior or protein aggregation but that the midpoint
potential was now more negative at330 + 5 mV.
Otherwise, the spectral features of the reduced form were
indistinguishable from those observed previously. Elevation
of the pH to 9.5 also induced complete conversion to the
low-spin form, and redox titration at this pH produced a
virtually identicalE;' value for the heme Fé&/Fe* transition

of =330+ 3 mV. Also, as shown above, addition of steroids
promotes conversion of the enzyme to a species with spectral
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T the actinomycete bacteria, where P450s are implicated in
l 100 s —= synthesis of polyketide molecules. However, the bacilli also
1.2 -
3 possess a number of P450 enzymes. The genome sequence
1.04 3 of the 168 strain oB. subtilisindicates seven distinct P450s,
- and of these, at least P450 Biol has a biosynthetic role in
3 08 = ® the manufacture of the vitamin biotii Q). In the related
g it W23 strain, a further P450 of unknown function (CYP109A1)
5 069 Potential (versus NHE) is present. To date, Biol is the only P450 proposed to have
2 a role in vitamin biosynthesis. Perhaps the best characterized
< 0\ of the biosynthetic bacterial P450s is P450 eryF (CYP107A1)
0.2 from S. erythraea which catalyzes the final step in the
synthesis of the polyketide antibiotic erythromyc8). P450
0.0- . . ‘ . , . . eryF displays considerable amino acid sequence similarity
300 400 500 600 700 to P450 Biol (34.4% identity), perhaps suggesting common
Wavelength (nm) structural features that extend beyond the basic “core” P450

FiURE 8: Redox titrations of Biol in different forms. The main  Structure. Certainly from this study, Biol has in common with

figure shows the spectral changes accompanying the conversionP450 eryF the capacity to bind both steroids and polycyclic
of palmitoleic acid-bound P450 Biot12.54M) from its oxidized azole drugs. However, the physiological substrates of Biol

(ferric) form (thick, solid line) with Soret maximum at394 nm  gre considered to be long-chain fatty acids or their CoA esters

to its reduced (ferrous) form (thin, solid line) with Soret maximum P . . P
at ~406 nm. Selected spectra rec.orded at intermgdiate poin'gs in(1b6’. 18). fThus.,t theb.];!?X'tb”gy gfbthter"] ?ctlve r? It.e ?ff'm IZ
the titration are shown as dotted lines. Arrows indicate direction OPVIOUS Trom ItS abiiity 10 bind both long-chain Tatty acias

of absorption change for the major absorption bands as the titrationand polycyclic molecules. Azole drugs and selected steroids
progresses in the reductive direction. The inset shows an overlaytested have tighter binding constants than many of the fatty

of redox titration data (absorption change reflecting proportion of 4cids that bind Biol, presumably mainly due to favorable

heme oxidized versus reduction potential, reported with reference . : - . . . .
to the normal hydrogen electrode, NHE) for the palmitoleic acid- 'nteractions with the heme iron, as well as with active site

bound form of P450 Biol @), the testosterone-bound form)( residues. Only steroids with a carbonyl group at the C
and the partially palmitate-bound form isolated fr&mcoli at pH position produced spectral perturbations in Biol; those with
9.5 O). Data are fitted to the Nernst equation (eq 3) yielding a hydroxyl group at the same carbon did not. While the
midpoint reduction potentials of 198 3, —273+ 4, and—330+ spectral perturbation produced by steroids such as testoster-

3 mV, respectively. Spectra were collected and data processed as A - .
described in the Experimental Procedures section. one indicated conversion to a species that resembles an aqua-

cys ligated low-spin P450 heme (Soret maximum at 418 nm),

properties typical of the low-spin form of Biol. A redox mo_deling suggests that the reason for the apparent discrimi-
titration was also performed for Biol in the testosterone- Nation between the £ OH and G=0 steroids is that the

bound form. In this case, the Soret band for the steroid-boundCarbonyl group in the latter class of molecules may interact
form was located at 419 nm in the oxidized state and moved directly with the heme iron. In the testosterone-bound form
to ~407 nm in the reduced (ferrous) species; a similar of Biol, EPR indicates that the heme is converted to an

spectral shift to that observed for the reduction of the enzyme almost completely low-spin form (from the mixed-spin,
at pH 9.5. However, the potential for the transition273 partially palr_nltate-bourjd form isolated frobn coli) but Fhat_ _
+ 4 mV) was rather more positive than that observed for the predominant species present has EPR properties indis-

Biol incubated at pH 9.5 or pretreated with ethanol to induce tinguishable from that of the cys-aqua ligated ferric form of
conversion to a low-spin form. Biol. Thus, we cannot at this point be certain that the spectral

A more positive heme iron reduction potential is expected effects induced by binding of thes€O-containing steroids

on conversion of the heme iron to the high-spin form, as is mediated by direct ligation to the heme iron. However,

observed for potentiometric measurements in the P4500amWhat is clear is that the reduction potential of the heme iron

and P450 BM3 systemQ, 51). Saturation with the fatty in the testosterone-bound form of Biol {860 mV more

acid substrate palmitoleic acid converted Biol almost com- pgzg;/;[etdh%n ;2?\}62]; ttrZZtlrﬁ\évr;f%rnbfozrr?csut?;tig]nea?nzlilrg%
pletely to the high-spin form. Redox titration of this species 9 y y P =-o.

produced a midpoint potential 0f199 + 3 mV, more Po_SS|bI_y, this arises due to the direct mfluence_on the heme
" : . or its distal aqua ligand mediated by the steroid. However,
positive than that for low-spin forms generated either by

solvent extraction, by high pH, or by testosterone binding an alternative explanation would be that there is direct
by approximately 131, 131, and 74 mV, respectively. The interaction between the steroid carbonyl and the ferric heme

131 mV shift observed between the low-spin ligand-free form "o Among the steroids that were found to induce spectral

and the substrate-saturated form is consistent with the exten? erturbation on binding to P50 Biol, it was apparent that
of potential shift observed previously for P450 BM3 and compared with testoster_one) the_ presence of subsﬂtuent; on
P450 cam 40, 51) the C ring reduced binding affinity (probably due to steric

clash) while substituents on the D ring affect&gvalues to
DISCUSSION a much lesser extent.
Attempts to date to isolate diffracting crystals of Biol have
Recent genome sequencing efforts have led to the undernot been successful. However, our recent studies have shown
standing that P450 enzymes are widespread in bacteria angbromise in terms of isolating crystals of Biol in complex
that many are likely to have roles in biosynthetic processes. with host glyceraldehyde 3-phosphate dehydrogenase (GAP-
Perhaps most notable is the preponderance of CYP genes ilbH), with which it copurifies fromE. coli (Lawson, R. J. et



12424 Biochemistry, Vol. 43, No. 39, 2004 Lawson et al.

al., manuscript in preparation). To gain information on the relevant one, our modeling studies suggest that docking of
structural organization of P450 Biol in advance of a true ACP must induce a large structural perturbation in the P450
structure from X-ray crystallography, we built a model of to facilitate correct orientation of the lipid in its active site.
Biol based on the structures of other bacterial enzymes. Theln this study (as previously,6), we did not coisolate ACP
model indicates that a disulfide bond is present in the protein with Biol from our expression system. As indicated
oxidized enzyme between cysteines 250 and 275. Alignmentabove, however, substoichiometric amounts Ef coli
of the amino acid sequence of Biol with several hundred of GAPDH were coisolated with Biol.
the other available P450 amino acid sequences in the database Potentiometric studies have provided the first description
suggested that this arrangement of cysteines is unique inof the reduction potentials of the P450 Biol heme iron in
P450s sequenced to date and that a disulfide formed in sucldifferent forms. Thermodynamically, Biol exhibits behavior
a way in a P450 may be virtually exclusive to P450 Biol. typical of the soluble bacterial P450s characterized to date
This finding is in accord with the improved expression of with an elevation of~130 mV in heme iron reduction
Biol in a gor, trx mutant strain ofE. coli, but structural potential between the substrate-free low-spin form and the
stability studies indicate that reduction of the disulfide with fatty acid-bound high-spin form. It is likely that, as with the
dithiothreitol has rather minor effects on Biol. The position P450 BM3 and P450 cam systems, substrate binding leads
of the disulfide (approximately 11 A from the closest contact to displacement of a weakly bound aqua ligand at the distal
to the heme macrocycle) means that a potential role in coordination position on the heme iron and produces a
electron transfer to the heme cannot be ruled out. This aspecthange in heme iron spin-state equilibrium in favor of the
is currently under investigation, but at present, we have no high-spin form. The high-spin form can then be more easily
evidence to suggest that the disulfide plays anything otherreduced by the physiological redox partner, so triggering (or
than a structural role. Nonetheless, this is the first evidenceaccelerating) electron transfer and productive catalysis. In
for a disulfide bond in a P450 enzyme. Despite an apparentthe accompanying paper, we investigate electron transfer
lack of change inTy, value in the presence of the disulfide from and interactions with the flavodoxins froB subtilis
reductant DTT, DSC studies do indicate a destabilization of (YkuN and YkuP) and demonstrate that they can support
Biol (lower Ty) in the presence of fatty acid, perhaps Biol catalysis.
suggesting a structural change induced on fatty acid binding Detailed EPR studies of Biol reveal spectral heterogeneity
similar to that observed for P450 BM35). in the low-spin form of Biol, which is not associated with
Molecular modeling of the interaction of Biol with a fatty  the presence of any P420 form of the enzyme. An explanation
acid substrate (myristic acid) indicates that positioning of for the presence of a second low-spin form of Biol is that
the w-carbon of the substrate is close to the heme iron and bound lipid (i.e., palmitate from the expression host) interacts
that any oxygenation reactions should occur close to this endwith the heme or heme iron in a proportion of Biol in the
of the fatty acid. This is in agreement with previous work low-spin (cys-aqua ligated) form. The fact that both incuba-
by Green et al.16) and is further confirmed by the turnover tion at pH 9.5 and addition of testosterone result in the loss
studies reported in the accompanying manuscript, wBere  of the second low-spin species (in favor of the “typical” P450
subtilis flavodoxins are used to drive Biol catalysis. These low-spin signal) suggests that this is a likely scenario, since
data appear to contrast with the earlier paper of Stok andboth treatments should result in displacement of fatty acids
De Voss, who reported that Biol could catalyze carbon from the proximity of the heme iron. As expected, both
carbon bond cleavage at the central carbons of lipid substrategreatments effectively remove completely the high-spin form
to generate small amounts of thedicarboxylic acid pimelic of Biol, for which we also provide the first EPR character-
acid (18). In our model, steric restrictions prevent the ization here.
orientation of a fatty acid substrate appropriate for oxidative  In conclusion, we report here a detailed thermodynamic
attack at its central carbons (specifically «af7 for myristic and spectroscopic characterization of P450 Biol. Our data
acid). In more recent work, De Voss and colleagues demonstrate unexpected flexibility of the active site with the
demonstrated that (in single turnover conditions with large capacity to bind tightly to certain steroids and to bulky azole
excess of Biol over substrate) Biol catalyzed hydroxylation drugs, as well as long-chain fatty acids. It is also demon-
of fatty acids close to the-terminal with myristic acid being  strated that Biol is purified fronk. coli with palmitic acid
hydroxylated at thev-1, w-2, andw-3 positions 46). This bound. This explains its isolation in a mixed spin state.
is in agreement with study of Green et dl6) and with the Alteration of pH or brief treatment with small amounts of
data reported in the accompanying paper. Thus, capacity toan appropriate solvent releases the lipid and converts the
perform a series of reactions at the central carbon(s) of aP450 to a low-spin form. Potentiometric studies show that
long-chain fatty acid molecule to produce (ultimately) there is an~130 mV difference in the reduction potentials
pimelic acid appears unfavorable in this particular type of of the low-spin and high-spin forms of the enzyme, and this
redox system. It has been suggested that the adventitiousshift in spin state and potential of the heme iron as substrate
binding of E. coliacyl carrier protein (ACP) to Biol mimics  binds likely occurs on binding of lipid substrate in vivo and
the binding of a homologous ACP in th&acillus species, precedes electron transfer from redox partners. Modeling
enabling production of pimelic acid8). However, molecular ~ studies predict the presence of a disulfide bond in Biol, and
modeling predicts that a large conformational readjustment this was validated by free cysteine thiol measurements in
of Biol would be required to facilitate oxidative attack of the presence and absence of dithiothreitol. This is the first
myristic acid at the correct position. Further evidence in favor report of a disulfide bond in a cytochrome P450 enzyme. In
of the capacity of Biol to catalyze this bond cleavage reaction ongoing studies, we are investgating the effects of mutations
was presented very recentl$d). Thus, if the proposed to the cysteines involved in the predicted Biol disulfide on
carbon-carbon bond cleavage reaction is the physiologically expression, stability, and biophysical properties of the P450.
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