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ABSTRACT:. Mycobacterium tuberculosiencodes a P450 of the sterol demethylase family (CYP51)
chromosomally located adjacent to a ferredoxin (Fdx). CYP51 and Fdx were purified to homogeneity
and characterized. Spectroscopic analyses were consistent with cysteinate- and aqua-ligated heme iron in
CYP51. Anegigof 134 mMt cm~! was determined for oxidized CYP51. Analysis of interactions of 1-,

2-, and 4-phenylimidazoles with CYP51 showed that the 1- and 4-forms were heme iron-coordinating
inhibitors, while 2-phenylimidazole induced a substrate-like optical shift. The 2-phenyimidazole-bound
CYP51 demonstrated unusual decreases in high-spin heme iron content at elevated temperatures and an
almost complete absence of high-spin heme iron by low-temperature EPR. These data suggest thermally
induced alterations in CYP51 active site structure and/or binding modes for the small ligand. Reduction
of CYP51 in the presence of carbon monoxide leads to formation of an F&@)complex with a Soret
absorption maximum at 448.5 nm, which collapses (at 0.246 ha@hpH 7.0) forming a species with a

Soret maximum at 421.5 nm (the inactive P420 form). The rate of P420 formation is accelerated at lower
pH, consistent with protonation of the cysteinate (Cys 394) to a thiol underlying the-P4BD transition.

The P450 form is stabilized by estriol, which induces a type | spectral shift on binding CYR5% (

21.7 uM). Nonstandard spectral changes occur on CYP51 reduction (using either dithionite or natural
redox partners), including a blue-shifted Soret band and development of a strong feat®%8a&d nm,
suggestive of cysteine thiol ligation. Thus, ligand-free ferrous CYP51 is prone to thiolate ligand protonation
even in the absence of carbon monoxide. Analysis of reoxidized CYP51 demonstrates that the enzyme
re-forms P450, indicating that Cys 394 thiol is readily deprotonated to thiolate in the ferric form.
Spectroscopic analysis of Fdx by EPR (resonanap=at2.03) and magnetic CD (intensity for oxidized

and reduced forms and signal intensity dependence on field strength and temperature) demonstrated that
Fdx binds a [3Fe-4S] ironsulfur cluster. Potentiometric studies show that the midpoint potential for
ligand-free CYP51 is-375 mV, increasing te-225 mV in the estriol-bound form. The Fdx potential is

—31 mV. Fdx forms a productive electron transfer complex with CYP51 and reduces it at a rate of 3.0
min~tin the ligand-free form and 4.3 niith in the estriol-bound form, despite a thermodynamic barrier.
Steady-state analysis oM tuberculosistlass | redox system comprising flavoprotein reductase A (FprA),

Fdx, and estriol-bound CYP51 indicates heme iron reduction as a rate-limiting step.

Mycobacterium tuberculosiéMtb),! the causative agent any other bacterial diseask @). The global threat to human
of tuberculosis (TB), infects approximately one-third of the health posed by TB has been exacerbated in recent years by
world’s population and causes more deaths worldwide thanthe spread of drug- and multidrug-resistant strains of the
pathogen 3, 4). There has also been a synergy by which
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Health Organization to describe the situation as a potential some, adjacent to a predicted [3Fe-4S] ferredoxin [Fdx, the
“global emergency” %, 6). It is clear that new therapeutics product of gendRv0763c(21)] that, by analogy with other
are desperately needed to combat the spread of multidrug-bacterial P450 systems, is likely to be the CYP51 redox
resistant strains of Mtb. No new antitubercular drugs have partner (e.g., ref25. Mtb CYP51 catalyzes oxidative
appeared on the market for more than 40 years, and manydemethylation of dihydrolanosterol and the plant sterol
existing drugs have undesirable toxic effects (e.qg., 7ef3). obtusifoliol (21), reactions typical of eukaryotic CYP51.
Against this backdrop, a timely development was the However, it appears unlikely that cholesterol or another sterol
determination of the genome sequencevbftuberculosis is a component of the complex Mtb membrane; thus, the
strain H37Rv by Stewart Cole and co-workers at the Institut physiological role of Mtb CYP51 remains uncertain. In this
Pasteur 10, 11). The genome sequence revealed a prepon- paper, we report the expression, purification, and character-
derance of genes involved in lipid metabolism, as well as a ization of the Mtb ferredoxin encoded by tRe0763cgene,
number of other unusual genetic phenomena. Among theand its biophysical, thermodynamic, and spectroscopic
most unexpected findings was the fact that Mtb encodes 20features. In addition, we examine the biophysical properties
different cytochrome P450 monooxygenases (P450s). Byof Mtb CYP51 and interactions between the P450 and its
contrast,Escherichia coli(with a similarly sized genome) ferredoxin partner. The data reveal novel aspects relating to
encodes no P450s. Bacterial P450s are traditionally thoughtthe stabilization of CYP51 heme ligation, the nature and
to be enzymes involved in catabolic pathways for degradation properties of the irortsulfur center in th&kv0763cencoded
of unusual carbon sources as metabolic fuel (e.g.18ef Fdx, and a thermodynamic barrier to electron transfer
However, it is becoming ever clearer that bacterial P450s between Fdx and CYP51 that may be critical to controlling
also play key physiological roles, as evidenced by, for the catalytic rate in the slow-growing Mtb cells. This study
example, the P450 Biol [CYP107H1] enzymeBscillus provides fundamental new data relating to the properties and
subtilis involved in biotin synthesis and by the other fatty molecular interactaction in this important pathogen P450
acid oxygenases from the same bacteriti16). The large system.
number of P450s in Mtb is mirrored in other mycobacteria
and actinomycetes (e.@treptomyces coelicolpand implies EXPERIMENTAL PROCEDURES
that at least some of these enzymes have fundamentaly i ot Mt CYP51 (R0764c), Its Partner Ferredoxin
physiological roles X7, 18). Specifically with regard to the (Rv0763c), and Other Mtb P450 Redox System Genes
development of novel antitubercular drugs, the preponderance v ' y
of P450s (and the presence of one particular isoform) in Mtb  CYP51 (geneRv07649 and the ferredoxin (Fdx, gene
raises interesting issues pertaining to exploitation of a novel Rv07639 were cloned from a Mtb H37Rv cosmid genomic
type of drug in anti-Mtb therapy. The azoles (e.g., clotri- library (from S. Cole at the Institut Pasteur). The Fdx gene
mazole and fluconazole) are used both topically and orally was amplified using oligonucleotide primers FdxF-(5
as antifungals. Their primary fungal target is the lanosterol ATGACTCATATG GGCTATCGAGTCGAAGCCGACC-
demethylase P450 CYP51, critical in the synthesis of GG-3)and FdxR (5ATCCGGGATCCTTACTCTCCCG-
ergosterol, an essential molecule for fungal membrane TTTCTCGGATGG-3). Restriction enzyme sites favdd
integrity (19). Until relatively recently, CYP51 was consid- andBanHl, respectively, are in bold. CYP51 was amplified
ered to be a P450 confined to eukaryotes. However, theusing olignucleotide primers CYP51F{BATGACTCATAT-
genome sequence of Mtb revealed the first prokaryotic GAGCGCTGTTGCACTACC-3 and CYP51R (5AAGA-
CYP51, encoded by the Mth H37RRv0764c gene R0). CAAGCTT AAACTCCCGTTCGCCGG-3. Restriction sites
Moreover, recent studies have indicated that azole antifungalsfor Ndd andHindlIl, respectively, are in bold. Start codons
are also potent inhibitors of cell growth in mycobactefi@)( are underlined. PCR conditions were an initial denaturation
Although there is, as yet, no specific evidence to link the step of 95°C (60 s), followed by 30 cycles of (a) denaturation
anti-mycobacterial activity of azole compounds to inhibition at 95°C for 20 s, (b) annealing at 55 for 30 s, and (c)
of Mtb CYP51, data demonstrating the tight binding of azoles polymerization at 72C for 60 s. The PCR was completed
both to CYP51 and to the Mtb P450 CYP121 have been with a polymerization step of 72C for 10 min. CYP51 PCR
presenteddl, 22). Moreover, the identification of this first  conditions were like those for Fdx, with the exception that
prokaryotic CYP51 presented exciting new opportunities for step ¢ was for 120 s. PCRs were carried out in a Techne
exploring structurefunction relationships in the sterol PHC-2 thermal cycler. PCR mixes contained0 ng of
demethylase family. The sequence of Mtb CYP51 is strongly template Mth cosmid DNA, 0.2M primers (10 pmol), 0.2
similar to those of the eukaryotic forms, but it lacks the mM dNTPs, 1.5 mM MgGJ, and 2 units offaqpolymerase,
N-terminal membrane anchor region found in the latter in a total volume of 50uL overlaid with nuclease-free
enzymes and is thus likely to be a soluble enzyme that is mineral oil (Sigma). PCR products were resolved on 1%
predominantly cytoplasmically located in the pathogen. This agarose gels. PCR fragments were excised from the gel and
provided an excellent opportunity for detailed structural, purified using the Qiaex Il gel extraction kit (Qiagen, West
biophysical, and spectroscopic analysis of a soluble CYP51,Sussex, U.K.). Purified DNA was cloned directly into
perhaps enabling Mtb CYP51 to become a model systemplasmid vector pGEM-T (Promega) using standard proce-
for the entire CYP51 family of P450s. dures £6). Successful recombinants were identified by blue/
In recent years, Mtb CYP51 has been expressed andwhite color selection from transformants grown on X-gal-
partially characterized at the enzyme level, and its atomic and IPTG-containing LB agar with ampicillin (1Q@/mL)
structure has been determined in complex with azole drugs(26). Plasmids were prepared from a transformant culture
and in the presence of the steroid estrial, (23, 24). Mtb using an FX DNA purification kit (Pharmacia), and the
CYP51 is located at 858.04 kb on the Mtb H37Rv chromo- presence of CYP51 and Fdx genes was verified by restriction
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digestion withNdd/HindlIl and Ndd/BanH]I, respectively. mM potassium phosphate (pH 7.5) containing 50% (v/v)
DNA sequencing of clones (Applied Biosystems DNA glycerol and stored at-80 °C. FprA and CYP121 were
sequencer and Universal primers) confirmed correct geneexpressed and purified as described previouddy 27, 28).
sequences. CYP51 and Fdx genes were excised (as before% _ ]

and cloned into expression vectors pET20b and pET11a,SpPectroscopic Analysis

respectively. An alternative construct expressing the Fdx gene |y —yisiple spectroscopic analysis of Fdx and CYP51 was
from vector pET17b was also used, as described previously.5rried out on a Cary 50 UWvisible spectrophotometer
(21). This clone produces a four-histidine C-terminally tagged (Varian). Optical titrations to determir& values for CYP51
version of Fdx. Cloning, expression, and characterization of ligands were carried out at 3€ using CYP51 at 45 uM

the Mtb adrenodoxin reductase homologue enzyme flavopro- anq with ligands (lanosterol, estriol, testosterone, imidazoles,
tein reductase A (FprA, product of Mtb geRe3109 were o g70le drugs) solubilized in the appropriate solvea).(
described previously2(). Cloning and expression of Mtb  The final solvent concentration was maintained<d® of

P450 CYP121 have also been described previousy. ( the final volume of the assay mixturiq values in all cases
Expression and Purification of Mtb CYP51 and Fdx were computed by fitting data_ for Ilgand-lnduce_d absor_ptlon
o change versus the relevant ligand concentration to either a
For both CYP51 and Fdx genes, expressiofircoliis rectangular hyperbola or (for tight-binding azole ligands) to

under control of a T7 RNA polymerase promoter in pET20b 5 quadratic function (eq 1)

and pET11a vectors, respectively. CYP51 was expressed in

E. coli strain HMS174 (DE3) by growth at 3@ overnight Agps= (Anad2E)(S+ E + Ky —

in LB medium with IPTG (1 mM) induction at an Qg of 2 _ 0.

0.9. Cells (10 L) were collected by centrifugation (5600 {[(S+E+ Ky~ (4SB)] 5} (1)
for 20 min at 4°C). Cell pellets were washed by being whereAgse
resuspended in 50 mM Tris-HCl and 1 mM EDTA (buffer
A), pooled, and repelletted as previously described. The final
pellet was resuspended in a minimal volume of ice-cold
buffer A containing protease inhibitors [phenylmethane-
sulfonyl fluoride (PMSF) and benzamidine hydrochloride,
both at 1 mM], and cells were broken by sonication on ice

(6 > 20 s bursts at 45% full power on a Bandelin Sonopuls g med in the £ complex as the titration progresses.

instrument, wih a 5 min cooling time between pulses) All data fitting was done using Origin (Microcal).
followed by passage through a French press (two passes at

950 Ib/in?). Broken cells were centrifuged to pellet cell debris Circular Dichroism Spectroscopy

(1800@ for 40 min at 4°C), and the extract was diluted in

buffer A and loaded directly onto a DEAE ion-exchange ~ CD spectra of Fdx and CYP51 were recorded at’@0
column prior to elution in a linear gradient with buffer A USing @ JASCO J600 spectrapolarimeter. Far-UV CD spectra
containing 500 mM KCI. Heme-containing fractions were We€re recorded from 190 to 260 nm in a quartz cylindrical
pooled, dialyzed into buffer A, and purified on Q-Sepharose cell W|_th a path length of 002 cm and with a scan rate of 10
and hydroxyapatite columns, as described for Mtb CYP121 hM/min. Near-UV and visible CD spectra were recorded
(22). Final fractions were analyzed for purity spectrophoto- P&tween 260 and 320 nm and between 320 and 600 nm,
metrically and pooled. Purified protein was dialyzed into 10 reéSpectively, in cells with a path length of 0.5 cm with scan
mM Tris-HCI (pH 7.5) to desalt, concentrated, and stored at rates of 20 nm/min. Spectra were recorded in duplicate and
—80 °C. Both versions of Mtb Fdx were expressed in averaged. Fdx and CYP51 protelr) concentrations used were
Origami (DE3) cells grown in Terrific broth2g). Cultures 39 and 2uM in the far-UV CD region and 285 and 2(M

(6 L) were grown at 28C overnight without IPTG induction. N the near-U\~-visible region, respectively.

Cells of the non-tagged version of Fdx were disrupted as
described above, and protein was purified by successive
chromatography steps on DEAE-Sephacel and Q-Sepharose. Electron paramagnetic resonance (EPR) spectra of Fdx and
Protein was loaded in buffer A and eluted using a linear CYP51 were recorded on a Bruker ER-300D series electro-
gradient from 0 to 500 mM KClI in buffer A. Fractions were magnet and microwave source interfaced with a Bruker EMX
pooled, concentrated, and further resolved on a G-25 control unit and fitted with an ESR-9 liquid helium flow
Sephadex gel filtration column. The His-tagged Fdx was cryostat (Oxford Instruments), and a dual-mode microwave
purified using a nicketNTA affinity column (Novagen). cavity from Bruker (ER-4116DM). Spectra were recorded
Cell extract was prepared in 50 mM potassium phosphateat 10 K with a microwave power of 2.08 mW and modulation
(7.5) containing 10% (v/v) glycerol, 60M imidazole, and amplitudes of 2.1 and 10 G for Fdx and CYP51, respectively.
100 uM NaCl and loaded directly onto the nickel column. Protein samples were contained in 50 mM potassium
The column was washed extensively before elution with the phosphate (pH 7.5). Fdx (8Q@M) spectra were recorded
same buffer with 25@M imidazole. Fractions were pooled, for oxidized and sodium dithionite-reduced forms (dithionite
dialyzed, and passed through the column again. This time,at a 10-fold molar excess). CYP51 (20M) spectra were
fractions with the highest purity (by1/Azs0 ratio) were recorded in the absence and presence of near-saturating
concentrated by ultrafiltration (Centriprep 3 kDa cutoff, amounts of putative heme ligands 2- and 4-phenylimidazole
Millipore) and applied to the G-25 Sephadex column as (as observed by spectral analysis of complexes) and of the
before. Finally, both versions of Fdx were dialyzed into 50 azole drug fluconazole, which was added stepwise as a solid

represents the observed absorption difference at
each ligand additionAmax is the maximal absorption differ-
ence at ligand saturatioB; is the total enzyme concentration,
and S is the ligand concentration. Equation 1 is used to
describe binding of ligands where tiKg value is similar in
magnitude to the concentration of enzyme used, in which
case substantial amounts of enzyme (E) and ligand (S) are

EPR Spectroscopy



8430 Biochemistry, Vol. 45, No. 27, 2006 McLean et al.

to the protein solution and equilibrated until no further estriol- and 2-PIM-bound forms were recorded across a
spectral changes were observed. temperature range of-%0 °C. A 1 mL solution of CYP51
(~0.75-2 uM) was prepared in 50 mM Tris-HCI (pH 7.2).

A reference spectrum was collected at 3D (following
equilibration) using a Cary UV-50 Bio spectrophotometer
fitted with a Peltier accessory. Thereafter, the temperature
was decreased stepwise with spectra recorded ac 2
intervals after 2 min equilibration periods at each tempera-
ture. The solution was then heated progressively, and spectra
Were again recorded at°Z intervals. Above 50C, protein
aggregation and precipitation were observed, and experiments
were terminated at this point. The procedure was repeated
in the presence of 84M estriol or 7.5 mM 2-phenylimi-
dazole. These concentrations approach enzyme saturation

MCD Spectroscopy

Magnetic circular dichroism (MCD) spectra were recorded
on circular dichrographs, JASCO J-500D and JASCO J-730,
for ranges of 2861000 and 8062000 nm, respectively.
Samples were mounted on an SM&LT superconducting
solenoid (Oxford Instruments) with an ambient-temperature
bore for measurements at room temperature. Samples wer
prepared in deuterated 50 mM HEPES (pH 7.5). Low-
temperature MCD spectroscopy of oxidized and dithionite-
reduced Fdx (27@M) in the presence of 50% glassing agent
was done with the split-coil variable-temperature SM-4
magnet (Oxford Instruments) at 10, 4.2, and 1.7 K. Initial

BBI2KT absorbance minima of spectral troughs4@3 nm) were
' subtracted from the absorbance peak maximag® nm).

Resonance Raman Absorption change values were plotted against temperature

A resonance Raman spectrum of CYP51 was obtainedto determine differences in the behavior of ligand-free and
using 15 mW, 406.7 nm radiation at the sample, from a ligand-bound forms of CYP51.
Coherent Innova 300 krypton ion laser, and acquired using . . .
a Renishaw micro-Raman system 1000 spectrophotometer KiNetic Analysis
The sample was held in a capillary under the microscope at Transient KineticsTo determine rates of electron transfer
a concentration of 5aM, and an extended scan was obtained between Mth Fdx and CYP51 in the absence of ligands and
from 200 to 1700 cm', with 12 x 15 s exposures. in the presence of estriol and 2-PIM, stopped-flow studies
Potentiometric Studies of electron transfer between the Fdx iresulfur cluster and

the CYP51 heme iron were performed. The rate of single-

Redox titrations were performed in a Belle Te'chnology. electron transfer from Fdx to CYP51 was measured by
glovebox under a nitrogen atmosphere, as described Previ- oned-flow absorption on an Applied Photonhvsics SX18MV
ously 29—31). The protein solution (approximately-@2 PP P PP phy

M for P450s in 5 mL of buffer) was titrated electrochemi- UV —visible stopped-flow instrument coupled to a photodiode

cally by the method of Duttor29) using sodium dithionite array UV—visipIe dete.c_tor. Experiments were carried out
as a reductant and ferricyanide as an oxidant. Mediators WereunOIer anaerobic conditions in a Belle technology glovebox

added to facilitate electrical communication between enzymeWlth oxygen Ievels_of<2 ppm. Fdx and CY.P51 were
and electrode, prior to titration. Typically,2M phenazine prepared separately in anaerobic 50 mM potassium phosphate

i P ; (pH 7.5) saturated with carbon monoxide. CYP51 solutions
Erl]ﬂel\tlgsuolfgtil\;Pnl\{lest%’ylzawolzogggr(()l\);ls\//)l ’inn(?pmhmoggrlggre (5 uM) were also titrated with estriol and 2-phenylimidazole

viologen (BV) were included (to mediate in the range from (final concentrations of 5gM and' 3 mM,. respectlvely) to

100 to —480 mV) B0, 31). Spectra (256800 nm) were convert the P450 to an extensw_el_y high-spin form. Im-
recorded using a Cary UV-50 Bio UWisible scanning me<_j|ately prior to _stopp_ed_-flqw mixing, Fdx_ was reduced
spectrophotometer. The electrochemical potential of the by titration with sodium dithionite, using the minimal amount

soluion a2 measred using s Hama p 211 metercoupef ST 10 01 e e P olser, B
to a Pt/Calomel electrode (ThermoRussell Ltd.) at°25 Y9

The clecrode was caltrated using e EDTA  (SSAInG SaTh, 10 L0 was checked spectosconienl
couple as a standard (108 mV). A factor of 244 mV was - >topp 9

used to correct relative to the standard hydrogen electrode.(EZr?tifeM)s V\gg:r;:we% (rzéfg‘r'\ég dw?;sgg(r)fo:]rr?sduztingoct:ﬁe
The redox titration of Fdx (6&M in 5 mL of buffer) was h SP facil | ! 9 i
carried out in the presence of 10% (v/v) glycerol to aid P otod 'O.de array faci ity. Control experiments were ca_lrrled
stability. Further redox titrations were performed with Fdx out with identical samples of Fdx or CYPS1 mixed with a

: . buffer blank, to rule out any significant changes resulting
(40uM) in the presence of CYPS1 (1M). '_I'he experiment fform photobleaching. The rate of electron transfer from Fdx
was then repeated exactly as before in the presence o

CYP121 (also 1Q:M). Further redox titrations were per- to CYP51 in the absence and presence of 2-phenylimidazole

formed with CYP51 bound to either estriol (1) or 2-PIM and estriol was followed using the formation of the ferreus
(7.5 mM). Redox titrations were performed in both reductive CO complex of the P450, resuiting in absorption develop-

and oxidative directions to ensure that the redox processesment at 448 nm. Rates were determined either by fitting

were fully reversible and that no hysteretic effects were Afusg data to an exponential _funct|on or by f|tt|ng_ent|re .
observed. spectral changes observed using the global analysis ProKin

software (Applied Photophysics). Both procedures generated

Thermal Effects on CYP51 Optical Spectra essentially identical results for the rate of P450 formation.
To examine thermally induced changes in heme iron spin- The rate of collapse of P450 to P420 was determined from

state equilibrium, spectra for CYP51 in substrate-free and global analysis using a two-step kinetic model using ProKin.
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Steady-State Kinetic AnalysiEhe capacity of the entire  coli, and the atomic structure of Mtb CYP51 was determined
Mtb class | redox system (comprising FprA and Fdx) to in the presence of the azole inhibitors fluconazole and
transfer electrons to CYP51 was examined by steady-state4-phenylimidazole, and more recently in complex with estriol
analysis of NADPH oxidation. A cuvette solution containing and in the ligand-free form2@, 24). In the proximity of
a mixture of 2uM FprA, 5uM CYP51, and varying amounts CYP51 and Fdx is another P450 (CYP12;07669 of
of the Fdx (6-40 uM) was prepared in aerobic 50 mM  unknown function, immediately downstream fré?n0767¢
potassium phosphate (pH 7.5). Steady-state NADPH oxida-encoding a putative transcriptional regulatory protein. Both
tion was assessed either using substrate-free CYP51 oiCYP123 and the putative regulator are upregulated at the
CYP51 bound to estriol (5@M) or 2-PIM (3 mM). The mMRNA level by high temperatures, suggesting a possible role
reaction was initiated by addition of NADPH (2@®1), and in heat shock response33). A putative oxidoreductase
the absorption change at 340 ne.6 = 6210 Mt cm™?) protein (product oR/0765¢ separates CYP51 and CYP123.
was followed for up to 10 min. Initial reaction rates were Downstream of CYP51 is a cluster of proteins of uncertain
determined in triplicate at each Fdx concentration. Data function, including a putative alcohol dehydrogenasgh@®
(initial rate vs Fdx concentration) were fitted to rectangular Ry07599. The genetic proximity of the two P450s and the

hyperbolae to derive the apparent binding constafysfor putative redox partner ferredoxin Fdx may suggest their
Fdx and the limiting turnover rate (appareat) for the involvement in a common metabolic process. However,
systems that were studied. genetic context does not provide sufficient information to
indicate the nature of this role. Mtb CYP51 demethylates
CYP51-CO Adduct Collapse sterol substrates, but the pathogen may not synthesize sterols

de novo, perhaps pointing to an alternative cellular role. To
characterize the Mtb Fdx protein, its interactions with
CYP51, and the spectroscopic, kinetic, and thermodynamic
features of these proteins, tRe0763c(Fdx) andRv0764c
(CYP51) genes were cloned kh coli expression vectsras
described in Experimental Procedures.

Conversion of the CYP51 Fe(H)CO complex from the
“native” form with a Soret band maximum close to 450 nm
(P450) to the “inactive” form with a maximum near 420 nm
(P420) was monitored spectrophotometrically in the presence
and absence of exogenous ligands. Solutions of CYP51
(~2—4 uM) were prepared in 100 mM Tris-HCI (pH 7.2),
and UV-visible absorption spectra were recorded for the
oxidized species on a Cary UV-50 Bio spectrophotometer
at 25 °C. CYP51 solutions were reduced using a small
amount of sodium dithionite and bubbled briefly with carbon ity CYP51 Mtb geneR0764c(CYP51) was expressed
monoxide to form the PA56CO complex. Spectrawere then  from an inducible T7 promoter system in plasmid vector
recorded every 30 s for up @ h toobserve changes as the  pET20p inE. coli HMS174 (DE3) cells, and the encoded
P450 collapsed into the P420 form. The stability of the ps50 protein was purified to homogeneity in three steps using
CYP51-CO complex was also examined in the same way pEAE and Q-Sepharose ion-exchange resins and chroma-
in the presence of estriol (§7M) and 2-phenylimidazole  tography on hydroxyapatite. Pure ferric CYP51 has a typical
(7.5 mM). Plots of the absorbance change at 448 or 420 Nnmp450 U\~ visible spectrum, with a Soret band at 419 nm,
against time were generated and data fitted to an exponential,,q Q-bands (oo and B bands) at~572 and 535 nm,
function to derive rate constants for the process of P450-10- regpectively (Figure 1A). These features are similar to those
P420 collapse. To examine the effects of pH on the processseen previously for the other structurally characterized Mtb
of P420 collapse, similar studies were carried out for ligand- p450 cyp121 (maxima at 565, 538, and 416.5 na).(In
free CYPS1 in the same buffer for the pH range of 8800 cyps1 (as with CYP121), the absence of any significant
at 0.5 pH unit increments. To assess whether ligand add't'onabsorption shoulder at390 nm indicates that the P450 is
could reverse P420 formation, estriol (8¥) was added to predominantly low-sping= %/,) with minimal high-spin &

a sample of freshly prepared P420 (as described above) and. s/, ferric heme iron content. This conclusion is supported
spectra were collected at 5 min intervals for several additional by EPR (see below). For pure CYP51, the ratio of Soret
hours. The gxperiment was repeated at a low temperature(,;‘bsorption to the protein band at 280 nm (Rl ratio) is
(15°C) and in the presence of 10% (v/v) glycerol. ~1.8 (Au1dAaso). Low-spin ferric P450s are cysteinate-ligated
(the ligand is Cys 394 in CYP51) with a weakly bound water
molecule as the other heme iron axial ligand. The water is
displaced by stronger ligands, leading to optical perturbations.
Figure 1A shows spectra associated with coordination of
imidazole (Sorefmax = 424 nm), cyanidelmax= 435.5 nm),

The Mtb H37Rv genome sequence demonstrated that onlyand nitric oxide {max = 434 nm). In the NO-bound form
two CYP genes were located adjacent to predicted ferre-(as with CYP121), increases in absorption and shifts in
doxins that might act as typical class | P450 redox partners position of the Q-bands (particularly thg band) are
and, possibly, be cotranscribed with the P450 its&)f (  observed. Optical titrations with cyanide and imidazole
Rv1786encodes a putative [3Fe-4S] ferredoxin and is located producedKy values of 18.8+ 3.1 and 11.7+ 0.9 mM,
immediately adjacent to CYP14R{17859. This gene pair respectively (Table 1). Weak binding of these polar mol-
is divergent on the chromosome. The P450 encoded byecules is consistent with the hydrophobic nature of the
Rv0764c (CYP51) is immediately followed on the same CYP51 active site and probably also with the strong electron-
strand by the putative [3Fe-4S] ferredoxin Fd&Q7639. donating effect of the proximal thiolate ligand. Bulkier and
Previous studies reported expression of these proteiks in  more hydrophobic azole drugs are more potent inhibitors of

Protein Purification, UV-Visible Spectral, and Ligand
Binding Properties of Mtb CYP51 and Fdx

RESULTS

Cloning and Genetic Context of CYP51 and Its Cognate
Ferredoxin Fdx
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Ficure 1: UV-—visible absorption and ligand binding properties
of Mtb CYP51. (A) Absorption spectra of oxidized Mtb CYP51
(1.45 uM, thin solid line, Amax = 419 nm) and Mtb CYP51 in
complex with imidazole (thick solid lin€yax= 424 nm), cyanide
(dashed lineAmax = 435.5 nm), and nitric oxide (dotted linByax

= 434 nm). By comparison with the extinction coefficient of CYP51
(ea10= 134 000 M1 cm™1), the coefficients for the CYP51 adducts
at their relevant spectral maxima are as followeg;4 = 107 000
M~1 cm™! (imidazole),es355 = 90 000 Mt cm™1 (cyanide), and
€434= 120 000 M1 cm1 (nitric oxide). The inset shows diference
spectra induced by subtraction of the ligand-free spectrum from
those of the relevant complexes (solid line, imidazole complex;
dashed line, cyanide complex; dotted line, nitric oxide complex).
(B) Spectral features of CYP51 complexes with different phen-
ylimidazoles: thin solid line, ligand-free CYP51 (2.2M); thick
solid line, 2-PIM-bound CYP51 (7.5 mM ligand); dotted line,
1-PIM-bound CYP51 (3.2«M ligand); and dashed line, 4-PIM-
bound CYP51 (1.2 mM ligand). Soret spectral maxima are425

nm for 1-PIM and 4-PIM, but the 2-PIM-bound form shows high-
spin character with Soret maxima-a#14 and 395 nm. (C) Spectral
titration of CYP51 (3.1uM) with estriol. Estriol induces a shift in
the spectral maximum from 419 t8390 nm. Spectra are shown
for ligand-free CYP51 (thick solid line) and for estriol complexes
at 4.3, 8.7, 13.0, 17.4, 26.0, 34.7, 43.4, 47.7, and aR1(thin
solid lines, progressive Soret shift toward 390 nm, as indicated by
arrows). The inset shows a plot of the induced CYP51 spectral
shift (Asgs — As22) VS the relevant concentration of estriol (micro-
molar). Data are fitted to a hyperbolic function, producing(a
value of 21.74+ 0.8 uM.

McLean et al.

CYP51 (see below). The unusual properties of the ferrous
carbon monoxy complex of CYP51 are also detailed below.

While relative intensities of the aqua-ligated and NO-
ligated CYP51 Soret bands are similar to those in other P450s
[e.g., P450 BM3383)], intensities of the cyanide-ligated and
(particularly) the imidazole-ligated Soret bands are quite low
(Figure 1A). To verify that this phenomenon is associated
with low adduct extinction coefficients, spectra were recorded
for CYP51 bound to either imidazole or cyanide at their
apparenKy concentrations. Thereafter, samples were diluted
2-, 4-, and 8-fold into ligand-free buffer, and spectra were
recorded at each dilution. These spectra indicated that binding
of these ligands is freely reversible and that the Soret band
increases in intensity as it returns to the ligand-free form.
Thus, imidazole- and cyanide-ligated CYP51 species have
low Soret coefficients. A typical method for determining
P450 concentrations relies on formation of the Fe(@)O
adduct, and application of the extinction coefficiero-490
of 91 mM~* cm? for data from the reduced/CO-bound minus
reduced P450 difference spectruBd), For Mtb CYP51,
the instability of the CO complex prevents accurate use of
this method. Moreover, reduction of CYP51 results in a
spectral shift that suggests the nature of the proximal ligand
has changed (see below). Instead, we determined the heme
concentration by the pyridine hemochromagen technique
(35). This indicated are4;o coefficient of 134 mM* cm™t
for oxidized CYP51 at the Soret peak. This value is similar
to that determined by the same method for the cineole-
degrading P450cin (CYP176A) fro@itrobacter braakii[es15
= 150 mM?t cm? (36)]. By comparison with that of
oxidized, ligand-free CYP51, Soret coefficients for the
cyanide and imidazole adducts are as followssss = 90
mM~t cm ! andegs = 107 mMt cm™?, respectively. The
value for the nitrosyl adducikfzs) is 120 mM* cm™.

Binding of a substituted imidazole [2-phenylimidazole (2-
PIM)] to Mtb CYP51 was shown to induce a substrate-like
spectral change, with a decrease in the intensity of the Soret
band in the 2-PIM complex and a shift of the Soret maximum
to 396 nm, concomitant with the accumulation of high-spin
heme iron 87). This finding was confirmed, and a consider-
able decrease in Soret intensity was again observed in the
2-PIM-bound complex. These features were distinct from
those for 1-PIM and 4-PIM complexes. Here, the Soret band
shifted to~425 nm (similar to the imidazole complex) at
apparent saturation (Figure 1B). As with imidazole, there is
a substantial decrease in Soret absorption on complexation
with these azoles. Thus, both 1-PIM and 4-PIM act as
inhibitors and coordinate to the CYP51 heme iron, reinforc-
ing the low-spin state of the heme iron, whereas 2-PIM
instead likely binds in the active site distal to the heme iron
and displaces a water molecule weakly bound to the iron,
resulting in electronic reorganization in the heme iron
d-orbitals and an increased high-spin population. Spectral
titrations with phenylimidazoles were performed akd
values determined by fitting induced absorption change
versus ligand concentration data to hyperbolae, producing
values of 0.44+ 0.07 uM (1-PIM), 3.19+ 0.37 mM (2-
PIM), and 452+ 27 uM (4-PIM). Thus, while both 1-PIM
and 4-PIM produce type Il inhibitor-like shifts in the heme
spectrum, 1-PIM binds much tighter {0*-fold) to CYP51
than does 4-PIM. 2-PIM produces a substrate-like type |
spectral shift and binds even more weakly (a furthéf-
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Table 1: Spectroscopic and Thermodynamic Propertiddyafobacterium tuberculosi€YP52

CYP51 CYP121 CYP102A1 CYP101

UV —visible absorption Soret (nmy;(mMM~ cm?)

Fet 419; 134 416.5; 110 419; 95 417;115

Fe™—NO 434; 120 437; 102 435; 86 430; 103

Fe™—CN 435.5; 90 438; 95 445; 57 439; 78.5

Fett—imidazole 424; 107 424; 108 425; 104 425; 98
EPR @ values for the low-spin form) 2.44,2.25,1.91 2.47,2.25,1.90 2.42,2.26,1.92 2.44,2.25,1.91
Em with/without substrate (mV vs SHE) —375~225 ~—450 —427289 —330/~162
resonance Raman (crfor vy, vs, v4 and 1583, 1504, 1577, 1500, 1581, 1499, 1569, 1487,

v10 for the low-spin enzyme) 1373, 1638 1372, 1631 1372, 1636 1370, 1622

2 The features of Mtb CYP51 are compared with those for the Mtb CYP121 enzyme and with those for the prototypical prokaryotic enzymes
Bacillus megateriunP450 BM3 (CYP102A1, heme domain) aRdeudomonas putidd450 cam (CYP101). The following data are presented: (i)
the Soret spectral maximum (and the extinction coefficient) for the low-spit)f@ms and for the nitric oxide (Fé—NO), cyanide (F& —CN),
and imidazole (F&—imidazole) complexes, (ii) thg values for the low-spin (substrate-free) forms from EPR, (iii) the midpoint heme irdii Fe
Fe* reduction potentialEr,), and (iv) major resonance Raman features (key oxidation, coordination, and spin-state markers) for the substrate-free,
low-spin enzymesi,—v4 andvig). Redox potential data are for CYP51 in the absence of substrate and bound to estriol (this work), for CYP121
in the substrate-free forn2), for CYP102A1 in substrate-free and arachidonate-bound fosB)s#nd for CYP101 in substrate-free and camphor-
bound forms §6). UV —visible data are from ref21 and68—72. EPR data are from ref&l, 68, and70—72. Resonance Raman data are from refs
21, 37, 68, and73.

fold compared to 4-PIM). While the sterols lanosterol and A 274

obtusifoliol are demethylated by Mth CYP51, titrations with

these compounds produce only marginal spectral shifts within

their solubility range in aqueous buffer. By contrast, estriol —_

produces a substantial CYP51 heme spectral change toward ‘TE

392 nm, consistent with formation of a high-spin state. From S

spectral titration with estriol, th&y was determined to be ‘TE

21.7+ 0.8 uM (Figure 1C). £
Fungal CYP51 enzymes are targets for azole and triazole w

drugs. Binding of Mtb CYP51 to a range of clinically

relevant azoles was analyzed by spectrophotometric titration.

The Kq values were determined as follows, compared (in 0

T T T
400 600 800

parentheses) with azol€y values measured for CYP121, Wavelength (nm)

the only other structurally characterized Mtb P450: (018 J

0.02uM (0.07 £ 0.03 uM) for clotrimazole, 0.31+ 0.04 B, A ——
uM (0.03:£ 0.02uM) for econazole, 5.8 0.12uM (9.70 i &= - - T
+ 0.60uM) for fluconazole, 3.57 0.25uM (3.30+ 0.30 Bomeg T NACODHGOCYTAR PGV E ST DG - VLEYOVGYRSERFAVES 47
uM) for ketoconazole, and 0.28 0.04 uM (0.09 + 0.05 e -
uM) for miconazole. Clearly, both Mtb isoforms have a high Koo MEACEVALET Tl g

affinity for polycyclic azoles. Miconazole and clotrimazole e e ——

bind tightest to CYP51, although the affinity of CYP121 for . ) . i
i . Ficure 2: Properties of Mtb Fdx. (A) UV visible absorption
both these azoles and for econazole is significantly hlgherspectra and extinction coefficients for oxidized (solid line) and

than that of CYP51. _ sodium dithionite-reduced (dashed line) forms of Fdx. (B) Amino
Mtb Fdx The Fdx-encoding geneR¢07639 was ex- acid alignment of the Mtb Fdx sequence (Mtb) with those of
pressed as both a non-tagged protein in plasmid vectorpredicted [3Fe-4S] ferredoxins fromMycobacterium bais (Mbov),

pET11a and a His-tagged protein in vector pET12).( Nocardioidesspp. strain CF8 (Noc)Streptomyces lendulae
Edy i dicted to b 68 - id tein (includi (Slav), Streptomyces coelicoldSco). andMycobacterium smeg-
x is predicted to be a 68-amino acid protein (including s (Msmeg). Alignment was performed using ClustalW via the

the initiator methionine) from the genome sequence. This gB| server (http://www.ebi.ac.uk/cgi-bin/clustalw). Identical resi-

was confirmed by sequencing of the cloneadd763cgene dues are denoted with asterisks. Similar amino acids are indicated

(not shown). Tagged Fdx has four additional histidines at E)é)fiig%:fe?‘;igglui?]'g r?]?;z gggogginugetnoc (tahteo ;;;/glogifssri]?rirl%rl ict)Y)l-Jgfltb

Lhetth-termlnus. SpeCtratl. E:Pd.;hertmoﬁygatmtﬁ pLO_pirtles 3f (Mb0786¢ but is only 33% ident?cal (across 61 residues) v%ith its
oth forms were essentially identical, but the HIS-1agged ghorter homologue frorw. smegmatis

protein could be purified in a much larger yield as a result

of both higher expression levels and the affinity purification the non-tagged construct. Pure Fdx has a distinctive dark

step (on Ni-NTA resin) that was used. For this reason, green/brown color and a broad WWisible spectrum in its

spectroscopic and kinetic studies reported herein relate tooxidized form with a peak at 412 nm and pronounced

studies with the His-tagged Fdx. Fdx protein was purified absorption shoulders at460 and~580 nm (Figure 2A and

by two successive rounds of affinity chromatography onrNi  Table 2). The aromatic amino absorption band is at 280 nm,

NTA resin (Novagen) followed by gel filtration to desalt the and a further shoulder is seena340 nm. For homogeneous

sample and to remove minor contaminants. On the basis ofFdx, theAx7dA412 absorption ratio is2.2. Reduction of Fdx

an extinction coefficient of 11 300 M cm™t at 412 nm, by dithionite led to loss of the green/brown color and to

Fdx is purified in these three steps at a level af 9 mg of bleaching of the spectrum betweer850 and 600 nm. At

protein/L of cell culture. This compares with2 mg/L from longer wavelengths{600—750 nm), Fdx exhibits increased
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Table 2: Spectroscopic and Thermodynamic Propertidd.aluberculosis=dx®

Fdx Fd1 Fd2 putidaredoxin Fer
host organism M. tuberculosis Streptomyces griseolus . gdiseolus Psputida B subtilis
iron—sulfur cluster [3Fe-4S] [3Fe-4S] [3Fe-4S] [2Fe-2S] [4Fe-4S]
P450 partner CYP51 P450 (CYP105A1) P45@,1 (CYP105A1) P450 cam (CYP101) Biol (CYP107H1)
Amax[e (MM~2emY)] 412 (11.3) 410 (17.0) 410 (20.1) 321,412 (11.0), 456 390 (ND)
EPRg value 2.03 2.03 2.02 2.02,1.94 2.07,1.93,1.88
Em (MV, vs SHE) -31 ND ND —239+196 —385

aThe features of Mtb Fdx are compared with those for other [3Fe-4S] ferredoxins and ferredoxins with other types @flfuorclusters
involved in electron transfer to P450 enzymes. Fd1 and Fd2 are cognate ferredoX@tsgioseolusP450 enzymes (CYP105A1 and CYP105A2)
involved in oxygenation of sulfonylurea herbicideégl). Putidaredoxin is the cognate ferredoxin for #& putidacamphor hydroxylase P450 cam
(25). Fer is a viable ferredoxin partner f&: subtilisP450 Biol, involved in biotin synthesig{). Maxima in the visible absorption specti)
are for the oxidized forms of the ferredoxingl( 74, 75). Theg value is for the EPR-active form of the ireisulfur cluster in each case (reduced
clusters in the case of putidaredoxin a@dsubtilisFer) @1, 72, 76). Redox potential data (where available) are relative to the standard hydrogen
electrode 41, 77). The values cited for putidaredoxin (Pd) are for free Pd/Pd bound to P450 cam. ND means not determined.

absorption in the reduced form, with a low-intensity absorp- A
tion peak at 670 nm. There is an isosbestic point for the [ ] C 100, e
oxidized and reduced forms at 337 nm, and the reduced form 2 80  o*"
has a peak at-315 nm. Through spin quantitation by EPR I ] Z ol
(see below), extinction coefficients at peaks in the absorption £ s0[0°
spectrum for oxidized (reduced) forms of Fdx were deter- § 20§
mined: €41, = 11300 Mt cm™ (8150 Mt cm™Y), €315 = ol v
15300 Mt cmt (18 300 Mt cm?), and ezg0 = 25 300 [ ] 0.00.20.40.60.81.0
M-t cm™* (26 000 M cm™?) (Table 2). The far-UV CD 0000w w0 1:3: PR LL
spectrum of Fdx was typical of a protein with both helical Magnetic Field g *
andg-sheet structure. Minima were located~#08 and 223 agnetic Field (mT) 5 [ 2
nm. Secondary structure prediction algorithms indicated B 5= 40 §
approximately 39%o-helix and 24%-sheet in Fdx 38). 100 s 22 3
< S0f 0.00.20.40.60.81.0
Characterization of Mtb Fdx as a [3Fe-4S] Ferredoxin ‘_5 0 100 - RXTAALL
= -50 o)

Amino Acid AlignmentThree distinct types of iroasulfur 4 100 ‘g 22 9
clusters are found in most forms of ferredoxin ([2Fe-2S], 44, £ w0 e
[3Fe-4S], and [4Fe-4S]). Bacterial P450 systems which = 20F
exploit each of these different types have been characterized R §
(39—41) (Table 2). The UV-visible spectrum of oxidized 100 0.00.20.40.60.81.0
Fdx is distinct from that of typical [2Fe-2S] ferredoxins, 0 BB/2KT
which usually have more pronounced absorption features 1 -100
(e.g., ref42). In ferredoxins, iron atoms are coordinated by { -200
cysteines. The Fdx amino acid sequence is strongly similar 300 400 500 600 700 800
to various [3Fe-4S] ferredoxins from other mycobacteria and Wavelength (nm)

actinomycetes (Figure 2B). There is a 66% level of amino

acid sequence identity W'th the putative [3Fe-_4S] ferredoxin An EPR spectrum of oxidized Mtb Fdx (8@0M) was recorded in
from Nocard|ode$pp. strain CFS, a_nd a motif common to g5 mm potassium phosphate (pH 7.5). No EPR signal was
3Fe-4S cluster-binding ferredoxins is shared between thesegetectable for the dithionite-reduced species. Spectra were measured
proteins: Cys-X-X-X-X-X-Cys-%-Cys-Pro, where Xisany  at 10 K with a power of 2 mW, a modulation amplitude of 2.1 G,
amino acid and Xindicates a number of variable amino and a microwave frequency of 9.68 GHz. The oxidized protein

. Cp . : .~ Spectrum with &g of 2.03 indicates>98% of the protein sample
acids around which iron ligands provided by the cysteine contains a [3Fe-4S]cluster. (B) Low-temperature MCD spectra

thiols are interspersed. In the [4Fe-4S] ferredoxins, the typical (31 5 T) of oxidized (top panel) and dithionite-reduced (bottom
binding motif has a fourth cysteine in the position underlined panel) Fdx (27QuM) in 50 mM HEPES (pH 7.5). Spectra were
in the [3Fe-4S] motif. Spectroscopic analyses were performedrecorded at 1.7 (solid line), 4.2 (dashed line), and 17 K (dotted

to characterize Fdx’s ironsulfur cluster line). (C) Magnetization curves for dithionite-reduced Fdx (2R0)
i ' showing the percentage MCD signal intensity at 446 (top), 572
EPR AnalysisEPR spectra of Mtb Fdx were recorded for  (middle), and 707.5 nm (bottom) at three different temperatures:

oxidized and dithionite-reduced forms. Only oxidized Fdx 1.7 @), 4.2 ©), and 10 K (). The signal intensity is plotted vs
displayed an EPR spectrum (Figure 3A). The oxidized Fdx the applied magnetic field expressed #8/2kT, wheref is the
EPR signal is typical of a [3Fe-4S]cluster-containing Bohr magnetonB is the applied field (tesla)s is Boltzmann's

. ) _ L constant, and is the absolute temperature (kelvin).
protein, with a strongy = 2.03 resonance, characteristic of
oxidized [3Fe-4S] S= Y, clusters 43) (Table 2). Integration
of the EPR signal indicates that the cluster in this form undetectable at temperatures=080 K, again characteristic
accounts for>98% of the total protein, that is, having one for a fast-relaxing [3Fe-4S]cluster é4). Complete loss of
spin per molecule (i.e., a single [3Fe-4S] cluster per protein the EPR signal occurred on reduction by dithionite, consistent
molecule). The EPR signal was found to be virtually with conversion of the EPR-active [3Fe-4Sfjorm to the

Ficure 3: EPR and MCD spectroscopic analysis of Mtb Fdx. (A)
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EPR-silent [3Fe-48}form. No conversion to a 4Fe-contain- in perpendicular mode experiments. Hence, these results
ing cluster was observed on reduction. complement EPR studies and confirm that the Mtb Fdx has
MCD SpectroscopyTo further analyze the Fdx iren a single [3Fe-4S] cluster that cycles between-ttieand 0
sulfur cluster, particularly with respect to characterization oxidation states.
of the EPR-silent reduced form, we undertook magnetic
circular dichroism (MCD) studies. MCD is diagnostic of spin  Spectroscopic Analysis of Mtb CYP51
and oxidation states of metal ions and is therefore a useful ] .
tool in the study of iror-sulfur clusters. MCD spectravary ~_ Previous studies of the Fe(HCO state of CYPS51 showed
significantly with cluster oxidation state, and unlike CD, it to form predominantly P420 rather than the native P450
MCD is relatively insensitive to the nature of the protein form, within a few minutes of binding the gaseous ligand.
itself. Thus, MCD does not discriminate between structural P420 is an inactive form in which thiolate ligation of the
differences in proteins, allowing direct characterization of heme ironis lost, likely in favor of thiol ligation (i.e., through
the Fe-S cluster type and oxidation state in ferredoxins and Protonation of the proximal ligand)48, 49). Atomic
other iron-sulfur proteins. MCD spectra of paramagnetic Structural data confirm Cys 394 as the proximal heme iron
iron—sulfur proteins reveal the complexity of the electronic ligand. To establish native heme iron ligation in oxidized
transitions that underlie the broad, rather featureless absorpCYP51, we performed EPR on the ligand-free form. A
tion spectra. These are diagnostic of the irsnlfur cluster  typical rhombic EPR spectrum was obtained (at 10 K), with
and oxidation state but, because of their complexity, cannotd values of 2.44, 2.25, and 1.91 (Table 1), similar to those
yet be interpreted in terms of fine differences in structure reported previously (2.42, 2.26, and 1.93))and to those
between similar cluster types. The MCD intensities of We have reported for Mtb CYP121 (2.47, 2.25, and 1.90)
paramagnetic chromophores are inversely dependent on(22, 28). The values are also similar to those3dccharo-
temperature and are generatyl(? times more intense at Mmyces ceraisiae CYP51 (2.45, 2.27, and 1.92) and the
1.5 K than at 300 K45). The low-temperature MCD spectra CYP51 homologue fronMethylococcus capsulatu@.43,
of the oxidized Fdx, [3Fe-4S] were recorded at different  2.26, and 1.91)30, 51). Theseg values are associated with
temperatures and are shown in Figure 3B (top panel). Thea low-spin, hexacoordinated ferric heme iron with cysteinate
spectra demonstrate the temperature dependence featuredd water as axial ligands. EPR spectra were also collected
typical of a paramagnetic center, specifically3ss Y/, [3Fe- for ligand complexes of CYP51. When fluconazole binds
4S]* cluster, and are similar in shape and form to, for (structural data indicate it coordinates directly to the heme
example, those dbesulfasibrio gigasferredoxin Il and the ~ via triazole nitrogen), thg values were not significantly
[3Fe-4St cluster form of mammalian aconitasés. altered from those of the ligand-free form (2.45, 2.26, and
The spectra of the reduced [3Fe-2&Jrm of Fdx, shown 1.90, compared with 2.45, 2.26, and 1.90 for fluconazole-
in Figure 3B (bottom panel), are also similar to those of bound CYP121). In the complex with 4-PIM (which also
reduced [4Fe-4S]clusters (e.g., red7). However, these two  gives an inhibitory, type Il spectral shift), an EPR spectrum
types of iron-sulfur clusters can be distinguished by their similar to that described recently by Matsuura et aF) (vas
signal intensity. Reduced Fdx displays MCD spectra of high obtained. They values are as followsg, = 2.53/2.47 g, =
intensity at the protein concentration that was used (&) 2.26, andyx = 1.87. Theg, component is the most resolved
further confirming that the reduced cluster is the [3Fe24S] feature of the rhombic trio, and the two species present may
form. Typically, the intensity observed for [4Fe-4SJusters be explained by the conformational heterogeneity of the
is >10-fold lower. In the reduced MCD spectra, the sharp protein or a freezing-induced effect. For example, these two
peak of maximal intensity is at 446 nm, with other distinct spectral species could be explained by thiolate/imidazole
features at 572 (trough) and 707.5 nm (peak). ligation of the heme iron with imidazole in different
To further differentiate between reduced [3Fe%& = conformations within the distal pocket. As discussed below,
2) and reduced [4Fe-45]S = 1/,) clusters, magnetization  other evidence exists for conformational heterogeneity of Mtb
studies were carried out, examining the dependence of theCYP51. The EPR spectrum of the 2-PIM-bound form has
MCD signal intensity on temperature and field strength. major componeng values of 2.42, 2.26, and 1.92, with a
MCD measurements of reduced Fdx were performed at threesmall proportion of the enzyme exhibiting the following
different temperatures (1.7, 4.2, and 10 K), with variation values: g, = 2.47 andgx = 1.90. These are EPR signals
of the applied magnetic field strength. Relationships between characteristic of low-spin heme iron, and no evidence was
MCD signal intensity at 446, 572, and 707.5 nm and applied found for high-spin signals, even in spectra re-recorded at
magnetic field are shown in Figure 3C (represented as alower temperatures and higher power. Thawed 2-PIM-bound
percentage of the maximal signal recorded at the relevantCYP51 samples exhibited UWisible spectra identical to
temperature and at 5 T, as shown in Figure 3B, bottom those from prefreezing (with a large shoulder on the Soret
panel). Magnetization curves described at 446 nm are band at~392 nm) and suggested a substantially high-spin
distinctly different at the three temperatures that were used.heme iron. Previous resonance Raman solution-state studies
At 572 and 707.5 nm, the curves are relatively similar to demonstrated that 2-PIM induced conversion of heme iron
one another but show a sharp increase in intensity with spin-state equilibrium toward five-coordinate high-spin (de-
elevated field strength. The “nested” (not overlying) curves velopment of a; component at 1488 cm) (37). Thus, the
in panel A and the steep, bent curves in panels B and C arelack of a high-spin signal in EPR studies of 2-PIM-bound
consistent withS > %/, species and are not seenSn= 1/, CYP51 suggests that there may be a thermal equilibrium
species (such as [3Fe-4Sjr reduced [4Fe-4S]clusters). between spin states (with negligible high-spin heme at low
These data provide further strong evidence that reduced Fdxtemperatures). Also as discussed below, solution-state UV
has a [3Fe-43]S = 2 cluster, which is usually EPR-silent visible absorption studies suggest profound effects of tem-
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47— SoxAX from Rhodaulum sulfidophilun{1150 nm), and for
o the proline/cysteine-ligated CooA (1190 nndR{-54). The

3 shift of the CT.s band from ligand-free ferric to fluconazole-
bound and the decrease in band intensity observed for CYP51

: are almost identical to changes observed when fluconazole
. binds to CYP121 (1110 nm for the ferric, ligand-free form
and 1160 nm for the fluconazole-bound form; H. E. Seward
et al., unpublished results). The spectroscopic shifts on
complexation with fluconazole are thus consistent with
replacement of the aqua distal axial ligand with the azole,
although the decrease in intensity is unexpected. Additionally,
the EPR spectra of the fluconazole-bound form of CYP51
suggest coordination of fluconazole to the heme iron does
not occur fully in frozen solution.
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Ficure 4: Room-temperature near-infrared MCD spectra of Mtb Potentiometric Analysis of Mtb CYPS1 and Fdx
f%:(vi?/ﬁé a“‘i iftgr?ig%ggéil?l%omlvﬁ))l(iar)m('liTgﬁdeerer%%g?lL'J\ggr?aigleewa Previous studies of demethylation of dihydrolanosterol by
bound ?ﬁ%ouM) forms are Oéhown %s dotted and solid lines, CYP51 using __EIthe_r (E. coli flav_odoxm reductase and
respectively. The magnetic field was 6 T. flavodoxin or (ii) spinach ferredoxin and Mtb Fdx demon-
strated that both systems exhibited similar efficiencies and
perature variation on heme iron spin-state equilibrium in the that turnover was slow, requiring overnight incubation for
CYP51-2-PIM complex. demethylation of 20% of the substrat2l). To establish
Resonance Raman studies of the oxidized, ligand-free formwhether slow reactivity of the redox system might have its
of CYP51 were also carried out at room temperature, with origin in the thermodynamic properties of Mtb Fdx and
excitation at 406.7 nm, close to the Soret maximum. These CYP51, we determined reduction potentials of the [3Fe-4S]
data were again consistent with a low-spin, ferric resting stateand heme centers by spectroelectrochemistry. Potentials of
of the P450 at ambient temperature and similar to thosethe CYP51 heme iron were determined in the absence of
reported previously using 413.1 nm excitati@Y) (Table substrate, when bound to lanosterol, and in the presence of
1). The dominant oxidation-state marke)(is at 1372 cm?, 2-PIM and estriol, both of which induce a shift in the heme
the same frequency as for low-spin CYP1242)( and iron spin-state equilibrium toward the high-spin form.
confirmatory of the ferric state. The positions of CYP51 spin- Previous studies on selected bacterial P450s have shown that
state marker bands were also indicative of a predominantly substrate-induced changes in the spin-state equilibrium
low-spin heme iron. For instance; is positioned at 1502  (resulting in a more positive reduction potential of the heme
cm1, with only a very small shoulder at 1487 ci(Table iron) trigger electron transfer to the heme iron from the redox
1). The former indicates low-spin ferric heme, while the latter partner and accelerate catalytic turnoves, (56).
demonstrates only a very minor high-spin population. The Data for redox titration of substrate-free CYP51 are shown

situation is similar to that for CYP12¥/{ is split with the in Figure 5A. The spectrum for the oxidized enzyme has its
feature at 1500 cnt dominating over that at 1487 cr) Soret band at 419 nm witth and3 bands at 572 aneé535
(22). By contrast, the lower-frequency componentvgfis nm, respectively. On reduction, the Soret band loses intensity

predominant irB. subtilisP450 Biol, which is isolated ina  and shifts to~423 nm. There are isosbestic points~at05
mainly high-spin, fatty acid-bound forni8). Collectively, and 430 nm. In the reduced form, features develop at 558.5
EPR and resonance Raman data indicate that oxidized,and 530 nm, with the former being higher in intensity. Fitting
ligand-free CYP51 is a predominantly low-spin, thiolate- of absorption (at 419 nm) versus potential data to the Nernst
ligated enzyme. Thus, conversion to P420 is a consequencesquation (Figure 5A, inset) produces a heme iron midpoint
of reduction and/or binding of CO to the ferrous iron. This potential of —375+ 5 mV (against the standard hydrogen
issue is explored further below. electrode). The heme iron potential is in a range similar to
Further analysis of CYP51 heme iron coordination was that observed for other bacterial P450s. For example,
accomplished using MCD for the oxidized, ligand-free substrate-free P450 BM3 has a potentiatef27 + 4 mV,
enzyme and the fluconazole complex. In the near-infrared while substrate-free P450 cam has a potential of ap-
region (~800—1400 nm), a charge transfer band for the low- proximately —300 mV (6, 57) (Table 1). However, the
spin P450 heme iron (G¥) can be diagnostic for the nature nature of the optical change that occurs for CYP51 on
of the axial ligation of the heme irom{). For ligand-free reduction is distinct from that seen in these other enzymes.
CYP51, the band is centered at 1110 nm, similar to that for Rather than a Soret shift to a shorter wavelength on reduction
CYP121 (1110 nm) and fdacillus megateriun450 BM3 (~410 nm), the CYP51 Soret band moves to a longer
(1080 nm), and consistent with thiolate and water ligation wavelength. Moreover, spectral changes seen in the Q-band
to the ferric iron (Figure 4)232, 47). For the fluconazole  region are also distinctive, particularly with respect to the
complex, the band shape and intensities throughout theincreased intensity at 558.5 nm. The observed spectral
spectrum are again consistent with a thiolate-ligated ferric changes are similar to those seen for the H93G variant of
heme iron. The band (lower in intensity than that for the sperm whale myoglobin, for which cyclopentanethiol and
ligand-free form) is at 1165 nm, similar to that for the tetrahydrothiophene sulfur donors were used to generate
imidazole complex of P450 BM3 (1180 nm), for cysteinate/ thiol-ligated ferrous forms58). Thus, spectral changes for
histidine-ligated heme 2 of the thiosulfate oxidation enzyme ferrous CYP51 appear to be consistent with protonation of
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FiGURE 6: Potentiometric titration of Mtb Fdx. Spectral changes
T 100 B associated with the reductive titration of Mtb Fdx are shown. For
> clarity, only selected spectra are shown. The bold solid line is that
0.6 g of the fully oxidized Fdx (63:M) recorded at a potential of 94
s mV (vs the standard hydrogen electrode). The thin solid line is
o 4 that for the fully reduced Fdx (recorded-aB13 mV). Dotted lines
g = are selected spectra recorded at intermediate potentials. The inset
8 °-4‘_ , shows a fit of absorption (at 480 nm, near the wavelength of
° o a0 20 A % maximal overall absorption change between oxidized and reduced
2 Potential (vs. SHE) forms) against applied potential, with data fitted to the Nernst
< 4ol equation. The potential for the Fdx [3Fe-43p-[3Fe-4S] transition
’ was determined to be31+ 5 mV.
e both P450 cam and P450 BM35, 56). For 2-PIM-bound
0.0 : ; , CYP51, spectral changes observed on heme iron reduction

are broadly similar to those for estriol-bound CYP51, but
Wavelength (nm) the data are poorer in quality due to gradual precipitation of
FiGURE 5. Potentiometric analysis of Mtb CYP51 in ligand-free the ligand [which is at a high concentration (7.5 mM) due

and estriol-bound forms. (A) Spectral changes associated withtg jts [ow affinity for CYP51] and concomitant protein

reductive titration of ligand-free CYP51 (10uM). The spectrum : : e .
for the oxidized enzyme (Soret maximum at 419 nm) is shown as aggregatl_on during the course O.f th? redox t!tratlon. N(.)t
a thin solid line. The reduced enzyme at the end point of the titration Withstanding these problems, a midpoint heme iron reduction

is shown as a thick solid line (Soret maximum at 423 nm). Selected potential of—220+ 20 mV (similar to that for the estriol-
spectra recorded at intermediate points in the titration are shownbound form) was determined for 2-PIM-bound CYP51 from

as dotted lines. The inset shows a fit of absorption (at 419 nm) fitting of rotion change ver ntial h
against applied potential, with data fitted to the Nernst equation. g?)traet gea?ko absorption change versus potential data at the

The potential of the ligand-free CYP51 heme iron was determined . .
to be—375+ 5 mV. (B) Spectral changes associated with reductive ~ SPectral changes accompanying reduction of Fdx are
titration of CYP51 (6.3uM) in the presence of 9&M estriol. shown in Figure 6, with the fit of absorption versus potential
Oxidized, intermediate, and reduced spectra are again shown agjata to the Nernst equation shown as the inset. The reduction
thin solid, dotted, and thick solid lines, respectively. The inset shows potential for the [3Fe-4S}Ho-[3Fe-4S) transition is—31 +
a fit of absorption (at 423 nm) against applied potential, with data 5 mV (Table 2 b iall " h h fth
fitted to the Nernst equation. The potential of the estriol-bound 2 MV (Table 2), substantially more positive than that of the
CYP51 heme iron was determined to 5825+ 10 mV. substrate-free CYP51. The potential of Fdx was re-
determined in its complex with CYP51. The potential was
the thiolate ligand (Cys 394) to a thiol, a transition that likely not significantly altered{33+ 4 mV), and the potential of
underlies conversion of P450 to the inactivated P420 form. the CYP51 heme iron was similarly unaffected370 + 4
As discussed further below, CYP51 undergoes rapid conver-mV). Thus, despite the fact that Fdx has been shown to
sion of the Fe(I-CO complex from P450 to P420, probably support turnover of CYP51 (with spinach ferr_edoxm reduc-
as a result of protonation of the Cys 394 thiolate. tase as the electron donor to Fdx), there is an apparent
For estriol-bound CYP51, similar spectral changes occur thermodynamic barrier to Fdx-dependent reduction of the
on heme ion reduction (Figure 5B). In the estriol-bound form, CYP51 heme iron. For both CYP51 and Fdx, the redox
the oxidized spectrum is that of a mixed-spin heme (low- titrations were fully reversible. No hysteretic behavior was
and high-spin components) and the Soret is lower in intensity ©PServed, and the spectra recorded in oxidative and reductive
than that for the reduced form (which has Ams at ~424 directions were nearly identical at the same applied potentials.

nm). In the Q-band region, substantial increases in band o
intensity are seen, with peaks at 558.5 and 530 nm, as inggﬁs;le'y of the CYP51 FerrousCarbon Monoxy
the ligand-free form. The inset shows the fit of absorption
(424 nm) versus potential, generating a midpoint potential  The ferrous (dithionite-reduced) CYP51 binds CO avidly,
of =225+ 8 mV. Thus, estriol binding results in a substantial which is characteristic of P450s. However, the native
increase in CYP51 heme iron potential, favoring heme iron complex (Soret at 448.5 nm) is unstable and collapses over

reduction. Increases similar in magnitude are observed for several minutes to form the inactive P420 species (@éfs
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A of AA4z0 Vs time) is a monoexponential process with a rate
! os constant of 0.246- 0.007 minm%. The rate is not markedly
] changed in the pH range between 6.5 and 8.5 but is
accelerated to 0.298 0.019 min! at pH 6.0. As expected
from previous results, the rate of P420 formation in dithion-
01 ite-reduced CYP51 was also not affected by complexation
with Mtb Fdx. In recent studies, Ortiz de Montellano and
0ol : . : \ co-workers demonstrated conversion of the P420 form of
R Llen;:: (nm)m e Sorangium cellulosurR450 epoK (involved in the synthesis
of epothilones, potential anticancer agents) to the P450 form
in the presence of the substrate epothilone @D).( By
, . , contrast, addition of estriol or 2-PIM to the Mtb CYP51 P420
400 500 600 700 species failed to induce any significant degree of reconver-
Wavelength (nm) sion to the P450 form, even at a low temperature@por
B in the presence of 10% glycerol (as done for the epoK P450).
However, formation of CYP51 P420 is clearly not irrevers-
ible. Following complete aerobic reoxidation of the P420
complex, the spectrum returns to that characteristic of the
resting ferric, ligand-free form. Re-reduction of this sample
in the presence of CO results in formation of a considerable
amount of P450 complexAga.x = 448.5 nm, ~40%
recovery), which subsequently decays completely to P420
again at a rate similar to that previously observed.

Despite estriol's apparent inability to reconvert P420 to
P450, binding of the sterol did result in a considerable
. . retardation of the rate of P420 formation. As seen in Figure
0.0 , : : : : S 7B, a substantially greater amount of P450 is formed

400 500 600 700 following reduction and addition of CO to the estriol-bound
Wavelength (nm) form. The decay to P420 occurs with an apparent rate of

Ficure 7: Collapse of the CYP51 ferrotgarbon monoxy complex 0.062+ 0.004 min'*. B'nd'ng Of, 2'F,)|M had a, Smal,l effect
from P450 to P420 and stabilization by estriol. (A) The main panel 0n the P450 collapse, with kinetic analysis indicating a
shows absorption changes occurring during collapse of the reduceddecrease in the rate of P420 formation to 0.229.006
CO-bound form of substrate-free CYP51 (1;84) from the P450 min—1.

form to the P420 form. The spectrum shown as a bold, solid line

(with the greatest absorption at 448.5 nm) was that collected 2 min Kinetics of Interactions between CYP51 and Fdx
after addition of CO to the reduced enzyme sample and is the

spectrum with the largest P450 content. Subsequent spectra (dotted Stopped-Flow AnalysiS.he rate of Fdx-dependent reduc-
lines recorded 2.5, 3.5, 4, 4.5, 5.5, 6.5, and 14.5 min after CO tion of CYP51 heme iron was measured by following
addition) show the progressive decay of the P450 form in favor of t5rmation of the CO complex (at 448 nm) as described in

the P420 form, with the maximal Soret absorption at 421.5 nm. . .
The final spectrum (thin, solid line) was recorded at 32.5 min and Experimental Procedures. In the absence of ligand, a rate

shows complete conversion to P420. Arrows indicate the directions (Ked) Of 3.0 + 0.1 min* was determined for the electron
of absorption change. The inset shows the spectrum of oxidized transfer reaction. In presence of estriol, the rate was slightly
CYP51 (thick, solid line) alongside those spectra exhibiting maximal faster keq = 4.3+ 0.1 mirrY), but the rate in the presence

P450 and maximal P420 content (thin, solid lines). The intensity of 2-PIM was not significantly different from that of the

of the Soret band in the P420 species is substantially greater than. o .
in the oxidized CYP51. (B) A similar data set for the estriol-bound Nigand-free enzymekfeg = 3.0+ 0.1 mi?). These rates
form of CYP51 (1.984M). In this case, the P450 species is are ~14—65-fold faster than those of the P450-to-P420

dramatically stabilized. The spectrum for the oxidized enzyme is collapse measured under similar conditions (see the previous
shown as a thin, solid line. The dotted line is that for the reduced section). Despite the thermodynamically favorable shift in
SISPoSlc gh?e”r:;? \?vf;ir f}sdco(')'?gg dog%omm%}:‘e'fk’cg’lf dl(lj?t(iao(rl;r.]alg(;irgl’?le 4 heme iron reduction potential in the presence of these ligands,
lines with decreasing P450 intensity were recorded 9.5 and 34 min @ Small increase in the electron transfer rate was observed
following CO addition. Arrows indicate the directions of absorption 0only for estriol-bound CYP51. The collapse of the P450 form
change during the reactions. to P420 occurred on a longer time scale, and the rate of this
conversion Keon) Was determined from the same data set
and 48 and Figure 7A). The final species has its Soret using global analysis software. In the absence of ligand, the
maximum at 421.5 nm and an isosbestic point for the rate of P420 formation was-10-fold slower than that of
transition at~434 nm. The instability of the PA50 form is  P450 formation in the presence of Fdwf, = 0.294+ 0.008
not related to the nature of the reductant, since collapse tomin=?). There was a small degree of stabilization of the P450
P420 occurs over a similar time period regardless of whetherform in the presence of 2-PIMk{n, = 0.1744= 0.009 mir?)
the electron for ferric heme iron reduction is supplied by an but a substantial stabilization in the estriol-bound fokga.(,
artificial reductant (dithionite) or by NAD(P)H via redox = 0.0184 0.001 min?) as observed also in spectroscopic
partner enzymes [eitheE. coli flavodoxin reductase and  studies. Thus, despite their similar abilities to induce forma-
flavodoxin (69) or the Mtb FprA and Fdx protein27)]. At tion of high-spin heme iron in CYP51, 2-PIM and estriol
pH 7.0, the rate of P420 formation (from the progress curve differ considerably in their abilities to stabilize the P450 (i.e.,

0.4

0.3+ 0.2

Absorbance

0.2

Absorbance

e
N
1

Absorbance
2




M. tuberculosisFerredoxin-CYP51 Interactions Biochemistry, Vol. 45, No. 27, 2008439

thiolate-ligated) form of CYP51. The bulky estriol (which A 0254
likely mimics more closely CYP51’s natural substrate) is
far more effective than the much smaller 2-PIM molecule. 0.20 4
Possibly, the slower P420 collapse rates estimated in the Fdx-
driven system for the estriol-bound form (cf. rates for the
dithionite-reduced form) reflect some further stabilization of
P450 mediated by FaxCYP51 interactions.

Steady-State Analysi$o analyze the affinity of CYP51
for Fdx and to investigate whether 2-PIM or estriol binding 0.05 -\
accelerates NADPH-dependent electron transfer activity in
a Mtb class | redox system comprised of FprA, Fdx, and 0.00 ! : .
CYP51, steady-state kinetic studies were performed as 300 400 seo 600
described in Experimental Procedures. In the absence of an Wavelength (nm)
exogenous ligand, the rate of NADPH oxidatidg.§ was B 0.010-
0.814 0.02 mint and the appareri, for the interaction
between CYP51 and Fdx was 3@:/0.7 uM. In the presence
of 2-PIM, these values were 1.360.09 mirm* and 27.3+
1.2 uM, respectively, and in the estriol-bound form, the
parameters were 1.8% 0.13 mim? and 24.3+ 1.0 uM,
respectively. Thus, the apparent binding constant for Fdx is
relatively constant regardless of the presence of ligands, and
there is a4 increase of up te-2.3-fold in the presence of
estriol. The kinetic values are consistent with Fdx-to-CYP51
electron transfer as a major rate-limiting step in each of the
steady-state reactions (see the preceding section). 360 380 400 a20 440 460
Wavelength (nm})
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Thermal Effects on the CYP51 Heme Iron Spin-State
Equilibrium

Previous studies on P450 cam demonstrated temperature- LI
dependent changes in the optical spectrum of the substrate-
bound and substrate-free forms of the enzyme, reflecting
increased high-spin heme content as the incubation temper-
ature is elevated5g). Similar results were obtained with
P450 BM3 (A. W. Munro et al., unpublished data). In view
of the unusual absence of high-spin heme iron in the EPR

AAbsorbance
o
o
[}
1

samples of the CYP512-PIM complex (despite clear 0084 aan A

evidence for high-spin heme iron content from optical

titrations; see Figure 1B), we examined changes in the 280 285 200 205 300 305 310
spectral properties of the ligand-free form and 2-PIM- and Temperature (K)

estriol-bound forms of CYP51 across the temperature rangeFlGURE 8: Thermal effects on optical properties of CYP51 bound

of 5-50 OC Above 50°C, excessive protein ag_gregatlon to estriol and to 2-PIM. (A) The main panel shows absolute spectra
and precipitation occurred, but within the working range, for estriol-bound CYP51 (1.5ZM) at various temperatures. The
distinctive changes in optical spectra were observed for the spectrum with the highest Soret intensity at 419 nm was recorded
three species. Ligand-free CYP51 exhibited small decreasesat 279 K. Subsequent spectra were recorded at progressively higher
in Aso and increased absorption at390 nm as the temperatures (282, 284, 288, 296, 298, 304, and 310 K) and show

. . - . progressive decreases in absorption at 419 nm (low-spin heme iron)
temperature was increased, consistent with an elevated highiit gevelopment of absorption at 394 nm (high-spin form). An

spin heme iron content. Estriol-bound CYPS51 behaved isosbestic point is located at 405 nm. Arrows indicate the directions
similarly, displaying changes slightly greater in amplitude. of absorption change with an increase in temperature. The inset
However, the 2-PIM-bound form displayed the opposite Shows difference spectra from the thermal titration of estriol-bound

; : S Himh_cni .1 CYP51 (generated by subtraction of the absolute spectrum recorded
behavior, with an apparent decrease in high-spin content Wlthat 279 K from spectra recorded at higher temperatures). Spectra of

elevation of temperature and with an isosbestic point Close ncreasing intensity were recorded at 280.5, 283, 286, 290, 292,
to 410 nm (Figure 8). The result was replicated in phosphate 293, 298, 300, 302, and 308 K. (B) Difference spectra for 2-PIM-
buffer, indicating that the effect was not related to subtle bound CYP51 (0.84:M) at various temperatures. The spectral
pH changes in the buffer. Since 2-PIM was present in a large conversion with an increasing temperature is the opposite of that

: : observed for ligand-free or estriol-bound CYP51 and is indicative
excess, the phenomenon cannot be readily explained byof an increasing low-spin heme iron component at higher temper-

temperature-dependent changes Ka for 2-PIM. This atures. Spectra (with progressive increases in intensity) were
unusual behavior may reflect a temperature-dependentrecorded at 286, 298, 302, 304, and 314 K. (C) Maximal
change in the protein conformational state or 2-PIM binding temperature-induced absorption change in the Soret regigg [
mode. Such thermally induced structural alterations might ~ Auzs for the 2-PIM-bound form@), Asso — Auzs for the estriol-

. . . . bound form W), andAggs — Asz; for the ligand-free CYP514)],
also underlie an apparent absence of a high-spin heme MO described in Experimental Procedures. Data are shown in the

signal in the EPR experiments detailed above. In P450 cam,range from 280 to 310 K. Spectral perturbations due to protein
the 2-PIM complex (from atomic structural studies) occurs aggregation were observableza815 K.
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with the ligand benzene ring oriented toward the heme iron form, with the collapse rate decreased 4®.062 min?.
and the distal water ligand maintainegl). It appears likely However, even in the estriol-bound form, the equilibrium
that this type of ligand binding mode is also favored in for the ferrous enzyme lies in favor of the thiol-ligated form,
CYP51 as the temperature is increased. as seen both in the presence of CO by the P450-to-P420
transition and from spectral changes observed in absence of
DISCUSSION CO during potentiometric titrations. The difference in the
P420 formation in CYP enzymes can be induced by, for P420-P450 equilibrium in CYP51 and P450 epoK may be
example, treatment with denaturants (e.g., 68f or ap- related to the fact that epothilone D binds more tightly to
plication of high hydrostatic pressure (e.qg.,88f. However, P450 epoK Kn = 1.6 uM) than estriol binds to CYP5IK(
spontaneous conversion of the CYP51 P450 complex to P420= 21.7 uM), to the lower solubility of the sterol, and/or to
is relatively unusual. The electronic transition that character- differences in the rate of thiolate protonation in the two
izes the P450 form arises from proximal heme iron coordina- P450s. Estriol is unlikely to be a true physiological substrate
tion by a cysteinate (Cys 394 in Mtb CYP51). The P420 for Mtb CYP51, and it is thus quite feasible that a tighter
form is considered to result from loss of thiolate coordination binding substrate might facilitate reconversion of P420
and, specifically, from the protonation of the ligand to a thiol CYP51 to the P450 form. However, it should be noted that
(59). Thus, we consider that time-dependent conversion of a substantial proportion of fully reoxidized P420 CYP51 can
the P450 form of Mtb CYP51 to P420 reflects continuous be reconverted to the P450 CO complex (which then
protonation of the thiolate ligand until the transition is collapses again to P420), indicating that thiol ligand depro-
complete. The fact that anaerobic equilibrium titrations with tonation is reversible and occurs readily in the ferric CYP51.
dithionite (in the absence of CO) produce a ferrous CYP51 It is probable that such stabilization of active, thiolate-ligated
species in which the Soret maximum is red-shiftagl. = heme iron by physiologically relevant substrates is a common
421.5 nm) with respect to that for the ferric form (419 nm) property of the P450s. In recent studies, a similar P450-to-
suggests that thiolate protonation may occur as a consequenc@420 collapse was observed for the enzyme prostacyclin
of iron reduction regardless of CO ligation. The ligand cyclase. In this case, the collapse was more rap#2(min*
a-naphthoflavone was shown to stabilize the P450 form of under the conditions that were examined), although effects
E. coli-expressed CYP4B1 and CYP1A2 during purification of bound substrate on this process were not examined.
(64). However, in these cases, whether reductive inactivation Complete reoxidation of the P420 complex (with CO
with thiolate protonation was responsible for P420 formation dissociation) resulted in the formation of a species with
in absence of ligand or whether the bound ligand produced native-like Soret absorption character and0% of the
some other structural effect to maintain thiolate coordination activity of the starting form. However, the ability of the
was not demonstrated. EPR and MCD spectroscopic analysigeoxidized species to re-form the CO-bound, thiolate-
demonstrate that thiolate ligation is in place for the oxidized coordinated P450 state was not demonstra@&jl (
CYP51 but that reduction (whether protein-mediated or using A further unusual feature of CYP51 is the difference in
dithionite) results in a spectral conversion similar to that binding of various phenylimidazoles. Both 1-PIM and 4-PIM
observed for thiol-coordinated myoglobin and thus likely are typical heme-coordinating type Il inhibitors (albeit with
indicates redox-induced protonation of the CYP51 Cys 394 markedly differenty values), but 2-PIM fails to ligate the
thiolate. Other well-characterized bacterial P450s produce heme iron and instead binds relatively weakly to CYP51 and
blue-shifted Soret transitions on heme iron reduction (e.g., induces a spin-state shift in the heme iron toward the high-
from 419 to 410 nm for P450 BM3 and from 416.5 to 405 spin form Kyg = 3.19 + 0.37 mM). 2-PIM also exhibits
nm for Mtb CYP121), while CYP51 exhibits a Soret red unusual properties with respect to the temperature depen-
shift on reduction. Other optical changes in the Q-band regiondence of the CYP51 heme iron spin-state equilibrium.
(including elevated absorption at 558.5 nm, as opposed toElevated temperatures produce increased high-spin heme iron
the loss of resolution of the Q-bands as seen for, e.g., ferrouscontent for both ligand-free and estriol-bound forms but an
P450 BM3) are also strongly indicative of development of opposite effect for 2-PIM-bound CYP51. Control experi-
thiol coordination in ferrous CYP51, as seen for the thiol- ments and the high concentration of 2-PIM used in these
coordinated myoglobin varian69). Thus, ferrous, ligand-  experiments indicate that this phenomenon is unrelated to
free CYP51 is unstable and undergoes a switch from thiolate thermally induced changes in buffer pH or to dissociation
to thiol coordination in the proximal ligand position. of 2-PIM. Instead, it may reflect alterations in the 2-PIM
In recent work, Ortiz de Montellano’s group demonstrated binding mode in the active site or other structural rearrange-
substrate (epothilone D)-dependent reconversion of P420 toments in the ligand-bound form. EPR studies reported here
P450 in P450 epoK. This was likely due to protection of the and previously (at either 10 or 15 K) reveal only a very small
enzyme from structural perturbations associated with hemeamount of high-spin heme iron present in 2-PIM-bound
iron reduction that resulted in protonation of the heme CYP5L1. Despite this, both UVvisible absorption spectros-
cysteinate ligandg(Q). In the epoK system, fatty acids (which copy and resonance Raman data demonstrate substantial
also bind close to the heme) fail to stabilize the P450 form, high-spin content at ambient temperaturds) (It appears
suggesting that the effect is specific to “true” substrate or that, at physiologically relevant temperatures, 2-PIM binds
substrate-like structures. No kinetic analysis was presentedclose to the aqua ligand to the heme iron and causes its
for P420 formation in the epoK system. With ligand-free displacement. However, steric or other constraints prevent
CYP51, we show here that the collapse of P450 to P420 direct coordination of the imidazole group to the CYP51
occurs with a rate of 0.246 mitiat pH 7.0 and that binding  heme iron, and instead, a type | optical change is produced.
of 2-PIM has, at best, a small stabilizing effect on the P450 Structural analysis of the 2-PIM complex of P450 cam
form (0.219 mint). Estriol considerably stabilizes the P450 showed that the ligand bound with its benzene ring oriented
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toward the heme iron, and the distal water was retained onylation is an evolutionary “relic” activity of a P450 that now
the heme iron in a low-spin compleX%). Spectroscopic  has a distinct role in Mtb physiology. As with other P450
analysis of the 2-PIM complex with human endothelial eNOS systems in Mtb, the physiological role of CYP51 remains to
also revealed a binding mode that did not involve imidazole be elucidated.
coordination of the heme iron. In this case, a high-spin heme In conclusion, we present a detailed characterization of
iron complex was formed, as with Mtb CYP5&6]. The thermodynamic and spectroscopic properties of the Mtb
unusual temperature dependence of the spin state in theerredoxin Fdx and its cognate P450 CYP51. Kinetics of
CYP51-2-PIM complex suggests that the equilibrium posi- electron transfer reactions between the enzymes are charac-
tion of the ligand changes with temperature such that a P450terized for the first time, and the first viable Mtb P450 class
cam-like complex (i.e., with water restored as the axial | redox chain is reconstituted using Fdx, CYP51, and the
ligand) is more highly populated with an increase in ferredoxin reductase FprA. These studies demonstrate that
temperature. protonation of the cysteinate ligand to the ferrous CYP51
In this paper, we present the first detailed characterization underlies the collapse of the Fe(HLO adduct of the enzyme
of the Mtb ferredoxin Fdx, the gene for whicR{07639 is from its P450 to its P420 form and also show clearly that
located immediately upstream of CYP512]. It is likely the protonation is reversible and that the rate of P420
that the two genes are cotranscribed and that they areformation is substantially retarded in the estriol-bound form
physiological redox partners. Of the 20 P450s on the genome,of CYP51. Non-standard thermal effects on CYP51 heme
only CYP51 and CYP143 are located adjacent to ferredoxins.iron spin-state changes are observed in the 2-PIM-bound
CYP143 (encoded by thev1785cgene) and the ferredoxin ~ enzyme, consistent with the structural plasticity of CYP51
product of Rv1786 (a putative [3Fe-4S] ferredoxin) are and/or temperature-dependent ligand binding modes. This,
encoded by genes that are divergently transcribed on differentin turn, is consistent with recent structural data on Mtb
DNA strands. Studies presented in this paper and previouslyCYP51, which highlight the importance of conformational
published data demonstrate that electron transfer occurs inflexibility in the protein and suggest that conformational
a Fdx-CYP51 complex and that sterol demethylation occurs changes expose alternative entry and exit ports for substrate-
when the proteins are reconstituted with NADPH and a (s) and product(sPd). Collectively, these studies detail novel
ferredoxin reductase2(). Detailed spectroscopic studies features of the only structurally characterized member of one
carried out here, including analysis of (i) the temperature of the evolutionarily oldest and most widely conserved P450
dependence of the EPR signal for oxidized Fdx and (ii) the families.
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