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ABSTRACT: The epothilones are a new class of highly promising anticancer agents with a mode of action
akin to that of paclitaxel but with distinct advantages over that drug. The principal natural compounds are
epothilones A and B, which have an epoxide in the macrocyclic lactone ring, and C and D, which have
a double bond instead of the epoxide group. The epoxidation of epothilones C and D to A and B,
respectively, is mediated by EpoK, a cytochrome P450 enzyme encoded in the epothilone gene cluster.
Here we report high-yield expression of EpoK, characterization of the protein, demonstration that the
natural substrate can prevefrgnd even reversedenaturation of the protein, identification of ligands and
surrogate substrates, development of a high-throughput fluorescence activity assay based.@a-the H
dependent oxidation of 7-ethoxy-4-trifluoromethylcoumarin, and identification of effective inhibitors of
the enzyme. These results will facilitate improvements in the yields of epothilones C and D and the
engineering of EpoK to prepare novel epothilone analogues. Furthermore, the finding that the denatured
enzyme is rescued by the substrate offers a potential paradigm for control of the P450 catalytic function.

The epothilones, natural products isolated fi8arangium
cellulosum have high promise as potential anticancer agents /fw
(2). Their antitumor activity derives from their ability to N
stabilize microtubules in a manner very similar to that of
paclitaxel @). However, the epothilones have two salient O OHO O OH O
advantages over paclitaxel: they are both more soluble in Epothllone D o Epothione B
water, which makes them easier and safer to adminigjer ( Ficure 1: EpoK-mediated epoxidation of epothilone D to B.
and even more importantly are active against paclitaxel-
resistant cancer celld), The primary members of the natural
epothilone family are epothilones A and B, both of which

of EpoK may allow the production of alternative oxidized
epothilone metabolites with novel biological activities.
: ) . T Preliminary expression of EpoK was used to confirm its role
have an 11,12-epOX|qu moiety in the macr_ocycllc N9 in the conversion of epothilones A/B to C/D, respectively,
framework, and epothilones C and D, the olefin precursors but in these early experiments the protein was not isolated

of the epoxide p.roducts (Figure 1). Of these "!a_t“ra' or otherwise characterized)( As reported here, we have
compounds, epothilones C and D are the most promising as

i s b thev h th ubul expressed the EpoK gene mscherichia coliand have
anticancer agents because they have the same fubu eéleveloped a purification protocol for the protein. We have
stabilizing properties as the epoxide analogues but are les

: sspectroscopically and kinetically characterized the protein,
toxic (5,6). _ have developed a high-throughput assay using a surrogate

The epoxidation of epothilones C and D to A and B, gypstrate that can be used to screen ligands and inhibitors
respectively, is mediated by EpoK, a cytochrome P450 qf the protein, have carried out a brief survey of the enzyme
enzyme identified in the polyketide synthase (PKS) system gpecificity, and have identified inhibitors of the enzyme of
of S. cellulosun(7). EpoK is of practical interest because it potential utility in altering the ratio of the epothilone products
controls the ratio of epothilones A/B to C/D in cultures j, ce|| culture. In an earlier paper, we reported crystallization
expressing the epothilone gene cluster, generally favoring anq determination of the structures of EpoK in the substrate-
the epoxide produc8j. Furthermore, molecular engineering free, substrate-bound, and product-bound sta@s Qur
current results reveal an unusual role of the normal substrate
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Louis, MO). The following reagents were used as received: pepstatin, 20ug/mL PMSF), and then eluted with an
ampicillin, ethylenediaminetetraacetic acid disodium salt imidazole gradient of 2100 mL, 5 mM, to 100 mL, 200 mM.

(EDTA),*andimidazole (Fisher, Pittsburgh, PAjaminolevul- The protein solution was dialyzed twice agdidsL of
inic acid, tris(hydroxymethyl)aminomethane (Triymer- the storage buffer (50 mM TrisCl, pH 7.5, 1 mM DTT, 5
captoethanol, antipain, leupeptin, pepstatin, phenylmethyl- my imidazole, 1 mM EDTA, 100 mM NaCl), then concen-
sulfonyl fluoride (PMSF), dithiothreitol (DTT), KkPQ,, trated to 20 mg/mL EpoK, transferred to 0.5 mL Eppendorf
K2HPQ;, H20; (30% aqueous solution), miconazole sulfate, types in 10QuL aliquots, frozen, and stored at70 °C. The
econazole sulfate, clotrimazole, sulconazole, and SKF96365amount of protein isolated was 70 mg/L of growth culture.
(Sigma), 1-benzylimidazole and 1-(triphenylmethyhimida- 5400 of the Fe(Il-CO Complex.An anaerobic
zole (Aldrich), !soprople—D-th|ogalactopyran95|de .(IPTG’ cuvette was used for this series of experiments. To the buffer
Promega, Madison, WI), glycerol (Acros, Morris Plains, NJ), (50 mM KR, pH 7.4, 100 mM KCI, 0.5 mM EDTA, 600

. . . Iy L] ) . 1
7-ethoxy-4-tr|fluromethylcoumarl_n (EFC; Molecular Prob_es, uL) in the anaerobic cuvette was added¥ EpoK. Then,
Eugene, OR), ketoconazole (BioMol, Plymouth Meeting, epothilone D (15«M, from the stock 20 mM solution in

PA), itraconazole (Re;garch _Diagnostics, Flanders., NJ), DMSO) was added. The cuvette was then placed in the UV/
fluconazole (ChemPacific, Baltimore, MD), and fluotrima- vis spectrophotometer, and the spectrum was taken € 22

zole (Riedel-de Hag Seelze, Germany). The chromatogra- The cuvette was then ; -
: placed on ice and was purged with N
phy matrixes Q-Sepharose Fast Flow (FF) (Amersham for 30 min. Sodium dithionite (10@M) was added to the

\B/|0ISC|e.nc%sAP|scate:waé/, gl‘]) ZnCHNITbA iggrosti (tﬁ'aglert].’ solution. The spectrum was then taken af@2 The cuvette
alencia, CA) were loaded and equilibrated wi € elution \yas then again placed on ice, and was purged with CO for

buffer o.f choice at.4’C. ) 30 min. Spectra were taken of the solution at°22in 5
Protein PreparationThe expression vector for EpOK was  min intervals over the next 2 h. In a separate experiment,

provided by Bryan Julien (Kosan Biosciences, Hayward, he anaerobic cuvette containing the EpoK solution without

CA). This vector is based on pCWori, and encodes a ¢His) epothilone D was purged with CO, the solution was treated

tag at the N-terminus of the protein. The gene is flanked by yith githionite, and spectra were recorded over the next 2
Ndd andHindlIl restriction sites. A 10QcL aliquot of BL21 h.

suspension was transformed with 1 ng of the expression
vector according to the instructions from the manufacturer.
A 20 ulL aliquot of the resulting culture was spread on an
LB/ampicillin agar plate and incubated overnight at°&7.
One of the resulting colonies was used to make an overnight
culture in LB containing 10@g/mL ampicillin. Terrific broth

(1 L, containing 10Q«g/mL ampicillin) was inoculated with
the overnight culture, and the cells were grown at°87
(incubator at 225 rpm) until OB= 0.6. At this point, 80
ug/mL 6-aminolevulinic acid was added, and the cells were
then induced with 0.5 mM IPTG. The cell suspension was
shaken at 25C (225 rpm) for 24 h. The suspension was
then centrifuged at 6000 rpm for 20 min, and the cell mass
(9 g) was recovered and frozen-a¥0 °C.

MCD MeasurementsThe conditions for preparing the
ferrous P426- and P456-CO complexes for MCD measure-
ments were the same as used for the absorption spectral
studies, except for an increased concentration of Epok (50
60 uM), glycerol (8% v/v), and epothilone D (40125uM).
Samples of Mb €50 uM) and P45@,, were prepared in
100 mM KR (pH 7.0) and of CCP (6683 «M) in 50 mM
KP; (pH 8.0) containing 50 mM KCI. Ferrous samples of
all the heme proteins were prepared by addition l 2of
115 mM NaS;0, solution under M The ferrous-CO and
ferrous-NO adducts were generated by addition 0f&i&,,
addition of tetrahydrothiophene or cyclopentanethiol in Mb
or in the presence or absence of epothilone D in P450 EpoK,
and then gentle bubbling of CO and NO under The MCD

The frozen cells were resuspended in a mixture (5 mlL/g data were taken at 4C with a JASCO J600A spectropola-
of cells) of buffer Q (10 mM TrisCl, pH 7.5, 10% (VV)  yimeter in a 0.1 cm cuvette at a magnetic field of 1.41 T.

glycero_l, 5. ml}/lﬁ-merf:aptoethar_]ol, o TM imidazolel,u‘g/ Absorption data were taken of the same samples.
mL antipain, leupeptin, pepstatin, 2@/mlL. PMSF), lyso- Binding StudiesThe binding of substrates to EpoK was

syme (0.5 mg/mL), DNAse (50g/mL), and RNAse (5@g/ : ;
mL). The cells were then lysed using a sonicator, at a observed at room temperature by UV/vis spectrometry, using
; ; ’ 400-1000uL of the measurement buffer (50 mM KpH
temperature no higher than 16. The suspension was then 24100 mM KCL. 0.5 mM EDTA) and 45 xM EpoK
centrifuged at 30000 rpm for 30 min to recover the "™ m ;Do M ) an H PO per
supernatant. cuvette. The spectrometer used was a Cary 1E (Varian, Palo
The supernatant was diluted with 2 volumes of buffer Alto, CA). To obtain a difference spectrum, two cuvettes
d Fhe loaded ont ¢ Seph OUFE OI u ezg’ containing the sample were placed in the spectrometer and
and was then loaded onto a Q-Sepharose columnq2. the baseline signal was taken. The substrate dissolved in an

ng?eT)'QTgﬁ d%ﬁéﬁ'gﬂ?&ﬁfﬁ?dﬁg 4:;%;?{](;0%??;'_0]( appropriate organic solvent was added to the sample cuvette,
9 " and an equal amount of the solvent was added to the

IO rr:jMato 2t00 n,:il;Nz.&o m:\/l. Thezrgcol/g red prote|rr11 va/as.men reference cuvette. The spectrum was then recorded from 250
oaded onto a column (2.5x 10 cm), washed wi to 800 nm. The titration was continued until there was no

4 column volumes of buffer N (50 mM TrisCl, pH 7.5, . .
10% (v/v) glycerol, 5 mM imidazole, 5 mMs-mercapto- g:;tr;fgt ((:ar:(acggez ?(%: h((\a//\s/;) ectrum. The solvent concentration

ethanol, 500 mM NacCl, 1ug/mL antipain, leupeptin, ' )
The absorbance difference between the maximum and the
) — : — ) minimum was calculated for each spectrum. A double-inverse
Abbreviations: Mb, equine myoglobin; P45 CYP101; CCP, ot of the difference versus the substrate concentration was
cytochromec peroxidase; MCD, magnetic circular dichroism; EDTA, . .
ethylenediaminetetraacetic acid disodium salt; EFC, 7-ethoxy-4-tri- Made, and thex intercept was calculated to determine the
fluromethylcoumarin. Ks value (LineweaverBurke method).
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Kinetic Studies of Epothilone D Epoxidation by Epdke 40 s. The plate was shaken for at led&s s between
reactions were performed at room temperature. Epothilonemeasurements. The temperature was kept &25
D solution in DMSO (10 mM) was serially diluted seven The resulting fluorescence was plotted against time, and
times, each step consisting of 2-fold dilution. AH aliquot the slope was determined. The rate was plotted against the
of each epothilone D solution was added to @@0of 100 inhibitor concentration, and fitted to the following tight-
mM KP;, pH 7.4, buffer containing 0.2M EpoK, 20 ug/ binding equation to determing; apparent(10):
mL ferredoxin, 0.0025 U/mL ferredoxin reductase, 1.3 mM
NADPH, and NADPH regeneration system (0.4 U/mM G6P v = v,
dehydrogenase, 3.3 mM glucose-6-phosphate). From eac . _ 2 . 112
reaction mixture, a 10@L aliquot was removed at O, 3, 6, I”[(“] + K"appar(e[’l‘i +[I?<poK]) t‘EI[EE%OKﬁgK"appare’l
9, 12, 15, and 20 min from the start of the reaction, and was ,apparent P
quenched with MeCN/6% (v/v) HOAc. The precipitate was 2[EpoK]

removed, and the supernatant was used for analysis. ) ) o
This equation, at the limit of [EpoK}E 0, becomes the

The HPLC analysis was performed using a Hewlett- . X .
Packard HP1090 chromatograph and a Metachem c1gConventional doseresponse equation, Witk apparenbecom-

Polaris column (2.1x 50 mm, 5um). The solvents used MY ICso.

were 0.05% (v/y)_ HOACc in water (solvent A) and 0.05% ResULTS

HOAC in acetonitrile (solvent B). The oven temperature was

set at 40°C, and the flow rate at 0.3 mL/min. The gradient Protein Preparationin contrast to previous work in which

was set as follows: keep at 30% B from 0 to 0.5 min, raise expression of EpoK resulted in the formation of inclusion

to 50% B by 1 min, keep there until 2.5 min, raise to 90% bodies and a low yield of the functional proteir)

B by 5 min, lower to 30% B by 6 min, and keep there until expression of EpoK inE. coli using the pCWori-based

10 min. The areas under the product and the substrate peak§Xpression vector yielded soluble protein in an excellent yield

were used to calculate the molar concentration of the productof approximately 70 mg/L. As found for most P450 enzymes,

at each time point. The product concentration vs time plot the pCWori vector is well suited for the expression of EpoK.

was made, the rates were calculated, and the Michaelis The protein, purified by sequential Q-Sepharose ane Ni

Menten constants were determined. NTA chromatography, was shown by SBBAGE gel
Similar reaction and analysis conditions were used for the €l€ctrophoresis to be pure (Figure 2, upper inset). The high

inhibition experiment with econazole. The enzyme concen- degr_ee of purity is confirmed by the fact that_the protein

tration was 0.5¢M, the epothilone D concentration was fixed ©Ptained by this procedure has been crystallized and the

at 1 uM, the econazole concentrations were varied from CryStal structure has been successfully determifgd (

0.016 to 1uM, and the total DMSO concentration was kept Spectroscopic Propertiegerric EpoK has an absorption
at 0.2% (v/v). maximum at 418 nm in the hexacoordinated, water-bound

state. When dithionite is added to EpoK, the absorption
maximum shifts to 414 nm with some broadening of the band
and a slight decrease in intensity (Figure 2, top). When CO
is added to dithionite-reduced EpoK, the resulting spectrum
shows significant quantities of two species, one absorbing
at 422 nm and the other at 448 nm. The initial ratio of the
intensities of these two peaks varies from experiment to
"experiment, but it is generally found that the 422 nm peak
increases with time. This indicates that the ferrous protein
These pipettors allowed for fewer errors in reagent manipu- in the absence of an epothilone substrate undergoes a time-

: dependent denaturation that results in loss of the characteristic
lation and a.faster assay. . absorption maximum of the Fe(HlCO complex at~450

The reaction buffer contained 50 mM KRH 7.4, 100 nm in favor of a species with a Soret maximum at 422 nm.
mM KCI, 0.5 mM EDTA, 10 ULL SOD, and 3-5 uM Epothilone D, one of the natural substrates, stabilizes the
EpoK. EFC (20 mM stock solution in acetonitrile) was added protein against this denaturation. This is demonstrated by
so that the concentration was 10 EFC, 0.5% (V/V)  an experiment in which EpoK, epothilone D, a purge,
acetonitrile. The reaction mixture (13) was placed in  sodjum dithionite, and finally a CO purge are added, in that
the plate wells using a 12-channel pipettor. The inhibitor at order, to the assay buffer in an anaerobic cuvette. Addition
an appropriate concentration in acetonitrile (0@ was  of the epothilone D caused the Soret band to shift to 414
then added to the reaction mixtures. The final acetonitrile nm (Figure 2' bottom) Upon further addition of d|th|on|te,
concentration was 1% (v/v). The reaction was started by the Soret band did not change in wavelength or bandwidth
adding 3ulL of 50 mM H;O,, which made the final bO, but its intensity decreased. Introduction of CO then caused
concentration 1 mM. the appearance of a peak at 446 nm that gradually increased

The reaction was monitored using a SpectraMax Gemini at the expense of the peak at 414 nm. The reaction with CO
XS (Molecular Devices, Sunnyvale, CA) 96-well plate was slow and was not complete after 2 h, but the spectrum
fluorometric reader. The wavelengths were set at 409 nmtaken after 15 h exhibited primarily the 446 nm peak with
excitation/530 nm emission/475 nm cutoff. The bandwidth only a smaller peak at 422 nm.
had been set by the factory to 9 nm. The reaction was More surprising than stabilization of the P450 structure
monitored for 60 min, with fluorescence measured every 30 by a ligand is the finding that addition of epothilone D, the

Fluorescence Detection and Analysis of Kinetic Datae
reaction was performed in a 96-well plate (280capacity,
U-shaped bottom). All the reactions were performed in
duplicate, except for those containing no inhibitors and those
containing no HO,, which were performed in sextuplicate.
The inhibitor was serially diluted in a row of 12 wells so
that the concentration would cover at least 2 decades
Multichannel pipettors were used for filling the wells with
reaction mixtures, appropriately diluted inhibitors, angDx
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Ficure 2: Spectra of EpoK (room temperature, 50 mM;KpH 002
7.4,100 mM KCI, 0.5 mM EDTA). Upper panel: (a) Fe(lll) EpoK -0.03
(—) with a Soret maximum at 418 nm; (b) Fe(ll) EpoK obtained 0.04

by reaction with sodium dithionite{ — —) with a maximum at
414 nm; (c) Fe(ll)-CO EpoK complex (---) with a major peak at
422 nm and a minor peak at 448 nm. The inset shows the-SDS
PAGE electrophoresis gel (10% acrylamide, denaturing conditions,
Coomassie Blue staining) of EpoK alongside a molecular weight
ladder. Lower panel: (a) Fe(lll) Epok~) with the Soret peak at
418 nm; (b) Fe(lll) Epok-epothilone D complex (---) with a
maximum at 414 nm; (c) EpoKepothilone D complex after
treatment with sodium dithionite< — —), peak at 414 nm; (d)
Fe(Il)-CO EpoK complex (-:-) with a major peak at 446 nm
and a minor peak at 423 nm.
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Ficure 4: Difference spectra for epothilone D binding to Fe(lll)
EpoK at room temperature. The buffer composition is the same as
the one for Figure 2. The increasing epothilone D concentrations
were 0.2, 0.6, 0.8, 3, and /M. Note the increase in the J@-
bound low-spin heme signal at 410 nm.

presence and absence of the substrate, we have employed
MCD spectroscopy (FiguresB). The information provided
) by MCD measurements of ferroheme proteins generally
native substrate, to the preformed P4ZDO complex  gepends on the identity of the axial ligands. When the distal
reverses the denaturation process (Figure 3). This unpredigand is CO, the MCD spectra exhibit relatively small
cedented substrate-mediated rescue of the denatured proteijtferences with changes in the proximal ligand other than
only occurs if the reaction is carried out at low temperature fo; thiolate (cysteinate) ligation. When the distal ligand is
(~15°C) or the solution contains at least 1% (v/v) glycerol. N, the MCD spectra easily differentiate between five- and
A final P420:P450 peak height ratio of approximately 1:3is gjy_coordinate species. With six-coordinate ferrodiO
obtained,_ the same ratio that is observed Wh.en epoK iscomplexes, the MCD spectra can distinguish between
reduced in the presence of both CO and epothilone D.  pitrogen and sulfur proximal ligands, and with sulfur
Epothilone D causes an unusual change in the EpoK proximal ligands, the technique can differentiate between
spectrum in that its binding increases rather than decreaseseutral (thiol) and anionic (thiolate) ligand$1—13).
the absorbance at 410 nm (Figure 4). Thus, instead of causing As shown in Figures 5 and 6, one can estimate the ratio
a shift from the low-spin hexacoordinated state to the high- of the thiol- to the thiolate-coordinated forms by simulating
spin pentacoordinated state, as is observed on substratgoth the observed MCD and absorption data from the known
binding to most P450 enzymes, binding of the native spectra of pure P420 and P450 species.The P420 species was
substrate to EpoK appears to increase the concentration okimulated by using the data from H715C/D235L cytochrome
the low-spin hexacoordinated protein. This suggests that thec peroxidase (CCP), H93G myoglobin (Mbgyclopen-
substrate, instead of sterically displacing the distal water tanethiol complex, and H93G M#tetrahydrothiophene

ligand, either stabilizes it or substitutes for it.
Magnetic Circular DichroismTo determine the coordina-
tion structure of the ferrousCO and—NO protein in the

complex. All of these species, upon reduction and coordina-
tion with CO, produce ferrous 6-coordinated species with a
thiol or thioether ligand12). The P450 species was simulated
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Fe(l)-CO EpoK in the presence of epothilone D as substrate (solid
FIGURE 5. MCD (A) and electronic absorption (B) spectra of line) and simulated MCD spectrum of Fe(HLO H175C/D235L
Fe(I)—CO EpoK (substrate free) (solid line) and simulated MCD CCP (20%) plus Fe(lFCO P45Q., (80%) (dashed line). The
spectrum of Fe(Il-CO H175C/D235L CCP (76%) plus Fe(H) P45Q.m and cytochrome peroxidase data were taken from refs
CO P45Qam (24%) (dashed line). All the MCD spectra were taken 13 and 12, respectively.
at 4 °C; see the Experimental Procedures for the complete
conditions. The P45@, and cytochromes peroxidase data were 15
taken from refsl2 and 11, respectively.

with the data from CYP45%Q. The MCD and absorption 5
spectra from the same data set were simulated using the samg s
P420:450 ratio. The simulations indicated that, for the § ° m,\j/

substrate-free form, the ratio was 76% thiol and 24% thiolate £ s |
and, for the substrate-bound form, the ratio was 20% thiol
and 80% thiolate. -
Although the MCD of ferrous CO-coordinated samples -15 4
does not independently define the state of the proximal ligand
in the P420 species derived from EpokK, it is still useful when,
as here, one has a fair degree of confidence that the proximal
ligand is a sulfur atom. Retention of the thiol is more
consistent with the reversible nature of the P45@20
interconversion than complete exchange of the ligand. The _ B0 1
interconversion therefore probably involves protonation of &
the P450 thiolate ligand to give a thiol ligand. = 10 -
Binding of NO to ferric EpoK yields complexes with s
absorption maxima at 431 nm. Addition of NO to ferrous
P450 EpoK generates complexes that further support the idea
of interconvertible neutral (thiol) and anionic (thiolate)
proximal coordination. The MCD and UV/vis absorption 0 .
spectra of ferrousNO P450 EpoK in the absence of 400
epothilone D show that it is a five-coordinate complex with Wavelength (nm)
spectral features very similar to those of the five-coordinated Ficure 7: MCD (A, top) and electronic absorption (B, bottom)
H93G Mb-NO adduct (Figure 7). On the other hand, SPectra of Fe(I-NO P450 EpoK (substrate free) (solid line) and
addition of substrate plus NO to ferrous P450 EpoK or Igrr%lgts;decr)orE%i?a mbre(flaShed line). The HI3G spectrum is
addition of substrate to ferrieNO P450 EpoK followed by P '
reduction gives a six-coordinated species with an MCD (tetrahydrothiophene) Mb complex (Figure 8). As the latter
spectrum comparable to that of the ferretddO H93G- complex contains a neutral sulfur donor ligand, we conclude

20 A
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that ferrous-NO P450 EpoK in the presence of substrate is
thiol (neutral cysteine)-ligated (Scheme 1).

Ligand Binding Studiesin contrast to kinetic studies
described below, in which DMSO was found to inhibit
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Ficure 9: Difference spectra fon-decanoic acid (&) binding.

All the binding experiments were performed at room temperature,
with buffer whose composition was the same as the one used for
Figure 2. The EpoK concentration in this experiment w

The Gg concentrations were 1.7, 6.6, 74, 250, 420, 580, and 900
uM. The spectral change is of type I, unlike the one for the binding

of epothilone D.

enzymes and can be used as a first measure of the effective
size of the active site cavity (i.e., réf)). In fact, the medium-
length fatty acids bind to EpoK to give a typical “type I”
binding spectrum (Figure 9). This spectrum indicates that
the low-spin signal due to the hexacoordinated resting state
of the enzyme decreases and the high-spin signal due to the
pentacoordinated species increases as the fatty acid concen-
tration is raised. However, these medium-length fatty acids

catalytic turnover more extensively than acetonitrile, a ligand (C11—Cis) exhibit biphasic binding behavior (Figure 10,

dissolved in DMSO was found to bind to EpoK just as well

Table 1), in contrast to monophasic binding of the longer

as the same ligand dissolved in acetonitrile. The ligands chain fatty acids (g—Cig), and the failure of acids greater
examined here were the linear fatty acids of different lengths than Gyo in length to bind at all. Short-length acidsg€Co)
because they are often accepted as ligands by bacterial P45@id not cause a spectral change when added to EpoK,

Scheme 1: EpoK Heme Complexes Proposed for the Observed Intermediates and Their Interrelationship
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Table 1: Constants for Binding of Linear-Chain Organic Acids to EpoK

binding “second” binding binding “second” binding
acid constantgM) constant M) acid constant M) constantgM)
Cs N/A 600+ 100 Gs 27+01 N/A
Cio 5+3 800+ 100 G 21+0.6 N/A
Ci2 1.6+04 35+ 2 Cis too large to calculate by the LineweavéBurke method
Cus 3.8+£0.1 20+ 4 Cxo not found
Cis 6.4+0.8 39+ 4

presumably because they are too small to displace the distato keep the NADPH concentration constant, this system
water ligand when bound in the active site. supported the epoxidation of epothilone D with.x = 0.56
When EpoK is reduced in the presence of CO and lauric «M min~* M~? (EpoK) andKy, = 1.6 uM.
acid instead of epothilone D, Only the P420 SpECieS is H|gh_Throughput Assapne goa| of this Study was to
observed. Thus, the stabilization of the ferre@O complex identify inhibitors of EpoK that could be used to improve
by epothilone Dis I’elatively SpeCifiC for this natural substrate the y|e|d of epoth”one D in fermentation cultures by
and is not mimicked by the fatty acids. inhibiting its epoxidation. As the epoxidation of epothilone
Reducing Partners and Epoxidation Kinetidhe native D is not a convenient assay for the screening of inhibitors,
electron donor partners of EpoK are not known. We therefore we have developed a high-throughput kinetic assay based
searched for heterologous partners that could be used ton the oxidation of a fluorogenic substraties¢20). Initial
investigate the catalytic properties of the enzyme. Putidare-efforts to develop such an assay using the surrogate electron
doxin (Pd) and putidaredoxin reductase (PdR) fleseudomo-  donors spinach ferredoxin/ferredoxin reductase and puti-
nas putida the partners of P4%Q, did not support the  daredoxin/putidaredoxin reductase were unsuccessful, as even
catalytic turnover of EpoK even when the EpoK:Pd:PdR ratio EFC (Figure 11), the substrate eventually employed, was not
was varied from 1:2:2 to 1:10:2. In contrast, the epoxidation detectably dealkylated with these electron donor partners.
of epothilone D was catalyzed by EpoK in the presence of However, EpoK catalytically oxidized this substrate if the
spinach ferredoxin, ferredoxin reductase, and NADPH. Using electron donor complications were circumvented by employ-
an NADPH-regenerating system consisting of glucose-6- ing H,0, as the oxidizing agent. Khan and Halpert recently
phosphate and glucose-6-phosphate dehydrogenase (G6PDHported a similar peroxide-based fluorogenic assay for the
P45Q,r A245T mutant 21). The use of the so-called

90 “peroxide shunt” reaction requires a careful titration of the
80 . H.O, concentration used in the experiments, as high con-
70 - . centrations of the peroxide degrade the protein and its heme

group. A HO, concentration of 1 mM was found to
minimize the damage to the protein.

Although the solvent used to deliver potential ligands did

60
50 3

1/deltaA

407 not appear to be critical in the spectroscoldicstudies (see
30 A
20 3 T T T T T
10 O
T T T o T T T 25 | -
08 06 04 02 0 0.2 0.4 0.6 0.8 O O
1/[Acid] (1/uM) o] @] (o)
2 L ]
[ble]
<
E
30 1 s
= 15 -
£
25 7 % (¢}
« =~ Eto HO.
3 20 - 1L W EpoK W |
° F Z
ke o4
= 15 1 Fs Fa
05 L EFC HFC |
0 (_/ 1 1 1 1 1
: ; . 0 20 40 60 80 100 120
0.2 0.4 06 0.8 [EFC] (uM)

1/iAcid] (17uM) Ficure 11: Michaelis-Menten plot of EFC dealkylation catalyzed
Ficure 10: Lineweaver-Burke plots for lauric acid (&, top) and by EpoK (25°C) (50 mM KR, pH 7.4, 100 mM KCI, 0.5 mM
palmitic acid (Ge, bottom). The EpoK concentration wag:® in EDTA, 10 UjuL SOD, 5uM EpoK, 1% (v/v) acetonitrile). The
both experiments. The;ghinding curve shows a biphasic pattern, EFC reaction yields a fluorescent species (excitation/emission 409/
while that for G¢ shows a monophasic pattern. 530 nm) which is well suited for a rapid kinetic assay.
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Ficure 12: Structures of the imidazole-based inhibitors, including one 4-amidoimidazole, examined in this study.

Table 2: KjapparentValues of EpoK Inhibitors

inhibitor Ki,apparerfttM) inhibitor Ki apparerktM)
4-phenylimidazole 42 5 econazole 0501
clotrimazole 0.2£0.1 SKF96365 1.20.3
itraconazole >10 (solubility in  PhsCIm 0.10+ 0.06
CH3CN too low)
ketoconazole 1204 bifonazole 0.16- 0.04
fluconazole >50 (no inhibition fluotrimazole 0.25+ 0.06
observed)
miconazole 1.8 0.7 1-benzylimidazole >50 (no
inhibition
observed)
phenmedipham 345 sulfaphenazole 116 20
sulconazole 0.1&: 0.03 w-pentadecalactone 122

above), it was important for the turnover experiments. When
DMSO was used as the solvent, the dealkylation of EFC
could not be detected using a fluorometric plate reader,

although it could be detected using a cuvette-based fluori-

Inhibitor Identification. Imidazoles and related nitrogen
heterocycles which coordinate to the iron atom of P450
enzymes provide the framework for the largest class of P450
inhibitors 22). Our efforts to examine imidazole inhibitors
were complicated by the necessity of avoiding DMSO
because most imidazole-based inhibitors are significantly
more soluble in DMSO than in acetonitrile. The upper limit
to the inhibitor concentration that could be evaluated was
therefore considerably lower when acetonitrile was used
instead of DMSO as the solvent. This problem was especially
acute with the 4-amidoimidazoles because their low solubility
in acetonitrile yielded final inhibitor concentrations that were
considerably below th; apparent Methanol was therefore used
as the solvent in these cases because, although it inhibits
the reaction, it does so less than DMSO.

The binding of imidazoles, as expected, gives rise to “type
II"” difference spectra in which the signal for the amine-

meter. On the other hand, when acetonitrile was used as thggordinated low-spin iron(lll) heme complex increases at the

solvent, the reaction was readily detected by both methods.

The potential inhibitors were therefore delivered in aceto-
nitrile.

Kinetic analysis of the oxidation of EFC using the shunt
system gives a MichaelksMenten plot (Figure 11) from
which the valueKy = 18 uM and Viyax = 0.6 nM min?
M~ (EpoK) can be calculated.

expense of the water-coordinated species. An exception was
the 2-amidoimidazole, which gave a type | difference
spectrum 23). The binding of the imidazoles was monopha-
sic, in contrast to that of the fatty acids. TKgpparentvalues

for a series of imidazoles (Table 2) show that sulconazole is
the most effective inhibitor, although related species such
as clotrimazole, fluotrimazole, bifonazole, and triphenyl-
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methylimidazole have comparablg apparentvalues (Figure

Ogura et al.

crystal structure of EpoK does not provide an obvious

12). The one nonimidazole compound tested, pentadecalacexplanation for this unusual behavior.

tone, is notable because ik apparent Value is in the low

Two important pieces of information emerge from our

micromolar range even though it cannot coordinate to the analysis of the binding of fatty acids to EpoK. The observa-

heme iron atom (Table 2).

tion that medium-chain but not long-chain fatty acids bind

One of the imidazoles, econazole, was tested for inhibition to the enzyme, as judged by the spectroscopically detectable

of the epothilone D epoxidation. This inhibitor, whose
Ki apparentvalue for the EFC dealkylation was Q, showed

a Kj apparentvalue for the epoxidation of 0.18M, and also a
Ks value for econazole binding of 0.24M. These three
values are comparable.

DISCUSSION

The expression and purification of EpoK reported here
unambiguously confirm the earlier conclusion that it oxidizes
epothilone D to epothilone B i$. cellulosun(7). This is
the first report of the solution properties of EpoK, although
crystallization of the protein and determination of its crystal
structure were reported in an earlier pap@ (

The most remarkable property of EpoK emerging from

low-to-high spin shift of the iron atom, provides a sense of
the effective dimensions of the active site. Furthermore, the
finding that the medium-length fatty acids bind in a biphasic
manner indicates either that two binding sites exist for the
fatty acids or that a single binding site can accommodate
two fatty acid molecules, the first being bound with an
affinity different from that of the second. The binding of
two substrates within a single active site is not uncommon,
as this has been directly demonstrated for P450e28F20)
and is widely inferred from kinetic and other considerations
for enzymes such as CYP3A4&0) and CYP2C9 31).
Indeed, the EpoK crystal structure shows that the active site
cavity is large enough to possibly accommodate two fatty
acid molecules9).

Interestingly, although the fatty acids bind to EpoK, they

the present studies is the unusual role of epothilone D, theare not detectably oxidized when catalytic turnover of the

natural substrate, in stabilizing the ferrous form of the protein.

enzyme is supported by the spinach ferredoxin/ferredoxin

Reduction of the protein to the ferrous state in the absencereductase surrogate electron donors. However, this finding
of this substrate, or in the presence of an unnatural ligandis readily explained by the finding that the ferrous protein is
such as lauric acid, results in virtually complete conversion unstable in the absence of epothilone D and that this

of the thiolate-ligated form, with an Fe(H)CO absorption
maximum at~450 nm, to a denatured form with the Fefil)
CO absorption maximum at 422 nm. This “P420” species

arises either by simple protonation of the cysteine thiolate,

converting it to a thiol ligand, or by actual dissociation of
the thiolate ligand from the iron, followed by coordination

instability is not alleviated by either the fatty acids. As the
thiolate ligand helps to tune the redox potential of EpoK, it
is not surprising that electron transfer to the iron is disrupted
when the thiolate ligand is either protonated or displaced.
In contrast, the peroxide shunt pathway, which does not
require electron transfer to the iron, is relatively insensitive

of an alternative ligand. Formation of the P420 species is to the nature of the proximal ligand, as peroxide activation
normally an irreversible process, although reversion of a can be achieved equally well with histidine-ligated hemo-
pressure-induced P420 species to the P450 form has beeproteins 82, 33). We have made use of this difference to

reported 24, 25). The finding that epothilone D, but not

circumvent the defect in electron transfer and have developed

lauric acid, protects the enzyme from conversion to the P420 a high-throughput catalytic assay that can be used to screen
form upon reduction requires that the normal ligand suppressfor inhibitors.

reduction-linked structural alterations that occur in its

The search for inhibitors of EpoK has identified several

absence. Ligands have been observed previously to stabilizémidazole derivatives that can be used to improve the yield

ferric P450 proteins: for example, ligands stabilize CYP2E1
and thus elevate its concentratid@®), and ligands stabilize

heterologously expressed CYP4B1 with respect to its con-

version to the P420 forn2{). However, to our knowledge,

of epothilone D at the expense of epothilone B in cell culture.
The inhibitory potency of the imidazoles correlates to some
extent with the lipophilicity of the compounds and the size
of their substituents (Table 2). Thus, 1-benzylimidazole, with

no other example is known of the reversion of a preformed a small substituent, did not detectably inhibit EpoK, nor did

P420 Fe(l1)>CO complex to the P450 Fe(#)CO form upon
binding of the substrate.

The MCD data suggest that the P42B450 interconver-
sion involves substrate-dependent protonatideprotonation
of the proximal cysteine thiolate ligand. The crystal structure
shows the sulfuriron bond is of normal length in the ferric
protein, thus confirming the thiolate ligatio®)( This is

itraconazole, which despite its lipophilicity has a very large
substituent. The best inhibitors were found to be those with
a triphenylmethyl substituent, such as clotrimazole and
1-triphenylmethylimidazole, or the CH,CH(PH)(ECH,PIY)
(E = 0O, S) substituent of sulconazole and econazole.

The nitrogen basicities of all the imidazole inhibitors in
Table 1 are approximately the same except for 4-amidoimi-

important, as the only other evidence for thiolate ligation, dazole, in which the I§, of the nitrogen is greatly decreased
apart from conservation of this ligand in all known P450 by the electron-withdrawing effect of the amide group. This
enzymes, is the formation of a ferret€0 complex absorb-  compound did not inhibit EFC dealkylation by EpoK, and
ing at 450 nm. In view of the crystal structure and of our the spectroscopic studies showed that the nitrogen did not
current data we can exclude the possibility that thiolate coordinate to the iron to give a typical type Il difference
ligation is not present in the ferric protein and is only spectrum, but rather gave a type | spectrum.

obtained upon reduction of the iron in the presence of In summary, EpoK, a new and important enzyme in the
epothilone D. Binding of the normal substrate thus functions biosynthetic pathway to the epothilone anticancer agents, has
as a switch that preserves, or reestablishes, the thiolatebeen expressed, purified, and characterized in terms of its
ligation and enables catalytic turnover. Inspection of the basic spectroscopic and kinetic properties. Fatty acids have
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been used to probe the substrate binding site, and a high- 14
throughput assay using,B8, as a surrogate oxidant has been
used to identify effective inhibitors of the enzyme. The most
unusual property of the enzyme found in this study is the 15
ability of the native substrates to rescue the enzyme from
the partially denatured P420 state. Although substrate
stabilization of the P450 form relative to conversion to the 14
P420 form has been observed previously, this appears to be
the first instance in which addition of the substrate to the
P420 form results in reconstitution of the native, catalytically ;-
active, P450 state. This link between the native substrate and
the protein state may help to limit the participation of the
enzyme in the oxidation of extraneous substrates and the
production of uncoupled oxidation products. 18
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