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ABSTRACT. The reduction of ferric cytochrome P450 (P450) to ferrous is the first chemical step in almost
all P450 reactions, and many characteristics of this step have been reported. Reduction kinetics of rabbit
and human P450s were measured in a variety of systems. As reported earlier, P450 reduction is biphasic
in microsomes and some purified P450 systems. However, this is not an inherent property of P450s, and
some low- and high-spin iron P450s were reduced with single-exponential kinetics. Contrary to a
generalized view, the presence of substrate is not necessary for rapid reduction of all P450s. Also, low-
spin heme can be reduced as rapidly as high-spin in several P450s. P450s varied considerably in their
reduction behavior, and even a single P450 showed remarkably different reduction kinetics when placed
in various environments. P450 3A4 reduction was examined in liver microsomes, a reconstituted system,
a fusion protein in which it was linked to NADPHP450 reductase, and baculovirus and bacterial
membranes in which P450 3A4 and NADPR450 reductase were coexpressed; the systems differed
considerably in terms of the need for the substrate testosterone and cytodfar(m)eor reduction and

as to whether reduction was rate-limiting in the overall catalytic cycle. Wiewas included in
reconstituted systems, its reduction kinetics were linked with those of some P450s. This behavior could
be simulated in kinetic models in which electrons flowed from the ferrous f43@omplex to oxidized

bs. Overall, the kinetics of ferric P450 reduction cannot be generalized among different P450s in various
systems, and concepts regarding influence of substrate, reaction sequence, and a rate-limiting step are not
very universal.

P453 enzymes are rather ubiquitous in nature. These Scheme 1: General P450 Catalytic Cycle
proteins are characterized by their cysteirlgéme ligation , ®
and, generally, their monooxygenation reactio2s-5). -ROH , Fe™* -_RH
Multiple forms of P450 are found in bacteria as well as
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processese(g, steroid anabolism in mammals) or rather \w'@
unselective reactions (degradation of carbon sources for NADPH-P450 reductase®
microorganisms, removal of ingested products for higher FeoH™ R
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The catalytic mechanisms of most of the monooxygenation  reo3* RH
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described by the paradigm shown (Scheme 1). However, \
e D S : . . Fe-OOH Fe2*.0, RH
the difficulties in elucidating mechanisms in such a multistep RH‘% s
H* F 2+-0 - RH 1e bsred
® =
T This research was supported in part by U.S. Public Health Service bs*X
Grants R35 CA44353 and P30 ES00267. W.W.J. was supported in part red” ™ NADPH-P450 reductase®™
by U.S. Public Health Service Postdoctoral Fellowship F32 ES05663. NADPH-P450 reductase -rash reducta

* Address correspondence to this author at the Department of 2RH = substrate, ROH= product. Step 4 can involve electron
Biochemistry and Center in Molecular Toxicology, Vanderbilt Uni-  transfer frombs or directly from NADPH-P450 reductase in some
versity School of Medicine, 638B Medical Research Building |, 23rd cases.
and Pierce Avenues, Nashville, TN 37232-0146 [telephone (615) 322- . . .
2261; fax (615) 322-3141; e-mail guengerich@toxicology.mc.vanderbilt,. Pathway are certainly considerable. The only stable inter-
edu]. mediates are those designate@'-6€*" RH, and Fé" ROH

*Present address: 144 Route 94, P.O. Box 32, Schering-Ploughjp heme 1: RH i le onlv in th n
Corp.. Lafayette. NJ 07848, Scheme 1; F& s stable only in the absence 0$.0

® Abstract published imdvance ACS Abstractdlovember 1, 1997.  Much of the current dogma has been developed from

L Abbreviations: P450, microsomal cytochrome P450 (also termed biomimetic models?) and from studies with simpler, more
?f)ms-thlczlatﬁ pfogn(zﬁfg gyzthe Eniyanelg%mergsaswnd_:fc 1-1|4-l4-1 readily obtained bacterial P4508)( Our own mechanistic

: bs, cytochromebs 4.2 group); di-12: -a-dilauroyl- ;
snglycero3-phosphocholine; DCPIP, 2,6-dichlorophenolindophenol; f(;csushhas bleen Elven Iargecliy tt% Iatt(re]r ever;.tlls (Sdt%ps 7. an(tj. 8
aNF, a-naphthoflavone (7,8-benzoflavon&); -, oxidation-reduction of Scheme 1), where we and others have utilized biomimetic

potential at pH 7.0, relative to hydrogen. models (), kinetic hydrogen isotope effect®-{11), and
S0006-2960(97)01939-9 CCC: $14.00 © 1997 American Chemical Society



14742 Biochemistry, Vol. 36, No. 48, 1997 Guengerich and Johnson

substrates that undergo diagnostic rearrangements or converSchenkman et al3@) may provide a reasonable explanation
sions to inactivating specie9,(12, 13. for several observations regardibg
Recently we have directed our attention to step 2 of
Scheme 1, in which the first electron enters the catalytic EXPERIMENTAL PROCEDURES
cycle. In the course of P450 research this reduction, as well Chemicals (§-Warfarin was a gift of Dr. L. S. Kaminsky,
as step 1, has been a source of much attentidn (Gillette New York State Department of Health (Albany, NY).
and his associate4$, 16 first observed the biphasic nature Tolbutamide was purchased from Sigma Chemical Co. (St.
of this step in rat liver microsomes, monitoring the formation Louis, MO) and recrystallized from J@/CHOH. (9-
of the F&"-CO complex in microsomes mixed with NADPH. Mephenytoin was provided by Prof. G. R. Wilkinson,
Diehl et al. (L7) extended this approach with rat liver Department of Pharmacology, Vanderbilt University. All
microsomes and the substrates cyclohexane and hexobarbitathree of these compounds were dissolved as monosodium
Biphasic reduction kinetics were also observed, which could salts in aqueous solution prior to use.
be described by rate constants of 46 and 10 AfnThe Enzymes P450 1A2 was purified from liver microsomes
authors also used changes in the Soret spectrum as a measuad rabbits treated with 7,8-benzoflavone using a modification
of substrate binding and concluded that the extent of the (33) of the procedure of Alterman and Dowgii34).
faster phase of P450 reduction was similar to the fraction of Recombinant human P450s 1A23f, 2C9 (35), 2E1 (36),
substrate bound to P450. The authors conceptually linkedand 3A4 B7) were purified fromEscherichia colmembranes
the iron spin state, rate of reduction, and substrate binding.as described. P450 2C19 was produced in a baculovirus
They also expressed the view that the rate of reduction of system Trichoplusia nicells) by Dr. P. M. Shaw (PanVera
ferric P450 was rate-limiting. Extensive studies with bacte- Corp., Madison, WI) and purified using a modification of
rial P450 101 (P45Q. showed a strong linkage between the procedure used to isolate P450 2C9 fieneoli (35). bs
substrate binding, spin state, abd 7 (8, 18. Although was purified from rabbit liver microsomes$§g, 39. Re-
bacterial P450 101 is reduced (by putidaredoxin) in a single- combinant rat NADPH-P450 reductase was prepared from
exponential reactioril@), many studies have been done with E. coli using a vector obtained from Prof. C. B. Kasper,
microsomal P450s in microsomes and after purification, and University of Wisconsin (Madison, WIY40). All purified
biphasic reductions have usually been obsertde {7, 19— proteins were>95% homogenous as judged by electrophore-
22). At least three possible explanations have been pre-sis. Baculovirus microsomes containing P450 3A4 were
sented: (i) The two phases correspond to reduction of thefrom Dr. Shaw of PanVera Corp4{, 49; the molar ratio
high- (faster rate) and low-spin (slower rate) P450 compo- of NADPH—P450 reductase to P450 was &. coli
nents (7, 22-24); (ii) biphasic reduction properties are due membranes containing equal amounts of P450 3A4 and
to aspects of intramolecular electron transfer between thehuman NADPH-P450 reductase were prepared using a
two flavins in NADPH-P450 reductase2(); and (iii) bicistronic vector 43). The fused P450 3A4:rat NADPH
biphasic reduction is due to reduction of two populations of P450 reductase proteid4) was prepared as describetb(
spatially aggregated1) or otherwise conformationally  46).
restricted populations of P4504). Reconstitution SystemsPurified rabbit P450 1A2 and
Kominami and TakemoriX1) observed biphasic reduction human P450s 1A2 and 2E1 were mixed with a 2-fold molar
kinetics for P450 reduction in bovine adrenal microsomes excess of NADPH-P450 reductase and @M/ di-12:0 GPC
and found that substrate was required for efficient reduction. in 0.10 M potassium phosphate buffer (pH 7.4). Purified
However, they did not find any correlation of the high-spin P450s 2C9, 2C19, and 3A4 were mixed with a 2-fold molar
state with rates of reduction of ferric P450. In a study with excess of NADPH-450 reductase, an equimolar amount of
several isolated rat liver P450s in this laboratory, there was bs, 0.25 mM sodium cholate, 30 mM Mggland a
no general correlation between substrate binding, spin state phospholipid mixture [2Q«g mL™* mixture (1:1:1, w/w/w)
En7 and rates of substrate oxidatid®b|. Backes and Eyer  of di-12:0 GPCy-a-dioleoyl-sn-glycere3-phosphocholine,
(26), in a series of studies with rabbit P450 2B4, were unable and bovine brain phosphatidylserind]7f in 50 mM potas-
to correlate the high-spin content (induced by addition of sium 4-(2-hydroxyethyl)-1-piperazineethanesulfonate (pH
substrates) with rates of P450 reduction. Although several 7.4).
key reviews point out that the P450 101 model of ligand/  Spectroscopy Absorbance spectra were recorded using
spin/redox equilibrium cannot be extended to mammalian modified Aminco DW2/OLIS and Cary 14/OLIS instruments
P450s ¢.g.refs 8 and 14), statements that low-spin P450 is (On-Line Instrument Systems, Bogart, GA). Second-deriva-
not reducible are still common in the primary literatueey tive spectra were obtained using the manufacturer’s software,
refs 27 and 28) and texts and revievesg, refs 29-31). with the application of the curve smoothing program.
In the course of our studies on a series of recombinant Analysis of second-derivative spectra involved the zero-
human and other P450s we examined reduction kinetics inbaseline method4g).
a variety of settings. We report here that some mammalian Reduction Kinetics Reduction of ferric P450 to the
P450s clearly exhibit single-exponential reduction kinetics ferrous form was measured at 3Z under an anaerobic CO
while others do not, that there is no general link between €nvironment using anaerobic techniques described elsewhere
spin state and reduction kinetics, that the presence of(49). All studies were done using an Applied Photophysics
substrate is not obligatory for rapid P450 reduction, and that SX-17MV instrument (Applied Photophysics, Leatherhead,
a “linked” reduction of some P450s arg postulated by ~ U.K.) and the manufacturer's computer system. P450
reductions were monitored near 450 nm (4460 nm,
2 For consistency, all first-order rate constants are expressed in unitsdependlng upon thelma of each partlcu!ar P‘}%'CO
of min~%. We also refer to “biphasic” kinetics even though some may COMPplex) or at 390 or 415 nm (decrease in ferric P469).
be more complex, if they can be fitted to biexponential plots. reduction was monitored by the increase at 424 nm, which
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Ficure 1. Kinetics of reduction of ferric P450 in human liver
microsomes. Sample HL110 was used, which has been estimated A390
to contain~60% of its P450 as P450 3A%Y).
is relatively distinct from changes in P450 spectral changes I‘"“‘“
under these conditionsgwas usually equimolar with P450) s
as established in parallel experiments devoidhnf T ooz K J
Traces are presented as averages of several individual L Timews - '

:ﬁaculor;s (%I'lhO) and thfe atnaIyS'IS offrteS|duaIs IS T_h(()jwn.?hdglw Ficure 2: Reduction of ferric human P450 1A2. In part A
the plots. € manufacturers sortware supplied wi e (formation of F&+-CO complex) the trace is fit to a biexponential
instrument also provides an estimate of the error in each tracepiot with an initial decrease at 36'5(2200 mirr?) and second

(applied on the averaged traces). These estimates werexponential of 11.5 (690 mirrY). In part B (disappearance of

<+10% in every case and are not routinely presented except=€* form), the trace is fit to a single exponential of 11:2 ¢670
in a few selected cases min~1). Note the lag of~20 ms in both parts, corresponding to

) . electron transfer into the reductase.
Other Assays Previously described procedures were used

to monitor the oxidation of phenacetifd), tolbutamide §1), Kinetics of Reduction of Various Purified Human P45_Os
(9-warfarin 62), (S-mephenytoin§3), and GHsOH (54). Human P450s 1A2, 2C9, 2C19, and 2E1 were examined
under various conditions [Table 1; some of the results,

RESULTS particularly the rates of substrate oxidations, have been
. . . o presented elsewher83, 56, 59].
Reduction of Ferric P450 in Human der Microsomes In the absence of P450, NADPHP450 reductase reduced

As expected from the literature describing other microsomal i 5 biphasic process with rates of 490 and 80Th{52%
preparations, we found that apparently biphasic kinetics were equced in the faster phase).

observed when the ferric P450 in human liver microsomes  yman P450 1A2 was reduced rapidly in a monophasic
was reduced using NADPH (Figure 1). In this particular reaction, as already shown (Figure 2). The rate was rather
case, global fitting of the results ylelqed an estimated 43% jnyariant with regard to the absence or presence of the
of the P450 reduced at a rate of 41 miimnd the remaining  gypstrate phenacetin. Similar rates were measured in the
57% was reduced at a rate of 4 min Although the stopped-  hresence of the substrateAt@stradiol, although the data
flow spectrophotometer used here was not specifically \ere not of as high quality because of turbidity induced by
designed for use with turbid samples, the system could behe sypstrate. Whetm was present, it appeared to be reduced
used to obtain good data when the optical density was). somewhat more rapidly than in the absence of P450, and
Monophasic Reduction of Human P450 1APhe litera- the P450 reduction rate was slightly reduced. It should also
ture enumerates many cases of purified P450s showingbe noted that the rates of ferric P450 reduction are much
biphasic reduction kinetics, and several explanations havefaster than rates of steady state NADPH or phenacetin
been presented, including spin state populations and propergpxidation.
ties of the flavins in the reductas&q, 20, 22-24). Some P450 2C9 was reduced at only a very slow rate in the
of the purified P450s examined here showed biphasic absence of substrate, as anecdotically reported elsewhere
reduction kineticsg.g.ref 56), but others were clearly single-  (56). In the presence of eithe®fwarfarin or tolbutamide,
exponentiale.g.human P450 1A2 (Figure 2). Arapid drop reduction was more rapid, and 580% of the P450 was
in absorbance was seen due to the reduction of the flavins.reduced at a rate of 1650 mirrl. bs or apobs can
The reduction of the flavins in NADPHP450 reductase is  enhance rates of substrate oxidati&6)( but neither had a
complex and involves rapid internal electron transf&®, (  substantial effect on rates of P450 2C9 reduction. The
58); the rate of decrease at 450 nm is at a rate similar to reduction ofbs, observed at 424 nm, was very slow in the
those reported by other§7). This drop in absorbance did absence of P450 substrates. when P450 reduction was
not interfere appreciably with the analysis of P450 reduction s|ow.
in most cases. However, in some of the faster reductions |n contrast to P450 2C9, P450 2C19 was reduced at a
(e.g, Figure 2) the first 2630 ms was deleted from the nonlimiting rate even in the absence of substrate. The
analysis or else a biexponential fit was applied for analysis. reactions were biphasic. The rate was substantially acceler-
The reduction rates measured at 446 and 390 nm wereated in the presence of the prototypic substr8teriepheny-
nearly identical (Figure 2). This result confirms the validity toin.
of both parameters and also that CO complexation is very P450 2E1 reduction was very rapid and was not signifi-
fast and does not alter the analysis. cantly attenuated by the presence of the substrgte @H
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Table 1: Rates of Reduction of Ferric P450s &gdnd of Substrate Oxidation
pre-steady-state rate of reduction (rrin

steady-state oxidation rate (mif

% reduced in % reduced in

P450 substrate bs P450 faster phase bs faster phase NADPH substrate
none - + 490/80 53

1A2 - - 800 - 41 -

1A2 - + 690 2550 37 -

1A2 phenacetin - 730 - 46 i
1A2 phenacetin + 510 1380 46 a
2C9 - - <4 - 18 -

2C9 - + <4 26 11 -

2C9 ©-warfarin - 200/11 37 - 17 0.0P
2C9 ©-warfarin + 160/11 45 200/25 70 13 0.05
2C9 tolbutamide - 250/9 56 - 31 2.8
2C9 tolbutamide + 160/6 48 14 6.3
2C9 - (apobs) <4 - —c 5.5
2C19 - - 170/17 - —¢ 1.7
2C19  ©-mephenytoin  — 960/120 - —c 4.4
2E1 - - 1920/280 79 - 45

2E1 - + 400/14 20 800/70 52 24 -

2E1 GHsOH® - 1380/12 59 - 25 7.3
2E1 GHsOH® + 100/17 38 210/26 36 43 10.4
2E1 - (apobs) 1920/100 69 - —e

aReference 33% Reference 56° Assays not done! Results from Drs. H. Yamazaki, T. Shimada, and F. P. Guengerich (unpublished results).
€40 mM GHsOH. f Results from ref 59.

or chlorzoxazone in this and repeated experimeb8). ( oNF (which was shown to convert the P450-t85% high-
Reactions were biphasic. The apparent rates of P450spin iron,vide suprg and the rates of reduction were 1440
reduction were attenuated considerably in the presence ofand 1860 min?, as estimated from the changes at 390 and
bs, and rates obs reduction exceeded the rates of P450 2E1 446 nm, respectively.
reduction. Apobs, which has no electron transfer capability, A similar set of experiments was done with a P450 2E1
did not affect the rates. preparation that contained a mixed-spin populati®80%
Effect of P450 Spin State on Reduction Kinetiekuman low-spin as judged by second-derivative analysfsréf 36).
recombinant P450 1A2 is isolated as a nearly completely In these experiments the data could be fit to single-
high-spin protein fronk. coli (33). Rabbit 60) and rat g5) exponential plots and the rate constants wet&50 mirr!
P450s 1A2 can be converted to low-spin P450 in the presencedor traces of the absorbance at 450, 390, and 415 nm (data
of 0.25 M 1-butanol. However, analysis of human P450 1A2 not presented).
in the presence of 0.25 M 1-butanol indicated that it had  Kinetics of Reduction of P450 3A4 in Bacuilms Mi-
been converted to cytochrome P420. crosomes Previous studies indicated that very high rates
Rabbit P450 1A2, as isolated from liver microsomes of of steady-state testosterong-Bydroxylation (up to 140
7,8-benzoflavone-treated animals, is a mixture of low- and min™%) could be achieved in baculovirus microsomes in
high-spin P450 (Figure 3). Addition afNF converts this ~ which P450 3A4 was expressed in the presence of a large
to a high-spin state3@). This is clearly shown by several excess (8-fold) of NADPHP450 reductaset(, 42, 6).
spectral changes in Figure 3Ae. blue shift of Soret to The baculovirus microsomes were very turbid, and spectral
390 nm, coalesced.,S peaks, and 646 nm band. The measurements were difficult (Figure 4A). However, the
fractions of the individual spin states are readily estimated Soret region could be analyzed in such samples. The
by second derivative analysis of the Soret region (Figure 3B) addition of the substrate testosterone produced a detectable
(48). The P450 1A2 was 84% low-spin in the absence of shift in the spectrum, as shown in the expansion in the inset
oNF and 87% high-spin in the presence @iRF. Upon (Figure 4B). Second-derivative analysis indicated that the
addition of NADPH-P450 reductase and other components P450 3A4 was essentially completely in the low-spin state
used to do reduction experiments, the spin state population(417 nm band) in the absence of testosterone (Figure 4C).
did not change appreciably, as shown by the spectra in Figurewhen testosterone was added, a strong shift to the high-
3B. spin form was seen in the second-derivative or the difference
Rates of reduction of the low- and high-spin rabbit P450 spectrum (Figure 4C,D).
1A2 components were monitored at 415 and 390 nm, Measurements of rates of P450 reduction with this system
respectively, in the absence aNF. The rates were both  could be made when the optical density wak0. Although
determined to be~750 mirr! in this experiment, only  there was some noise in the data, rates could readily be
slightly less than the rate estimated by the increastuip measured (Figure 4E). In the absence of testosterone, the
(for the Fé+CO complex) (Figure 3D,E). rate was 2200 mirt. In the presence of 1Q@M testosterone
In a separate set of experiments done with a preparationthe rate was 2300 mii (data not shown), within experi-
of rabbit P450 1A2 (also predominantly low-spin), the rates mental error of the value measured in the absence of
of reduction as measured by the changes in absorbance atestosterone.
446, 390, and 415 nm werel1600 mirr?, all effectively Rates of Ferric P450 Reduction in a P450 3A4:NADPH
within experimental error (data not shown). In the same set P450 Reductase Fusion ProteirDetails of the reduction
of experiments, the assay was repeated in the presence obf a fusion protein were examined (Table 2). In the absence
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Ficure 3: Reduction of ferric rabbit P450 1A2: (A) absolute spectra of rabbit P450 1A2 (7.4 mM in 0.10 M potassium phosphate buffer,
pH 7.4), in the absence and presence ox80 oaNF: (B) second-derivative spectra derived from spectra shown in part A; (C) absolute
spectra of rabbit P450 1A2 recorded in the presence of NABP#b0 reductase and other components used in reduction assays at the
concentration used and blanked for contribution of other components; (D) kinetics of reduction, monitored at 390 nm; (E) kinetics of
reduction, monitored at 415 nm.

Table 2: Rates of Reduction of Ferric P450 Heme in a P450 Table 3: Rates of Ferric P450 3A4 Reduction in Various Systems
3A4:NADPH—-P450 Reductase Fusion Protein system substrate K (min-Y)
added NADPH-P450  reduction rat& :
0 reconstituted system testosterone 1250
substrate bs reductaseyM) (min™Y) (+ phospholipid mix,
testosterore 98, 15 cholate, M@*, bs)
holo 1 human liver microsomes 41(2), 4 &0.4p¢
testosterone holo 914 testosterone 7842), 7 &0.2p4
testosterone apo 51,95 baculovirus microsomes 2260 7C°
testosterone holo 144 55,10 ) testosterone  230& 8C°
a All rates were measured using a 089 concentration of the fusion E. coli membranes testosterone 1% 8i
protein, unless indicated otherwide2004M in all cases® Biphasic. ’
In all three cases~45% was reduced in the faster pha%&he 2200uM. ® Biphasic, 43% reduced in faster phas&rror estimates
concentration of the fusion protein was varied from 0.055 to @5 are included in rates, which were sequentially measured on the same

At the highest concentration (0.6BM), a faster phase (32%) with a  day. ¢ Biphasic, 50% reduced in faster phase.
rate of 62 min! was observed.

Rates of Ferric P450 Reduction in Other SysterRates

of testosterone or an alternate substrate, only very low ratesof reduction of P450 3A4 in baculovirus microsomes have
of reduction were observed. With testosterone present,already been presented (Figure 4) and are listed in Table 3.
biphasic reduction kinetics were seen in the absend®.of We have also shown that in reconstituted systems (containing
When bs was included, only monophasic reduction was P450 3A4, NADPH-P450 reductase, a phospholipid mix-
observed, with apparent rates in the range 9 minm™. ture, cholate, and Mg) that reduction is highly dependent
This rate was rather invariant over a fusion protein concen- upon the presence of substrate and, in several cases, either
tration range of 0.0550.65 uM, although at the high  bsor apobs (49). In an experiment done here with the same
concentration 32% of the P450 was reduced in a more rapidNADPH—P450 reductase preparation used in the studies
phase with a rate of 62 mih. The kinetics in the presence presented in Table 1, a (single-exponential) rate of 1250
of apotbs were similar to the reaction devoid bf (although min~! was measured (Table 3).

the rapid phase was slower). When excess NABPY450 A human liver microsomal sample (denoted HL 110) was
reductase was added, a faster initial reduction phase wasestimated to containr60% of its P450 as P450 3A4, as
observed. judged by immunoblottingg2) and by the extent of P450
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Ficure 4: Spectra of P450 3A4 in baculovirus microsomes and reduction kinetics: (A) absolute spectra of baculovirus microsomes in
which P450 3A4 was expressed, with the indicated trace recorded after addipdvil@3tosterone (all in 100 mM potassium phosphate

buffer, pH 7.4); (B) expanded portion of the spectra of part A; (C) second-derivative spectra from part A; (D) difference spectrum from part

A (minus testosterone spectrum subtracted from plus testosterone spectrum); (E) kinetics of anaerobic reduction of baculovirus microsomes
(with P450 3A4 expressed) [the atmosphere was anaerobic CO, and the P450 concentrati) (@5 the same as in partsA; the

rate was 2100 mirt].

destruction by the mechanism-based inactivator gestodenewere considered using a KINSIM modeling prograé3)(
(55). Reduction kinetics were biphasic (Figure 1). The to rationalize some of the effects b and P450s on the
contributions of individual P450s in the reduction cannot be kinetics of reduction of each other. Reaction 3 was given a
ascertained. The rate of the rapid reduction was increaseddiffusion-limited forward rate constant andkaq of 1 uM
in the presence of the P450 3A4 substrate testosterone (Tablgg4), since CO association to ferrous P450 is usually
3). considered to be effectively irreversible under a CO atmo-
Another system involveE. colimembranes in which P450  sphere. In each case considered, the rate of P450 reduction
3A4 and human NADPHP450 reductase have been ex- in the absence dfis was known (Table 1). The rate of
pressed at equimolar Igvels, utilizing a bici;tronic expression yequction (eq 2) was measured (Table 1) in the absence of
CO”?”‘ft 43). Reduction was monophasic. The rate was ps50 and the reverse reaction was assumed not to contribute.
’ mim - in the absence of testosterone and increased 10 12gq ation 4 is the major focus of our kinetic consideration
min = in its presence (Table 3). in the modeling. The thermodynamics have some uncer-
Simulation of Rates of Electron Transfer between PA50 i - TheE, - of thebs is well-established at0 mV (65,
and k. There is a distinct decrease in th_e observed red_uct|on66), but theEs, 7 values are not known for any of the human
rates of P450 2E1 and P450 1A2 whigyis present, while P450s under consideration here except P450 1A2 and 3A4
the observed reduction @k in this system is much faster P oo
(49) and, because of the effect of CO on the equilibrium,

than that catalyzed by NADPHP450 reductase in the ) . O
absence of P450 (Table 1). To account for this behavior, the potential of the P45®'C_O_‘_ P450> couple is highly
1Qlependent upon the CO affinity.

we postulate that the rates observed are a composite o
reactions that include a rapid reductiorbgby ferrous P450. The model calculates and displays the relationship of
Hence, we modeled the individual reaction kinetics math- overall P450 andbs reduction to time¢.g.Figures 5 and 6).

ematically using simulation software. The reactions are From this two-dimensional representation a rate of change
reduction of ferric P450 by reductase (experimentally can be estimated. This was then iteratively compared to the
measured), reduction ds by reductase (experimentally experimentally observed reaction rates, and rational adjust-

measured), reduction &k by ferrous P450, reduction @ ments in the estimates were made (Table 4). For the case
by CO—com_pIexed ferrous P450, and b_inding Qf_ CO to P450 of P450 2E1 a reduction rate b§ by P450*%CO estimated
to form a binary complex. The following equilibria at~2700 mirr* will satisfy the observed rates of reduction.

ed y od Similarly, the P450 1A2 case is satisfied by an estimate of
reductas€’ + P450™ = reductas¥ + P450° (1) ~2700 mirmt. The experimentally determined rate lof
ed ox red reduction in the presence of P450 2C9 was much lower than
reductasé” + bs” = reductas® + by 2 in the absence of P450 (Table 1), and a model in which
od ed is partially “blocked” from the reductase was used.k Af
P450° 4+ CO= P450°“CO 3) 25 minr? for reduction ofbs by NADPH—P450 reductase
ed ox y red yielded a satisfactory approximation to the experimental
P450°“CO + by™ == P450" + by (4) results (absence of substrate, Table 1); the simulated rate of
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Time, s

Ficure 5: Effect ofbs on apparent kinetics of reduction of P450 2E1. The methods are described under Experimental Procedures, and the

rates (biphasic reduction) are presented in Table 1 for reduction in the (A) absence and (B) prebgfwétafut substrate in both cases).

b —— b ' ' Table 5: Summary of P450 3A4 Reduction Kinetics

P450 + bg, modeled

o
©
T

. requirement  Steady-state
optimal for testosterone

reducton ———— 68-hydroxylation
rate (mim?) substratebs  rate (mi?)

purified, reconst system 76200 + + 1040 (~35)
purified 3A4—reductase  9—12 + - 12
fusion protein
A ] baculovirus microsomes 2100 - - 140
bicistronicE. coli 12 + - 14
I L L liver microsomes (78/7) (+) ? 40

P450 + bs, experimental

4
)

o
IS

P450 reduction, fraction

i " 2Biphasic. Rates based on total microsomal P43Rate based on

/4 e calculation that 30% of total P450 is P450 3A4R)
o's _ ,-.—-..-.-.-A-.-.-.--.- |

// reduction of P450s 1A2 and 3A4 (most conditions, Tables
06 ” Lo bs only, 7 2 and 3) was single-exponential, but P450s 2C9, 2C19 and
i

o' experimental 2E1 always yielded biphasic kinetics. The rates also varied
oa bl S considerably for the different P450s, by an order of magni-
Is tude under optimized conditions. The influence of substrates
3 B was also distinct for the different P450s (Table 1). Kinetic

. . variation was seen not only among the different P450s but

% 0.112 0.24 0.36 0.48 0.6 also among the different systems used; for example, P450

Time, s 3A4 rates varied considerably (Tables 1, 3, and 5). Single-
FicURE 6: Simulation of kinetics of electron transfer among €XPonential reduction rates of2100 min were observed
NADPH—P450 reductase, P450, abg Kinetic simulation results ~ in the various systems. With P450 3A4 (Table 5) and the
are compared to experimental observations. Bold lines representother P450s (Table 1), the degree to which this step limits
experimental results. Medium thickness lines represent simulation the gverall reaction (if at all) can vary considerably. With

calculations. Thinnest lines represent the rate of reduction by : :
NADPH—P450 reductase alone. The model estimates can beMOSt Of the P450s, the rate of reduction seen in the

changed such that P450 reduction can replicate the experimentaf€constituted system (composed of P450, NABHR450
observations; however, thie;s reduction agreement deteriorates. reductase, and phospholipid) is much faster than substrate
Similarly, if estimates are used that will mimic observationsdor  oxidation. This is also true for P450 3A4 in the reconstituted
reduction, then the P450 agreement deteriorates. system and in baculovirus microsomes (Table 5). However,
with the purified fusion protein, the bacterial membranes,
and liver microsomes, this is not the case (Table 5).

k, reduction of P450 k, reduction ofos  k, reduction ofbs Another point is the need for the presence of substrate for
by NADPH-P450 by NADPH-P450 by P450¢ rapid reduction. P450s 1A2 and 2E1 showed no requirement

bs reduction, fraction

Table 4: Reduction Rate Estimates from Kinetic Simulation

. ) 2
P450 reductase (mirf) _ reductase (mirf) (min™) for substrate in this regard. The lack of effect is not due to
2E1 1906 490 2700 restriction of the consideration to only slowly oxidized
1A2 800 4900 2700 . S

2C9 3 o5 1000 substrates, in that the rates of reduction in the absence of

substrate were 800 mirr? (considering only the faster phase
of the P450 2E1 reduction). P450 2C9 clearly required a
substrate to facilitate reduction, even though substrate
o ) oxidation rates were slow (Table 1). The faster phase of
bs reduction is slower than in the cases of P450s 1A2 and p450 2C19 reduction in the absence of substrate was not
2E1 but still~1000 mirr™. rate-limiting (Table 1), but the rate was accelerated in the
presence of a substrate. We previously reported that
DISCUSSION reduction of P450 3A4 was only very slow in the absence
Kinetics of reduction of the various P450s varied consider- of substrate 49, 67. These studies were repeated, and
ably with regard to several characteristics (Table 1). The similar results were observed with P450 3A4 in other systems

aP450 reduction by reductase is from experimental values (Table
1).
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(Table 3). However, in the baculovirus microsomes, in reduction experiments. Inthe case of P450s 2C9 and 2C19,
which the reductase is present at very high levels and theonly 30-40% of the P450 was reduced. However, with
membrane environment appears rather optimal, rapid andP450 3A4,>90% was reduced in the studies with the enzyme
complete reduction was observed without any substratein the baculovirus microsomes or bacterial membranes. Our
(Figure 4)3 In bacterial membranes, in which P450 and the current view is that the P450 that is not reduced either is
reductase were approximately equimokB)( only ~2-fold spatially restricted from the reductase, in a kinetic sense, or
stimulation by testosterone was seen (Table 3). There isis modified in its conformation during isolation and can be
clearly no generalized need for the presence of substrate forreduced by Nz5,0, but not the reductase.
rapid P450 reduction. Even with bacterial P450 101, one Previously we showed the requirement bgior apobs in
study (L4) indicates that the rate of reduction of camphor- the rapid reduction of P450 3A4 under certain conditions
free P450 101 was 30% that of the substrate-saturated form(49). This result was very repeatable in the normal recon-
The literature evidence for a lack of associationEaf; stituted system, but neither the bacterial membranes nor the
with substrate binding and high-spin iron configuration is baculovirus microsomes contalig and reduction occurred,
germane. In repeated studies no clear association was seef@pPidly in the latter case (Table 3). In some of the systems,
with several rabbit and rat liver P45088 69, and a series  the presence dfs slowed the apparent rate of PA50 reduction
of predominantly high-spin P450s had meastEgdvalues ~ (€.9, P450 2E1) and in other cases the ratdgpfeduction
varying from—170 to—360 mV (70). A correlation between ~ Was either facilitated (P450 1A2, 2E1) or retgrded (P450
rates of ferric P450 reduction and high-spin iron in rat liver 2C9). These results suggested a possible linkage of the
microsomes using a series of amphetamine derivatives hageduction ofbs with some P450s, as postulated earlier by
been reported, but the range of (faster phase) reduction rate$chenkman et al.3¢) to explain some results on the salt
was only 26-44 min (71). Preferential reduction of high- ~ dependence of P450 coupling efficiency. We considered a
spin P450 in the faster phase was also a conclusion in otherModel in which electron transfer tg was from ferrous P450,
work with microsomes and a purified rat P452R( 24). or actually the P456*CO complex. Such a transfer would
However, analysis of the results indicates less than a 2-fold Feoxidize the P450 and require a “second” reduction of the
difference in rates at wavelengths ascribed to different spin P450 iron atom. Thus) reduction would appear to be faster
states 23), and the conclusions in a subsequent papéy ( than reduction of P450, as observed here (Table 1). The

are that high-spin P450 (P450 2B4) is not preferentially Simulations were consistent with such a scheme (Figure 6).
reduced. A rapid rate of electron transfer from ferrous P45ids

necessary. However, there is precedent for this in the work
of Pompon and Coon7@). For instance, biphasits
reduction was observed af€ with k = 660 and 120 mint.

The AEn ;7 for transfer from the P458-CO complex tobs

is probably relatively favorable. An effecti&, ; for rabbit
P450 2B4 in the presence of CO was reported to-460

mV (68). This is probably reasonable, since the change in
En 7 due to the presence of CAE, is expressed in the form

Our own evidence for rapid reduction of low-spin P450
is fourfold: (i) In previous work 49, 67, P450 3A4 was
rapidly reduced in the presence of the substrate ethylmor-
phine k = 660 mirm?), under conditions in which the iron
was =90% low-spin. (ii) In this work, the particular
preparation of P450 2E1 used in the reduction kinetics work
(Table 1) was>90% low-spin, as judged by second-
derivative analysis. (iii) P450 3A4 was90% low-spin in
baculovirus microsomes (Figure 4). Under these conditions _
the protein was reduced, essentially completely, at a single- AE = (RTnF) In(Ky/[CO])
exponential rate of 2200 mih. The addition of testosterone
to the microsomes shifted the equilibrium to high-spin
(Figure 4), but the rate of reduction was not enhanced. (iv)
Rabbit P450 1A2 was isolated in a mixed-spin population,
in the absence of any substrate or ligand (Figure 3). Analysis
of rates of change of absorbance signals for low- and high-
spin iron showed the same rates (Figure 3). Further, when

oNF was added to convert the P450 to a completely high- . ,
spin state, reduction was not enhanced. ;gregc?egafs% which can be compared td=ap of ~0 mV
5 1 .

_ Inmost of the systems nearly all of the P450 was reduced  apgther point is that there seems to be little control of
in the experiments presented, when careful measurements,e g pstrate over the rate of ferric P450 reduction in several
of the change in absorbance were analyzed. However, ing,nerimental settings used here. This is not really unusual,
three situations, only part of the P450 was reduced within a 5,4 4 pacterial methane monooxygenase exhibits similar
2 min period. With 9450 3A4 in the reconst_itu.ted. system properties 74). Rapid reduction of ferric P450 in the
(reductase, phospholipid, cholate, M analysis indicated  3sence of substrate is a problem in itself, in that production
that =83% of the P450 was still intact in the tonometers ¢ partially reduced oxygen species occurs. The decrease
after the kinetic measurements were completed. However,;, NADPH oxidation due to the presencemfwith several
only 66% of this had actually been reduced during the p,gng (Table 1) may be explained by the ability of P450s
to rapidly deliver electrons tbs; for example bs can act as

3 The baculovirus results observed with P450 3A4 are probably not & reservoir of electrons, accepting them (from P450) when

general. P450 2C9 was also expressed in a baculovirus system, in theferric P450 is reduced rapidly and then donating them (to
presence of excess NADPHP450 reductase, but the rate of ferric P450 =) 450ed,02) after ferrousbs accumulates.

reduction was 10-fold greater in the presence of the substrate tolbuta- - N . o .

mide than in its absence and appeared to be rate-limiting for the overall YWhy are reduction kinetics multiphasic? In microsomes,

reaction. the answer is probably that different P450s are being reduced

whereR is the gas constant, the absolute temperature,
the number of electrons involve#, the Faraday constant,
andKjy the dissociation constant for the PAS@O complex
(64, 73. TheKqfor P450 10¥%CO is 0.8x 1075 M (64)
and, if we assume Ky of 10°® M and E, 7 of ~—300 mV
for each P45035, 49, then at 1 mM CO (saturation) the
Em - for the P456YP450°%CO couple should be—150 mV
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Scheme 2: Possible Steps in P450 Reduction and Substrate
Binding

RH
Fe* ——— Fe® RH

1e

RH
Fe** —— Fe®* RH
| 02 ] 02

(FeO)* (Fe0)**—= —= — Fe** ROH

at different rates. The matter of a step involving transfer to
bs must also be considered, for under the proper circum-
stances this can change a single-exponential reduction of
P450 into an apparently biphasic result (Figure 6). With

regard to individual P450s, the various possibilities cited in 11,

the literature may be considered again. Since some P450s

are reduced with single-exponential kinetics, the answer 12-

cannot be an intrinsic property of the reductase. Nor is the
biphasic reduction due to differential kinetics for spin states,
for the reasons cited above. Morover, rates of interconver-
sion of spin states are too rapid to account for the differential,
as discussed earlie2q, 795. The answer is probably most
akin to that of Peterson et all) (see also ref 14), who
postulated an ordering due to clustering of the P450 in
aggregates. Whether the differential of pools of P450 being
reduced at different rates is due to a spatial effect or to
individual populations of different conformational isomers
of P450 is unknown at this time.

In concluding, then, one may ask the question of why
substrate binding is shown as the first step in P450 catalytic
cycles. In many cases binding is not obligatory for reduction,
contrary to a common dogma. We have shown that P450
reduction can occur rapidly in the absence of substrate in
many cases (Scheme 2). Nevertheless, substrate binding

probably is the first step in most P450 cycles, at least under 2.

laboratory experimental conditions in which it is in excess,
simply because substrate bindingféster than reduction.
For instance, if substrate binding occurs at a diffusion-limited
rate of ~10° M~ s71, then at a substrate concentration of
10® M the on-rate is~100 s, or 6000 min?, very
competitive with reduction. In some cases substrate binding
may be needed for reduction, presumably to shift the P450
to a conformation more favorable for reduction. There is
no reason that substrate binding cannot occur later in the
reaction cycle, if not required for reduction (Scheme 2). In
the case of reaction supported by oxygen surrogates, substrate

binding may even be preceeded by the formation of an 30.

oxygenating species.
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