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Cytochrome P450 Catalytic Mechanisms II  
 
1.  P450 Cycle Stoichiometry and Decoupling: 
 

RH + NAD(P)H + O2 + H+  →  ROH + NAD(P)+ + H2O 
 
Actual vs theoretical overall stoichiometries for the P450 cycle have been estimated based on a 
consideration of the elementary reactions together with measurements of substrates and products:  
 
1. “Substrates” consumed are:  NADPH, O2 and RH 
2. “Products” formed during the catalytic cycle are (H2O, O2

-, ROH, NADP, H2O2) (note: only water 
cannot be measured). 
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We will look first at the cycle for CYP101 (P450 cam) with alternative substrates.  Note: the rate of 
superoxide formation in P450 cam is very slow so we will ignore it. )  
 
1.  The CYP101 cycle is highly coupled with oxidation of the “natural substrate” camphor. 
 
2.  Note then that any branching to alternative products will reduce metabolite formation rates from the 
optimal rate (totally coupled) and release alternate, sometimes toxic, products.  How significant is this?   
 
 
Coupled and uncoupled turnover of substrates by P450 cam (wild type) 
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 Consumed Produced 
Substrate for  
P450cam 

NADH Oxygen R-OH H2O2 H2O* 

Camphor 
amounts 

318 280 290 20 0 

Norcamphor 
amounts 

577 354 88 88 189 

Ethylbenzene 
rates 

52 46 5 40 6 

Loida, P and Sligar, S.  Biochemistry 32 11530 (1993) 
Atkins, W. and Sligar, S.  Biochemistry 27 1610 (1988) 
*We have corrected for the first water molecule that is formed via the conventional monooxgenase 
pathway such that the value for water formation reflects the reduction of Compound 1 to water.  
 
Observations:  
 
1.  For the “natural substrate” camphor the cycle is almost fully coupled.  Only a small amount of 
hydrogen peroxide is formed.  Also there is no water beyond what is made during productive turnover. 
 
2.  For nor-camphor we see that the cycle goes to completion much less often (88/(88+88+189)= 24% 
coupled.  The dominant cycle pathway for this substrate is the reduction of the active oxygen to water 
(52% of total cycles).   
 
3.  For ethylbenzene the dominant pathway is the formation of hydrogen peroxide (78%).  The cycle 
only goes to completion 10% of the time. 
 
We can carry out systematic studies to study the linkage between substrate turnover, enzyme structure 
and products:  
 
1.  Series of closely related substrates with well defined enzymes like CYP101 in the hope that we can 
begin to understand how substrate structure influences coupling.  
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2.  Study the effects of mutations to understand how active site architecture influences coupling. 
 
3.  Look at the effects of membrane composition, CPR concentration, the presence of cytochrome b5 
and other variables on coupling. 
 
The effects of any particular mutation are unique to the enzyme-substrate fit and may diverge with 
different substrates… the multistep catalytic mechanism is complex, and there is still little information 
about what the parameters kcat and Km really represent in the case of this P450 and different mutations 
may affect different steps.  Parikh, et al Biochem 38; 5283 (1999). 
 
The ultimate goal of these types of empirical studies is to help us to develop models to help us predict 
routes and rates of metabolism for the P450s and their substrates. 
In order to understand why ROH formation rates are what they are, we will need to understand the 
factors that promote or de-promote the oxidase pathways such as active site architecture in simpler 
systems. 
 
Loida, P and Sligar, S.  Biochemistry 32 11530 (1993) looked at the turnover of the “un-natural” 
substrate ethylbenzene by CYP101 wild type and mutants. 
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We will also have to understand how substrate structure affects (a) total turnover (b) decoupling (c) 
enzyme spin states and what substrate features promote/depromote oxygen insertion into substrates. 
 
Sibbesen, O, Zhang, Z. and Ortiz de Montellano. P.  Arch. Bioch. Biophys. p 285 (1998) 
 
 

 
SAR studies on the mammalian forms:  This may not be easy as we are interested in rates, sites of 
oxidation and catalytic efficiency.  Even when we have crystal structures of the mammalian forms.  
Effects on kcat and catalytic efficiency (substrate clearance) may not be correlated 
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P450 3A4 in nanodiscs from the Sligar Lab (Biochem Biophys Res Comm  (January 4 2013 in press) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conclusions 
 
We have documented the oxidase uncoupling pathway in CYP3A4 Nanodiscs as a function of TST 
concentration. 
  
We found that even in the absence of substrate the futile consumption of NADPH results in substantial, 
irreversible formation of Cpd I.  
 
For all three studied substrates Cpd I predominantly decays via the oxidase pathway, even at substrate 
saturated CYP3A4.  
 
We also found that the presence of anionic lipids, in this case 30% POPS, improves overall coupling 
and facilitates product formation for TST and BC by a factor of 1.5–2. 
 

262 39, 50 and 52 min!1 for CYP3A4 with zero, one, two and three TST
263 molecules bound. This result indicates substantial increase in the
264 absolute rate of Cpd I formation with the first substrate binding
265 event in CYP3A4, despite the fact that this binding occurs at a re-
266 mote site and does not result in product formation [24–26]. Previ-
267 ously we documented the similar increase of the geminate CO
268 recombination amplitude and substantial stabilization of Fe-O2

269 intermediate in CYP3A4 caused by the first TST binding event
270 [18] and tentatively attributed it to the significant restriction of
271 the diatomic ligand escape caused by substrate positioning at a re-
272 mote high-affinity site. Stabilization of the oxy-ferrous intermedi-
273 ate [4] in Scheme 1 changes the partitioning of reaction fluxes at
274 the first uncoupling point in favor of the second electron transfer
275 [4] ? [5] and formation of peroxo-ferric intermediate and subse-
276 quent formation of Cpd I. In the absence of substrate, in the imme-
277 diate vicinity of the heme-oxygen catalytic moiety, Cpd I decays
278 exclusively via an oxidase pathway, using one more NADPH mole-
279 cule to generate the additional water. As can be seen from Fig. 2B,
280 addition of the second and third substrate molecules increases the
281 fraction of productive utilization of Cpd I, up to 33% at high TST
282 concentrations.
283 In order to test the general conclusions based on oxidase uncou-
284 pling measurements, we performed the same experiments with
285 two additional substrates, bromocriptine (BC) and tamoxifen, at
286 saturating concentrations. The results shown in Fig. 3 reveal the
287 same pattern as observed with TST. Despite the difference in abso-
288 lute rates of steady-state NADPH/O2 consumption and product
289 formation, the fractions of oxygen utilized on the productive

290pathway is low in all three cases, with major uncoupling happen-
291ing at the peroxide branch point and less, though still substantial,
292oxidase uncoupling. Interestingly, in the presence of 30% POPS the
293rate of product formation and overall coupling significantly im-
294prove for TST and BCT. Better coupling is due to the inhibition of
295peroxide uncoupling channel and improved formation of Cpd I,
296which can be measured as the sum of product formation and oxi-
297dase uncoupling rates (Fig. 3). These effects may be tentatively
298attributed to the faster electron transfer from CPR to CYP3A4 when
299incorporated into the negatively charged lipid bilayer, based on the
300observed changes of redox potentials of these proteins [27,28].
301However, the main uncoupling channel in all cases is through per-
302oxide formation (Fig. 3). This fact is commonly accepted as one of
303the most important sources of the general toxic effect of non-spe-
304cific drug interactions with cytochromes P450 [2,4,5,7,10,13].
305Substantial oxidase uncoupling is measured for substrates free
306CYP3A4. Surprisingly, this is a direct indication of formation of
307the Cpd I even in the absence of substrate. The Cpd I formed
308quickly disappears to form water. This step is either direct, involv-
309ing oxidation of NADPH by Cpd I, or indirect, via oxidation of near-
310by tyrosine or tryptophan residues and subsequent reduction of
311these amino acid radicals reactions with the second NADPH mole-
312cule. Moreover, it seems that the main channel of Cpd I decay is
313water production even in the presence of testosterone and bromo-
314criptine. For TST saturated CYP3A4 the formation rates are 50
315waters and 20–25 hydroxylated TST per minute. With BC the water
316rate is similar, but the overall turnover is slower.
317Theoretically, the absolute rate of water production (or at least
318a lower limit for this rate) can be estimated from the partitioning
319ratio product/water and from comparison of the steady-state rates
320of CYP3A4 with different substrates. This may be also be measured
321for other P450 based on the literature data, for example for CYP101
322[5,29]. This estimate is based on the absolute rate of the catalytic
323step Cpd I + Substrate ? Product, which was reported as
324"1000 s!1 for CYP119 and lauric acid [30]. For CYP3A4 and TST
325we measured the partitioning ratio for Cpd I pathways (Product/
326Water) as "0.5, meaning that water is formed two times faster
327than TST hydroxylation. On the other hand, in CYP101 with the na-
328tive substrate (camphor), this ratio is >50. In CYP101, with highly
329uncoupled substrates such as norcamphor, the ratio is 0.5. How-
330ever, since the reactivity rates of Cpd I in CYP3A4 with TST have
331not been measured, the similar water production rate in CYP3A4
332must be considered an estimate.

Fig. 2. Rate of testosterone hydroxylation (A) and fraction of Cpd I utilized via the
productive pathway (B) measured at different testosterone concentrations.

Fig. 3. Uncoupling pathways in CYP3A4 catalyzed metabolism of testosterone
(250 lM), bromocriptine (10 lM) and tamoxiphene (80 lM) shown as fractional
contributions of oxygen consumption. CYP3A4 is incorporated in Nanodiscs
assembled with POPC (A) or with 30% POPS + 70% POPC (B). The fraction of
peroxide uncoupling is shown on the top bar (white), the oxidase uncoupling
fraction as the middle shaded gray bar and the product forming pathway in the
dashed bar at the bottom.
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305Substantial oxidase uncoupling is measured for substrates free
306CYP3A4. Surprisingly, this is a direct indication of formation of
307the Cpd I even in the absence of substrate. The Cpd I formed
308quickly disappears to form water. This step is either direct, involv-
309ing oxidation of NADPH by Cpd I, or indirect, via oxidation of near-
310by tyrosine or tryptophan residues and subsequent reduction of
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318a lower limit for this rate) can be estimated from the partitioning
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320of CYP3A4 with different substrates. This may be also be measured
321for other P450 based on the literature data, for example for CYP101
322[5,29]. This estimate is based on the absolute rate of the catalytic
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productive pathway (B) measured at different testosterone concentrations.
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contributions of oxygen consumption. CYP3A4 is incorporated in Nanodiscs
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fraction as the middle shaded gray bar and the product forming pathway in the
dashed bar at the bottom.
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How will we eventually rationalize structure and function to predict affinities, products and rates?  
Will we need to include coupling/decoupling factors? 
 

 

 

 

 
Note that position 359 is not in the binding pocket and that the mutation does not cause major changes 
in coupling and spin state! 
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Factors that are often mentioned as being important: 
1.  Ability of substrates to promote the high spin form (dehydration of the active site)? 
2.  Distance between the heme iron and site of oxidation on the substrate? 
3.  “Ease of oxidation” at the site of oxidation? 
4.  Ability of the substrates to inhibit decoupling reactions or stabilize productive cycle intermediates, 
particularly compound I? 
5.  Ability of substrates to promote slow steps in the cycle (second electron transfer)? 
6.  Ability of allosteric effectors to increase stability of compound I? 
 
The role of cytochrome b5 in microsomal oxidation reactions also represents a serious barrier to 
predictivity.   
 
 

 
 

 
Stimulatory effects of cytochrome B5:  See Pharmacol. Therap. 97 139-152 (2003) for a review 
 
Cytochrome B5 is a small heme containing protein that donates (ferrous B5) and accepts (ferric B5) a 
single electron.  There is ample evidence that some P450 enzymes will form a high affinity complex 
with B5.  Antibodies to B5 inhibit the oxidation of a number of substrates in intact microsomes.  The 
implied stimulation of P450 activity by B5 has been demonstrated in reconstituted lipid vesicles of the 
enzymes as well as membranes prepared from standard expression systems.  The effect is paradoxical 
in that it is:  
(1) substrate and enzyme dependent  
(2) not uniformly observed but inhibition is rarely observed 
(3) occasionally reported to be obligatory for some substrate enzyme pairs 
(4) stimulation of activity is also sometimes observed by with redox-silent apo-B5. 
 
Two major hypothesis (with many variations) have been forwarded to explain the B5 effect. 
 
1.  Electron transfer/enhanced coupling:  Introduction of the second electron in the P450 cycle from B5 
enhances the rate of second electron transfer observed with reductase alone.  Supporting evidence 
includes reduction in superoxide formation in the presence of B5. decoupling to superoxide and/or 
enhancing the rate of second electron transfer. 
 

 

D

C

-

O2
-

RH

H2O

2H +

2H +; 2e

2H +

e

Reductase
also B5 in microsomes?

Reducatse

O2

e

H2O

H2O2

ROH

RH

-

Fe NN
S

Cys

O
O

+3

RH

RH

+2
Fe NN
S

Cys

O
O

Fe NN
S

Cys
+2

RH

RH

+3
Fe NN
S

Cys

+4 .+
Fe NN
S

Cys

O

Fe NN
S

Cys

O
H H

+3



 8 

2.  An allosteric effect where the structure of P450 is altered when complexed with B5.  This is 
supported by the effect of apo-B5.  A conformational change in the P450 could alter the substrate 
binding pocket of P450 in a manner that decreased uncoupling reactions thereby increasing the 
concentration of the active oxygen or by enhancing the rate of reaction of substrate with the active 
oxygen by decreasing the mean heme-substrate distance. 
Consider the rather confusing titles of two recent articles by Lucy Waskell and co-workers. 
 
Zhang H, Im SC, Waskell L. 
J Biol Chem. 2007 Oct 12;282(41):29766-76. 
 
1.  Cytochrome b5 increases the rate of product formation by cytochrome P450 2B4 and competes with 
cytochrome P450 reductase for a binding site on cytochrome P450 2B4. 
 
Zhang H, Hamdane D, Im SC, Waskell L. 
J Biol Chem. 2008 Feb 29;283(9):5217-25. 
 
2.  Cytochrome b5 inhibits electron transfer from NADPH-cytochrome P450 reductase to ferric 
cytochrome P450 2B4. 
 
 
In Vivo and In Vitro effects of a liver b5 knockout.  Recently studies of drug metabolism in mice 
where cytochrome b5 was conditionally knocked out in liver were carried out by C. Roland Wolf and 
co-workers.  Panel A shows the expression of b5 in various tissues in wild type and HBN (liver b5 
knockout) animals.  Panel C shows the levels of various enzymes of interest in the livers of control and 
knockout animals.  (JBC  283; 31385 (2008)) 
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Table 1 below shows the kinetics of oxidation of P450 substrate probes by microsomes from control 
and knock-out animals.  
 
 
 

 
Table 2 shows the effects of b5 knockout on oral and iv pharmacokinetics of test drugs in vivo in mice. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Comments:  In vitro, cytochrome b5 modulates the rate of cytochrome P450-dependent mono-
oxygenation reactions. However, the role of this enzyme in determining drug pharmacokinetics in vivo 
and the consequential effects on drug absorption distribution, metabolism, excretion, and toxicity are 
unclear. In order to resolve this issue, we have carried out the conditional deletion of microsomal 
cytochrome b5 in the liver to create the hepatic microsomal cytochrome b5 null mouse. These mice 
develop and breed normally and have no overt phenotype. In vitro studies using a range of substrates 
for different P450 enzymes showed that in hepatic microsomal cytochrome b5 null NADH-mediated 
metabolism was essentially abolished for most substrates, and the NADPH-dependent metabolism of 
many substrates was reduced by 50-90%. This reduction in metabolism was also reflected in the in 
vivo elimination profiles of several drugs, including midazolam, metoprolol, and tolbutamide. In the 
case of chlorzoxazone, elimination was essentially unchanged. For some drugs, the pharmacokinetics 
were also markedly altered; for example, when administered orally, the maximum plasma 
concentration for midazolam was increased by 2.5-fold, and the clearance decreased by 3.6-fold in 
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hepatic microsomal cytochrome b5 null mice. These data indicate that microsomal cytochrome b5 can 
play a major role in the in vivo metabolism of certain drugs and chemicals but in a P450- and 
substrate-dependent manner. 
 
What might be going on with cytochrome b5? 
 
Review:  S.-C. Im, L. Waskell / Archives of Biochemistry and Biophysics 507 (2011) 144–153 
The interaction of microsomal cytochrome P450 2B4 with its redox partners ,cytochrome P450 
reductase and cytochrome b5 
 
Major findings with CYP2B4: 
 
1.  Cytochrome b5 first increases and then decreases subtrate oxidation rates:  This is commonly 
observed with other P450s (stimulation then inhibition).  The argument here is that cytochrome b5 
competes with reductase and inhibits introduction of the first electron in the cycle.  Note that the 
coupling efficiency (+formaldehyde/-NADPH ratio) improves with increasing b5. 
 
 
 
 
 
 
 
 
 
 
 
2.  When the oxyferrous P450 is preformed the decay of this species and the formation of product upon 
quenching with addition of either reduced b5 or reduced reductase can be monitored.  In essence they 
are measuring the relative ability of b5 and CPR to introduce the second electron.  The data indicate 
that electron transfer from b5 is much faster (2 orders of magnitude). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

species which is protonated at 70 K but not 4 K in cytochrome
P450cam [49]. In fact, preliminary freeze quench EPR data has been
obtained indicating that a hydroperoxo intermediate accumulates
under single turnover conditions in the presence of reductase. If
this is true, it follows that delivery of the second proton to the
hydroperoxo species is delayed, presumably by a conformational
change induced in the active site by reductase binding on the prox-
imal surface of cytochrome P450 (Fig. 5). In some manner, the pro-
ton delivery machinery has been temporarily disrupted.

Under single and multiple-turnover conditions, cytochrome b5

and reductase compete to provide the second electron required
for cytochrome P450 catalysis

Establishing distinctive rates at which cytochrome b5 and
reductase support catalysis under single turnover conditions has
enabled us to determine whether cytochrome b5 or reductase
mediates catalysis when both redox partners are present and to
gain a better understanding of how cytochrome b5 influences catal-
ysis under steady-state, multiple-turnover conditions [28]. By
varying the ratio of cytochrome b5 to reductase present in the reac-
tion mixture, it has been possible to demonstrate that these two
redox partners compete for the binding site on the proximal
surface of cytochrome P450 2B4. In the presence of equimolar
concentrations of cytochrome P450, cytochrome b5, and reductase,
the formation of product was biphasic and occurred with fast and
slow rate constants diagnostic of catalysis by cytochrome b5 and
reductase respectively. At the 1:1:1 M ratio, 32% of the product
can be attributed to cytochrome b5 whereas 68% represents
product formation by reductase. Because of a lengthy overnight
preincubation of the three proteins prior to the experiment, it
was concluded that under our experimental conditions reductase
had a higher affinity for cytochrome P450 than cytochrome b5. A
higher molar ratio of cytochrome b5 enhanced the amount of prod-
uct generated by cytochrome b5 and decreased the quantity of
product formed by reductase. At a 3-fold molar excess, cytochrome
b5 generated 74% of the product, while the remainder was contrib-
uted by the reductase.

Recall that under single turnover conditions the first electron is
provided by dithionite, not reductase. Under steady-state condi-
tions the situation is more complicated, due to the fact that only
reductase possesses a redox potential capable of delivering an elec-
tron to the ferric cytochrome P450. Cytochrome b5 cannot provide
the first electron, only the second. Using published data from stea-
dy-state experiments performed in our laboratory, Table 3 demon-

strates the effect of increasing the molar ratio of cytochrome b5 on
NADPH consumption and formaldehyde formation from the N-
demethylation of the substrate, benzphetamine [28]. At molar ra-
tios equal to or greater than 1, cytochrome b5 inhibits NADPH con-
sumption and product formation. However, it stimulates product
formation and enhances reaction efficiency at molar ratios less
than 1. Thus at molar ratios 61, cytochrome b5 enhances substrate
metabolism but progressively inhibits NADPH consumption and
metabolism at higher cytochrome b5:reductase molar ratios. The
systematic variation of the molar ratio of cytochrome b5 on the
activity of the purified reconstituted cytochrome P450 2B4 system
leads to the proposal that the stimulatory effect of cytochrome b5

on catalysis is due to its ability to increase the catalytic rate and
efficiency of NADPH coupling to product formation. The inhibitory
properties of cytochrome b5 are a consequence of its ability to
occupy the reductase binding site on the proximal surface of cyto-
chrome P450, thereby preventing the reductase from binding and
providing the first electron to ferric cytochrome P450. Formation
of ferrous cytochrome P450 is an early critical step in the reaction
cycle.

Cytochrome b5 inhibits reduction of ferric cytochrome P450 2B4

To examine our hypothesis that, under steady-state conditions,
cytochrome b5 attenuated NADPH utilization and the activity of
cytochrome P450 2B4 by competing with reductase for its cyto-
chrome P450 binding site and preventing reduction of ferric cyto-
chrome P450, the rate of electron transfer was directly measured in
the presence of varying concentrations of cytochrome b5 and Mn
cytochrome b5. The reduction of ferric cytochrome P450 2B4 was
measured by determining the rate of formation of the ferrous

Table 2
Summary of rate constants and amplitudes for autoxidation and redox reactions of cyt P450, cyt b5, and 5-deazaFAD reductase in the absence and presence of their redox partners.
(Reprinted with permission of Am. Chem. Soc. Biochem. 42 (40) (2003).)

Syringe 1 Syringe 2 k (nm) obsa Species obsa Phase 1 Phase 2 Phase 3

A (%) k1 (s!1) A (%) k2 (s!1) A (%) k3 (s!1)

2E-reduced 5-deazaFAD reductasec O2 450
585

Reductase
Reductase

100 ± 11
100 ± 8

0.007 ± 0.001
0.007 ± 0.001

Cyt b2þ
5

O2 422 Cyt b5 97 ± 5 0.005 ± 0.0003

P4502+ O2 438 P450 25 ± 3 0.96 ± 0.2 34 ± 6 0.13 ± 0.04 41 ± 7 0.016 ± 0.005
P4502+ + BPb O2 + BP 438 P450 40 ± 4 0.13 ± 0.05 60 ± 7 0.0480 ± 00.004
2E-reduced 5-deazaFAD reductase cyt b2þ

5
422
567

Cyt b5

reductase
98 ± 10,

100 ± 12
0.002 ± 0.0002

0.002 ± 0.0004
P4502+-cyt

b2þ
5 + BP

O2 + BP 422
438

Cyt b5

P450
50 ± 6
62 ± 7

9.3 ± 0.7
10.5 ± 1.5

4 ± 0.1
18 ± 1.1

0.43 ± 0.21
0.83 ± 0.18

46 ± 7
20 ± 3

0.005 ± 0.0003
0.005 ± 0.001

P4502+ – 2e-reduced 5-deazaFAD reductase + BP O2 + BP 598
438

Reductase
P450

31 ± 6 8.4 ± 1.5 52 ± 6
86 ± 10

0.37 ± 0.06
0.090 ± 0.01

17 ± 0.7
14 ± 0. 5

0.041 ± 0.005
0.0012 ± 0.002

Reprinted with permission of American Chemical Society, Biochemistry 42(40), 2003.
a Observed.
b 1 mM benzphetamine.
c These data are from [22,48].

Table 3
Effect of cyt b5 on the rate of NADPH consumption and benzphetamine metabolism by
cyt P450 2B4 under steady-state conditions at 30 !C.

Molar ratio P450:CPR:b5 NADPH Formaldehyde
nmol/min/nmol
of cyt P450

nmol/min/mol
of cyt P450

1:1:0 83 ± 5.5 47 ± 3.3
1:1:0.5 81 ± 2.1 56 ± 0.8
1:1:1 66 ± 3.2 48 ± 1.0
1:1:3 36 ± 6.3 30 ± 3.8
1:1:5 25 ± 1.3 21 ± 1.8

Data from: [28].
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the reaction are followed spectrophotometrically by observing the
spectral changes that occur as a result of changes in the redox state
of the interacting proteins. Within the dead time of the instrument,
oxygen rapidly binds to the ferrous cytochrome P450. The oxyfer-
rous cytochrome P450 immediately accepts an electron (the sec-
ond electron required for catalysis; recall the first electron was
provided by dithionite) from the redox partner and undergoes
catalysis resulting in product formation and regeneration of the
ferric protein (Fig. 1). Alternatively, uncoupling of the reaction will
occur with hydrogen peroxide and ferric protein formation. The
more rapid formation of the ferric cytochrome P450 in the pres-
ence of a competent redox partner was considered to represent
the rate of product formation. Control studies determined the rate
of autoxidation of each protein in the absence of a redox partner.
Meanwhile the redox partner has undergone oxidation after donat-
ing the electron. Cytochrome b5 reverts to the ferric protein and the
reductase becomes the semiquinone form, neither of which can re-
duce the newly formed ferric cytochrome P450. Hence, the cyto-
chrome P450 turns over only once. A similar protocol was also
employed in rapid chemical quench studies and freeze quench
EPR studies to be described later in this article [28,29].

Fig. 7 compares the kinetics of formation of the ferric cyto-
chrome P450 (followed at 438 nm) from the oxyferrous species in
the presence of cytochrome b5 (k = 11 s!1) and cytochrome P450
reductase (k = 0.09 s!1). Remarkably, oxyferrous cytochrome P450
decayed to the ferric enzyme approximately 100-fold faster in the
presence of cytochrome b5. Fig. 7 and Table 2 demonstrate that
cytochrome b5 (k = 9.3 s!1) and cytochrome P450 (k = 10.5 s!1) oxi-
dize simultaneously to the ferric proteins. In contrast, Fig. 7 and Ta-
ble 2 demonstrate that reductase oxidizes with a rate constant of
8.4 s!1 while cytochrome P450 forms ferric cytochrome P450
approximately 100-fold more slowly, with a rate constant of
0.09 s!1 which is the rate of catalysis under steady-state conditions
(kcat = 0.08 s!1) at 15 !C, the experimental temperature. Note that
the reductase and cytochrome b5 undergo spectral changes which
reflect donation of an electron to cytochrome P450 at essentially
the same rate. Surprisingly, cytochrome P450 behaves differently
in the presence of its two redox partners. These data were inter-
preted to indicate that in the presence of cytochrome P450 reduc-
tase catalysis by cytochrome P450 occurs via a long-lived
intermediate. Global analysis of the spectral data obtained with
the photodiode array detector was unable to detect a new spectral
intermediate. Quantitative analysis of the reaction mixture by LC–

MS/MS revealed that the product, norbenzphetamine, was formed
with a coupling efficiency of 52% with cytochrome b5 versus 32%
with the reductase. Considered as a whole, the results indicate that
in the presence of reductase, a relatively stable, reduced oxyferrous
cytochrome P450 intermediate is formed and that the rate-limiting
step in catalysis is not introduction of the second electron but
rather a later step in the catalytic cycle. It is hypothesized that cyto-
chrome b5 and reductase are effectors of cytochrome P450 that in-
duce different conformational changes in the active site upon
binding. In view of the instability of the known reduced oxyferrous
species (peroxo and hydroperoxo in Fig. 1), it is remarkable that one
of them is stabilized under ambient conditions. It is also possible
that proton delivery is slower because of suboptimal organization
and function of the essential proton delivery machinery.

Catalysis is faster in the presence of cytochrome b5 under single
turnover conditions

Because the spectrally measured rate of decay of oxyferrous
cytochrome P450 to the ferric protein in the presence of its redox
partners was multiphasic, it was not possible to unambiguously
determine when product was formed. For this reason the rate of
product formation was measured directly using a rapid chemical
quench technique [28]. The reaction was conducted as described
for the spectrophotometric studies except that the reaction was
quenched at designated times and product formation measured
by a sensitive LC–MS/MS assay capable of detecting low picomole
quantities of the product, norbenzphetamine. A prereduced com-
plex of equal amounts of cytochrome P450 with either cytochrome
b5 or reductase was mixed with an oxygen-containing buffer. The
reaction was allowed to proceed and samples were collected as a
function of time. Fig. 7 demonstrates that the rate constant for for-
mation of norbenzphetamine (product of benzphetamine metabo-
lism) was within experimental error identical to the rate constant
of the formation of the ferric cytochrome P450 in spectrophoto-
metric experiments. The results also establish that benzphetamine
is metabolized approximately 100-fold more quickly in the pres-
ence of cytochrome b5 than in the presence of reductase. Con-
versely, metabolism is 100-fold slower in the presence of
reductase than cytochrome b5. Metabolism of a second substrate,
cyclohexane, is also slower and less efficient in the presence of
reductase, demonstrating the different effects of the redox partners
on cytochrome P450 2B4 activity is not dependent on the sub-
strate. In aggregate, our experiments under single turnover condi-
tions with preformed reduced complexes of cytochrome P450 2B4
showed that cytochrome b5 and reductase catalyze product forma-
tion monophasically, with easily distinguishable rate constants for
two substrates, benzphetamine and cyclohexane.

Why catalysis is slower when the second electron is provided
by cytochrome P450 reductase is not understood at the present
time. Understanding the biochemical mechanism by which the
drug metabolizing cytochromes P450 catalytic rate and efficiency
is modulated by its redox partners should provide insights which
will assist in harnessing its strong oxidative power for a number
of practical applications.

The observation that the two redox partners support catalysis at
such markedly different rates raises an intriguing question: what is
the basis of this distinctive behavior of oxyferrous cytochrome
P450 in the presence of its two electron donors? Examination of
the cytochrome P450 catalytic cycle (Fig. 1) reveals that, in theory,
either the peroxo species (Fe3+OO)2!, its protonated form, the
hydroperoxo intermediate (Fe3+OOH)!, an oxidized substrate–
heme complex or a previously unidentified ephemeral compound
could be the reduced oxyferrous transient species. A hydroperoxo
species would be more stable than the very nucleophilic peroxo

Fig. 7. Comparison of the kinetics of the decay of oxyferrous cytochrome P450 to
the ferric species and of norbenzphetamine formation in the presence of substrate,
benzphetamine. The DA438nm represents the decay of the oxyferrous P450 2B4 to
the ferric protein [22]. The data for product formation are from [28]. ( ), product
formation by P450–b5; ( ), product formation by P450–CPR; ( ), DA438nm for
P450–b5; ( ), DA438nm for P450–CPR.
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whereas the metabolism of the model substrate, benzphetamine,
was minimally, if at all, enhanced by cytochrome b5 [9]. These
observations were not understood at the time in view of the lim-
ited 1980s knowledge of cytochrome P450. To add to the already
considerable confusion about the role of cytochrome b5 in cyto-
chrome P450 catalysis, it could be demonstrated that the effect
of cytochrome b5 depended on the sequence of addition of the
reactants to the assay mixture [10,11]. In view of such variability
of the effect of cytochrome b5 in vitro, one wonders whether cyto-
chrome b5 influences cytochrome P450 catalysis in vivo. Recent
publications by Wolf and coworkers demonstrated unambiguously
that cytochrome b5 modulates the rate of cytochrome P450 mon-
oxygenation reactions in vivo [12,13]. They generated a conditional
deletion of microsomal cytochrome b5 in mouse liver to create a
hepatic microsomal cytochrome b5 null mouse. These mice had
no overt phenotype. Nevertheless, the in vivo activity of cyto-
chromes P450 in the 3A and 2C families was diminished as mea-
sured by decreased metabolism of midazolam, metoprolol, and
tolbutamide. However, elimination of one drug, chlorzoxazone,
was unchanged, indicating that there is specificity to the effects
of cytochrome b5 in vivo as well as in vitro. Decreased drug metab-
olism was also observed in microsomes isolated from these genet-
ically-engineered mice. Cytochrome b5 has also been knocked out
in all mouse tissues with a profound reduction in metabolism of
some substrates particularly in lung, kidney, and small intestine.
Testicular cytochrome P450 17a-hydroxylase/17,20-lyase activity
was also significantly reduced by the cytochrome b5 deletion [13].

In summary, the studies just described demonstrate that micro-
somal cytochrome b5 can play a major role in mice, and presum-
ably humans, in the in vivo metabolism of selected drugs in a
cytochrome P450 and substrate dependent manner. Future studies
of the role of cytochrome P450 in cytochrome b5 catalysis should
attempt to understand how these proteins interact in the endo-
plasmic reticulum of cells with state-of-the-art microscopy tech-
niques. Cytochrome b5 has also been observed to modify the
activity of microsomal drug metabolizing cytochrome P450 in het-
erologous expression systems (vaccinia virus, baculovirus, COS cells,
Escherichia coli, and yeast) indicating that this mode of regulating
cytochrome P450 activity is prevalent in a large and diverse num-
ber of organisms [14–16]. Antibodies to cytochrome b5 can also in-
hibit the activity of human and rabbit cytochromes P450 [17,18].
An additional factor in favor of an in vivo role for cytochrome b5

is the presence of approximately equal amounts of cytochrome
b5 and cytochrome P450 in hepatic microsomes whereas reductase
only occurs at one tenth the concentration of cytochrome P450.

Besides influencing drug metabolism by hepatic cytochromes
P450, cytochrome b5 is required by a testicular and adrenal micro-
somal cytochrome P450, pregnenolone 17a-hydroxylase/17,20-
lyase, for human testosterone biosynthesis [19]. The dual function
17a-hydroxylase/17,20 lyase requires cytochrome b5 to form
dehydroepiandrosterone from the first product, 17a-hydroxy preg-
nenolone, of the dual function enzyme. Dehydroepiandrosterone is
a testosterone precursor. Presumably cytochrome b5 dictates
which product is produced by causing a conformational change
in the active site. An individual lacking cytochrome b5 was a pseu-
dohermaphrodite (a chromosomal male with female-like genitalia)
[20,21].

Stoichiometry of the metabolism of cytochrome P450 with and
without cytochrome b5

In view of the variable effects of cytochrome b5, one of our first
experiments was designed to determine the stoichiometry of the
system we were studying, since this information is an essential
first step in understanding a catalytic mechanism. The long-term
plan was to understand the role of cytochrome b5 in catalysis by
cytochrome P450 2B4, using the model substrates, methoxyflu-
rane, whose metabolism was stimulated by approximately 5- to
10-fold, and benzphetamine, whose metabolism was not signifi-
cantly altered by addition of cytochrome b5 to the purified recon-
stituted system. Methoxyflurane was a poor substrate, only !2–
3% coupled, while benzphetamine was a good substrate, which
coupled NADPH to product formation with 50% efficiency. It was
rationalized that once the role of cytochrome b5 was understood
in a particular system, this knowledge would enable us to explore
its function in a more rational manner in other systems. In
hindsight, this has turned out to be the situation. As expected from
an experiment designed to measure the stoichiometry of a
reaction, the reactants consumed, NADPH and oxygen, and the
products (metabolites, hydrogen peroxide, superoxide) generated
were quantified [11]. Surprisingly, it was observed that
cytochrome b5 improved the efficiency of NADPH utilization for
product formation for both substrates, methoxyflurane and benz-
phetamine, approximately 6–15% at the expense of the side

Fig. 1. Catalytic cycle of cytochrome P450.
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3.  The putative docking sites for CPR and b5 have been investigated by site directed mutagenesis 
studies and by crosslinking studies. 
 
a.  It appears that the sites on the P450 overlap which present a conundrum or opportunity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b.  It also seems that reductase can bind to P450 in an open and a closed conformation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

product, superoxide. Presumably the superoxide resulted from the
autoxidation of oxyferrous cytochrome P450 2B4 (see cytochrome
P450 reaction cycle, Fig. 1). The mechanism by which cytochrome
b5 enhances product formation at the expense of superoxide is still
a puzzle, since it is known that cytochrome b5 and reductase both
reduce oxyferrous cytochrome P450 2B4 at the same rate [22].

Another interesting observation was recorded during the
stoichiometry experiments. When cytochrome b5 was added to
the reaction mixture before the reductase, it was observed by us
and others, that cytochrome b5 inhibited NADPH consumption
and product formation while cytochrome b5 invariably enhanced
the utilization of NADPH for product formation by 6–15% [10,11].
Of note, the inhibitory action of cytochrome b5 could be reversed
by incubation of the reaction mixture overnight at 4 !C. At the time
these experiments were performed, their significance was not
understood. Presently, they are interpreted to support the hypoth-
esis that cytochrome b5 and cytochrome P450 reductase compete
for a binding site on cytochrome P450 2B4. Since reductase dis-
placed cytochrome b5, it was concluded that cytochrome P450
reductase has a greater affinity for cytochrome P450 2B4 than
cytochrome b5, in agreement with other studies [5,23]. In conclu-
sion, determination of the stoichiometry of the metabolism of
the poor substrate, methoxyflurane, and the good substrate, benz-
phetamine, in the presence and absence of cytochrome b5 revealed
that cytochrome b5 increased the efficiency of NADPH utilization
for product formation but could also inhibit NADPH consumption
and product formation under certain circumstances. With the poor
substrate, methoxyflurane, (!2% coupled) the stimulatory effects
of cytochrome b5 (6–15%) were greater than its inhibitory effects.
In contrast, under certain conditions, the inhibitory effects of cyto-
chrome b5 were able to overcome its stimulatory effects with the
good substrate, benzphetamine (50% coupled). The circumstances
which underlay the variable effects of cytochrome b5 will be dis-
cussed in Under single and multiple-turnover conditions, cyto-
chrome b5 and reductase compete to provide the second electron
required for cytochrome P450 catalysis, following the presentation
of additional data which has assisted in clarifying the mechanism
of action of cytochrome b5.

Characterization of the binding of cytochrome P450 2B4 to
cytochrome b5 and cytochrome P450 reductase, including
identification of the binding site on cytochrome P450 2B4 for its
redox partners

Cytochrome b5 and cytochrome P450 reductase bind to the basic,
positively-charged, proximal surface of cytochrome P450 2B4 on
unique but overlapping sites

The heme of cytochromes P450 is buried and not exposed to
solvent. It is bound to the protein via a thiolate ligand located on
the basic, concave surface of the protein. It was predicted that
the basic residues on the proximal face of cytochrome P450 where
the heme comes closest to the surface would bind to its redox part-
ners, which have acidic convex surfaces. In general, redox proteins
interact via interfaces which are complementary in charge and
shape. To investigate where cytochrome P450 2B4 bound its redox
partners, 25 amino acids distributed over the entire surface of
cytochrome P450 2B4 were mutated to alanine to investigate the
function of the mutated side chain distal to the b-carbon. The mu-
tant proteins were then characterized with respect to their ability
to bind cytochrome b5 and cytochrome P450 reductase and sup-
port substrate oxidation [23]. Both hydrophobic and basic amino
acids were mutated on the proximal surface. The arginine and ly-
sine residues were expected to pre-orient the proteins and form
an encounter complex, which subsequently explores conforma-

tions suitable for facile electron transfer. Hydrophobic and polar
amino acids are typically prominent in the actual electron transfer
complex [24,25]. Of the 25 mutated amino acids, only seven (R122,
R126, R133, F135, M137, K139, and K433) proved to be important
in binding cytochrome b5. All were in the mobile C-helix on the
proximal surface of the protein, except for K433, which is located
in the b-bulge three residues upstream of the axial cysteine, 436
(see [26] for nomenclature, Fig. 2).

The mutant proteins harboring these mutations exhibited a de-
creased ability to stimulate the metabolism of methoxyflurane in
the presence of cytochrome b5 and an increase in the dissociation
constant between the two proteins (Table 1). Substrates bound
normally to the seven mutants proteins. Amazingly, the same se-
ven mutants also bound cytochrome P450 reductase poorly with
an apparent increase in Kd ranging from 7- to 60-fold. However,
upon addition of excess reductase to the reaction mixture, the Vmax

was determined to be normal, indicating that the mutations did
not affect the catalytic mechanism, only binding of the redox part-
ners. In addition to the seven mutations which altered binding to
both cytochrome b5 and reductase, Arg 443 in the L helix and
Arg 422, critically located between the b-bulge and meander, also
had a decreased ability to bind cytochrome P450 reductase with an
essentially normal or slight decreased Vmax with benzphetamine,
demonstrating that the cytochrome P450 catalytic mechanism
was intact. Fig. 2 demonstrates that the binding sites for cyto-
chrome b5 and reductase overlap on the proximal surface of cyto-
chrome P450 2B4, but they are unique because reductase binding
involves at least two additional amino acids. The binding site for
cytochrome b5 is located primarily on the C-helix and b-bulge
(K433), on the edge of the concavity on the proximal surface of
cytochrome P450 2B4 (Fig. 2). Note that Cys 436, the axial ligand,
is at the bottom of the concavity. It is not unusual for electron
transfer proteins with multiple partners to possess overlapping
but unique binding sites for its redox partners. These data also pre-
dict that cytochrome b5 and reductase cannot both occupy their

Fig. 2. The binding site for cyt b5 and cyt P450 reductase on the proximal surface of
cyt P450 2B4. The largely buried heme is in red; residues R422 and 443, involved in
binding only the reductase, are illustrated in green; residues which participate in
binding both cyt b5 and reductase in and near the C-helix (R122-K139) and K433 are
shown in yellow. The figure was generated using the Midas Plus software system
from the Computer Graphics Laboratory, University of California, San Francisco,
[53]. (Reprinted with permission of Elsevier, Biochem. Biophys. Res. Commun. 338
(2005) 499–506.)

146 S.-C. Im, L. Waskell / Archives of Biochemistry and Biophysics 507 (2011) 144–153

FMN domains would be dramatically slower (410-fold) compared
to the wild-type enzyme.

Comparison of the kinetics of the reduction of oxyferrous
cytochrome P450 and its decay to the ferric protein in the
presence of cytochrome b5 and cytochrome P450 reductase

There were two reasons we were prompted to measure the rate
of delivery of the second electron to cytochrome P450. The first
was the observation that cytochrome b5 increased the efficiency of
catalysis in a reconstituted system under steady-state conditions
by decreasing superoxide formation [8,11,47]. The second was the
suggestion that cytochrome b5 mediated its effect by reducing oxy-
ferrous cytochrome P450 faster than cytochrome P450 reductase,

allowing less time for autoxidation and superoxide formation.
Examination of the cytochrome P450 reaction cycle (Fig. 1) demon-
strates that oxidation of substrate requires two electrons and two
protons. The first electron, which reduces the ferric protein, is deliv-
ered by cytochrome P450 reductase. Cytochrome b5 cannot deliver
the first electron because of its high potential (+25 mV versus
approximately !245 mV for benzphetamine bound enzyme) [22].
The second electron, which reduces oxyferrous cytochrome P450,
can be delivered by either cytochrome b5 or cytochrome P450 reduc-
tase. Cytochrome b5 is able to donate the second electron because
the potential of the oxyferrous enzyme has increased to about
+20 mV [39]. It was possible to directly measure both the rate of
reduction of oxyferrous cytochrome P450 2B4 and its rate of oxida-
tion of reductase by utilizing the 5-deaza FAD T 491 V cytochrome
P450 reductase instead of the wild-type protein. The advantage of
employing the 5-deaza FAD reductase was that it underwent a single
redox reaction, oxidation of the FMN hydroquinone to a semiqui-
none, whose spectral changes were readily interpretable [22,48].
Because the T 491 V reductase mutant bound FAD less tightly than
the wild-type protein, it was possible to exchange FAD for 5-deaza
FAD, which does not undergo a change in redox state under our
experimental conditions. The redox active critical N5 of FAD is re-
placed by a carbon atom which renders the 5-deaza FAD essentially
redox inactive but still able to bind to and maintain the structural
integrity of the reductase. It was necessary to replace the FAD with
a redox silent analogue in order to be able to unambiguously inter-
pret the spectral changes that occur when the two electron reduced
reductase transferred an electron to oxyferrous cytochrome P450.
Since the distribution of electrons in this diflavin protein is governed
solely by the reduction potentials of its cofactors, there are nine
different ways electrons can be distributed. Hence, nine possible un-
ique forms of the protein exist. At any given level of oxidation, other
than complete oxidation or total reduction, more than one species of
reductase will exist. Stoichiometric addition of two electron equiva-
lents to the 5-deaza FAD reductase by dithionite produced a two
electron reduced reductase capable of transferring only a single elec-
tron from its FMN domain to its redox partners. The FMN semiqui-
none is stable and does not donate an electron to acceptor proteins.

A brief description of the experimental protocol employed to
measure the reduction of cytochrome P450 2B4 by 5-deaza FAD
T 491 V reductase under single turnover conditions follows. A sim-
ilar protocol was also employed in subsequent experiments where
the wild-type reductase was utilized. Single turnover conditions
refer to the fact that the experiments were conducted under condi-
tions in which a molecule of cytochrome P450 can generate, at
most, a single molecule of product. The strategy of this experiment
is to bypass the first electron transfer step by reducing the proteins
with stoichiometric amounts of dithionite so that the reaction can
be initiated by mixing an oxygen-containing solution with a
solution of the prereduced 1:1 cytochrome P450–redox partner
complex. Cytochrome P450, its redox partner – either cytochrome
b5 or reductase – along with substrate, phospholipid and buffer are
mixed together and incubated in a glovebox to perform the desired
complex and remove oxygen. The preformed complex, 15–30 lM,
consisting of equal amounts of cytochrome P450 and its redox
partner is stoichiometrically reduced with dithionite. In the case
of the cytochrome b5 – cytochrome P450 complex, both proteins
are reduced to the ferrous state. When reductase is the redox
partner, it is reduced to the 2-electron state, which can transfer
only a single electron to cytochrome P450 since the one electron
reduced FMN semiquinone is stable and not capable of donating
an electron.

The prereduced complex is placed in one syringe of the UV–
visible stopped-flow spectrophotometer, which is housed in an
anaerobic glove box, and subsequently rapidly mixed with the
oxygen-containing buffer from a second syringe. The kinetics of

Fig. 5. Cytochrome P450–reductase model complex bound to a membrane. The
reductase is molecule A (PDB code 3ES9) of the open conformation of reductase.

Fig. 6. Cytochrome P450–reductase model complex. The complex was generated
with pymol and accounts for available mutagenesis data. PDB code of P450 2B4
1SUO and molecule A PDB code 3ES9.
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Characterization of Compound I 
 
Compound I can be generated by the low temperature treatment of CYP119 with MCPBA. 
UV-Vis Spectrum CYP119 Compound I   JBC 277: 9641 (2002)   
 

1. (Blue Shifted Soret: λmax=370 nm) when CYP119 was treated with MCPBA however spectra 
not all that good. 

2. Hydroxylation of a substrate observed. 
3. First estimate of the lifetime of compound I. 

  

Fe NN
S

Cys
+3

Fe NN
S

Cys

O

Cl

OH

O

Cl

O

O

O
H

4 oC .++4

+3
Fe NN
S

Cys

+4
Fe NN
S

Cys

O

Laurate

Hydroxy
Laurate

e (Protein?)
Compound II?

t1/2=30 msec
CYP119

 
 
 
 
Compound I “decomposed” with a t1/2 of 30 msec (barrier 18 kcal/mol).  The most likely route of 
decomposition is oxidation of the protein to give compound II however this is not known.  Note that 
additional reducing equivalents are not available to reduce CPD 1 to water. 
 
Other studies indicate that Compound I can also be reduced in presence of exogenous reducing 
equivalents (like reductase).   Decomposition of Compound I in the presence of reducing equivalents is 
of great interest because it is clear that the Compound I oxygen can be reduced to water during 
turnover of substrates.  Thus two major banching reactions of compound I are: (1) reaction with 
substrate (2) reduction to water.  
More recently the technique has been improved and good spectroscopic characterization as well as 
substrate turnover has been observed. 
 
Rittle and Green  Cytochrome P450 Compound I:  Capture, Characterization and C-H Bond 
Activation Kinetics  Science  330: 933-937 (2010) 
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Highlights of what is sure to be a classic paper in P450 enzymology. 
 
1.  Compound I formation is observed at 40C producing much cleaner spectra including isosbestic 
points.  Note the long wavelength absorbance at 690.   
2.  The complex is also studied at low temperature by EPR and Mossbauer spectroscopy.   
3.  It is concluded that Compound I is “best described as an S=1 iron (IV) oxo unit exchange-coupled 
with an S=1/2 ligand based radical.  Sulfur, oxygen, porphyrin are all classified as ligands. 
 

 
 
 
4.  The Mossbauer spectra are very similar to the well characterized chloroperoxidase Compound 1.  
The EPR spectra are slightly different which may be important as chlorperoxidase Compound I is not 
able to hydroxylate C-H bonds. 
5.  Bimolecular rates of reaction of Compound I with substrates are very fast (>200 per sec at moderate 
concentrations of substrate).  This rate is much faster than normal turnover indicating that substrate 
oxidation is not rate limiting. 
6.  Further studies using deuterium isotope effect studies confirm that the reaction with substrate is 
limited by the rate of binding of substrate to the pre-formed Compound I enzyme. 
 
 
 


