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Purified P4502B4 (LM2) catalyses the hydroxylation of lauric acid by H202 against a background of degradation of 
the porphyrin ring while iodosylbenzene, which rapidly forms the ferryl FeO3+ derivative, supports neither 
hydroxylation nor degradation and further inhibits degradation by added H202, indicating that the key intermediate 
in both hydroxylation and heme degradation is an Fell1 peroxide complex. 

There is continuing active interest in the diverse reactions 
catalysed by the P450 superfamily of hemoprotein enzymes 
where, in contrast to the His imidazole common to many other 
hemoproteins [e.g. Hb, Mb, classical peroxidases, heme 
oxygenase (HO)], the proximal ligand is the Cys thiolate 
RS-.la-d One of the most characteristic reactions of the P450 
enzymes is the hydroxylation of alkanes and unactivated alkyl 
groups in, for example, long-chain fatty acids (all here denoted 
by RH) according to eqn. (l), where 2H represents two reducing 
equivalents supplied by NADPH via a specific P450 reductase 
enzyme; the reaction involves reduction of FelI1 to Fe", 
followed by the coordination and reduction of 0 2  to the key (but 
unidentified) hydroxylating intermediate. Reaction ( 1 ) is 
probably always accompanied by some degree of 'uncoupling' 
to produce H202 according to eqn. (2) and this can even be 
made the predominant reaction through site-directed mutagene- 
sis or the use of non-hydroxylatable perfluorinated substrate 
analogues.1' Some P450 enzymes have been shown to catalyse 
hydroxylation by H202 [eqn. (3)12>3 as well as by the more 
commonly studied R02H and RC03H; these reactions require 
no second protein and involve no reduction to the FeII 1evel.Ia-d 
Reactions (3) and, to a lesser extent, (1) and (2) are 
accompanied by some degree of degradation of the porphyrin 
ring and bleaching of the spectrum.la The evidence therefore 
suggests that the overall reaction (1) occurs as reaction (2) 
followed by reaction (3) and heme-degradation. 

0 2  + 2H + RH + ROH + H20 

0 2  + 2H -+ H202 

H202 + RH -+ ROH + H2O 

RCHO + H202 + (R-H) + HC02H + H20 

(2) 
(3) 
(4) 

The key hydroxylating intermediate of (1) and (3) has never 
been detected and there is no agreement as to whether it either 
retains the 0-0 bond intact as a peroxide ligand coordinated to 
FeI" or possesses only a single 0 atom as in the formally 
pentavalent iron-oxene or ferryl FeO3+ complex.' The study of 
(3), which might provide the easiest access to the key 
intermediate, is hampered by the simultaneous occurrence of 
degradation. However, Blake and Coon recently provided good 
evidence that the main product of reaction of P4502B4 
(formerly LM2) with iodosylbenzene (PhIO) is the elusive 
ferryl complex;4 comparison of P450-catalysed reactions using 
H202 and PhIO therefore provides a possible means of testing 
between peroxide and ferryl complexes as the key intermediate. 
Coon and coworkers subsequently reported that the P4502B4- 
catalysed reaction [eqn. (4)], where R is cyclohexyl and (R-H) 
is cyclohexene, was supported by H202 but not by PhIO; they 
concluded that 'the generally accepted pentavalent iron oxene is 
not the oxidant' and proposed the initial addition of an FelI1- 
coordinated peroxide to the aldehyde carbonyl group.5 Akhtar 
and coworkers have likewise concluded that the products from 
certain reactions of steroids catalysed by P450 17Al could only 
be explained by the reaction of some FelI1 peroxide complex 
with a ketone carbonyl.6 No such test has yet been reported for 
any P450-catalysed hydroxylation or heme degradation. Ortiz 

de Montellano and coworkers have, however, shown that heme 
degradation by (HO), which shows many parallels to P450, also 
involves some FeIII-peroxide complex (which adds to the bridge 
C atom) and that formation of the ferryl complex actually 
inhibits heme destruction by H202.7,8 We have now studied 
heme degradation and hydroxylation in parallel, using lauric 
acid (LA) as a solubilised alkane (known to be hydroxylated in 
the LO, co - 1 and co - 2 positions)3-9 and P4502B4lO 1 (as used 
by Coon and coworker~)~>5 and report here the results of tests 
(comparing H202 and PhIO) for peroxide vs. ferryl complexes 
as the key intermediate in these two reactions. 

We have compared the reactions of solutions? of 1 (in the 
absence of LA) at pH 7.5 and 25 "C with (a )  10 mmol dm-3 
H202, (b) 0.1 mmol dm-3 PhIO and (c) 0.1 mmol dm-3 PhIO 
with 10 mmol dm-3 H202 injected after 20 rnin by following 
both the fall in A417 (Soret band of the starting FeI" complex) 
and the changes in the 360-500 nm spectral region, with the 
following results: (a)  H202 causes a relatively slow fall in A417 

which follows first-order kinetics (tk ca. 30 rnin), with no 
significant formation of any new absorption bands, to leave a 
featureless tail of absorption extending from the UV with a low 
residual A417 (ca. 15% of the initial value after 200 rnin); 
degradation by H202 can be suppressed by the addition of 
ligands such as py or CN; (h) in agreement with Blake and 
Coon," we find that PhIO causes a far more rapid (ti < 1 min) 
but less extensive initial fall in A417 (to ca. 35% of its initial 
value after 10 min), accompanied by the rise of new bands in the 
380-390 nm region (indicating the formation of Fe03+),4 which 
is then followed by a very slow further fall inA417 (still ca. 30% 
after 150 min); (c) injection of H202 after reaction with PhIO 
causes no significant change (other than dilution) in the 
spectrum (especially the bands at ca. 380-390 nm) or in the rate 
or extent of the very slow reaction observed with PhIO alone; 
this indicates that in P450, as in (HO),7,* the formation of Fe03+ 
inhibits degradation by H202 and, conversely, that degradation 
by H202 does not involve the FeO3+ intermediate. 

Comparison of the yields of the hydroxylated products" (in 
triplicate experiments) from solutions$ containing 1 and LA 
which were allowed to react for 10 min with ( a )  15 mmol dm-3 
H202, (b) 0.1 mmol dm-3 PhIO with LA added first and (c) 0.1 
mmol dm-3 PhIO with LA added after 10 rnin gave a minimum 
ratio of 2200 for products from (a)  compared to those from 
either (b) or (c )  where, in fact, none could be detected. Our 
results indicate that the P450-catalysed hydroxylation of LA by 
H202 does not involve the ferryl complex and that, at least in the 
case of P4502B4, neither PhIO nor the preformed Fe03+ are 
able to hydroxylate LA at any significant rate. 

Simultaneous monitoring of the changes in spectrum (l; ca. 
30 min for bleaching, with no new bands produced by the 
presence of LA) and the rate of increase in concentration of 
hydroxylated products (apparent t4 d 1 min, levelling off at ca. 
6% of available LA converted after 20 min) showed that the rate 
of inactivation of the enzyme is faster than the rate of 
chromophore bleaching and that the ratio of products hydroxyl- 
ated in the co, co - 1 and 03 - 2 positions changed from ca. 
0 : 1 : 1 at the start to ca. 0 : 3 : 1 at the end of the reaction. This 
smaller t+ and changing ratio suggest that H202 reacts with one 
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or more amino acid residues, causing some conformational 
change(s) and inactivating the enzyme, more rapidly than it 
attacks the porphyrin ring and also that the product ratio is 
sensitive to such conformational changes. Useful comparisons 
can be made with the 2-3 fold increase in ci) : ci) - 1 ratio from 
P4504A1 (using 0 2  + NADPH + reductase) caused simply by 
the addition of cyt.b5 and the greater than 100-fold difference 
between P4504A1 and P4502B1;12 cf. also the ca. 20-fold 
difference in the o : o - 1 ratio observed in the hydroxylation 
of hexane by the non-heme methane monoxygenase when using 
0 2  (+ NADH + reductase) or H202 (where other evidence 
indicated the same 'activated oxygen' intermediate), which was 
ascribed to a conformational change at the FeII level in the 
reaction involving 02? We find that the P4502B4-catalysed 
hydroxylation of LA using 0 2  with NADPH and reductaseg 
gives a ratio of ca. 1 : 2 : 0 compared to 0 : 1-3 : 1 with H202. In 
view of the marked differences in product ratios observed in the 
cases mentioned, the variation observed here with P4502B4 
(between O2 and H202 and, in the latter case, with time) clearly 
does not exclude the formation of a common intermediate for 
reactions (1)  and (3), which seems the simplest assumption to 
make. 

Our results therefore indicate that in both heme degradation 
and LA hydroxylation by H202 (and hence, by extension, by 0 2  
+ NADPH + reductase) the key intermediate is not the ferryl 
FeO3+ but must be structurally more closely related to the 
reagent H202 (pK 11 .7).14 Further experiments (details to be 
published) show that the rates of both reactions are H202- 
dependent but essentially pH-independent within the narrow 
range of pH available for study, i.e. they require H202 and not 
HOz-. The simplest scheme to explain our observations 
involves the reversible coordination of undissociated H202 
(whether added or formed from 0 2  + NADPH) according to 
eqn. (3, where only the distal ligand is given, followed by the 
hydroxylation of LA (denoted by RH) as in eqn. (6). This 
scheme closely resembles that proposed by White and Coon15.16 
[for H202 produced by eqn. (2) as well as for added ROOH] 
except that they separated (6a) into two successive steps, 
involving 0-0 fission to generate a free HO radical which only 
subsequently attacks RH; we suggest that 0-0 fission could 
also occur in step with H atom transfer. We agree that the role 
of Cys as proximal ligand (instead of His) is to stabilise the FeIV 
product of (6a), not the formally FeV, but they suggest this 
depends on its ability to form a thiyl radical (i.e. RS. + FenI); we 
suggest that the greater electron donor power of RS- compared 
to His'? serves both to stabilise the higher oxidation state FeIV 
and to suppress the formation of anionic H02- as ligand, which 
would lead to the rapid formation of FeO3+ as in the 
peroxidases. 18 

( 5 )  H202 + [H20.Fe1I1] 2 H20 + [H202.Fe111] 

RH + [HO - OH-FeIII] 5 R.+H20 + [HO-.FeIV] 
b 

--+ ROH + H20 + [FeIII] + ROH + [H20-Fe111] (6)  
Our results serve to extend those of Coon5 and Akhtar,6 

which have already established a key role for some FeIII- 
peroxide intermediate in other reactions of P450, to the 
hydroxylation of unactivated alkyl groups. They also highlight 
a common denominator in the ability of H202 to hydroxylate 
alkanes when associated with a sufficiently strong acid, whether 
the proton (cf. H3O2+ in liquid HF, etc. which can react well 
below 0 'C)19 or certain Lewis acids such as FelI1 in P450. 
Coordination might, by analogy, activate other O-donors such 
as PhIO towards hydroxylation (e .g .  by H abstraction from RH 

by a coordinated 0 atom, loss of PhI and return of HO to the 
radical R.) without prior conversion to a ferryl complex; this 
might explain the short-lived burst of hydroxylation of LA by 
PhIO catalysed by whole microsomes.20 Alkanes may also be 
hydroxylated by 0x0 complexes as shown for a well-charac- 
terised complex of RuO3+ which is isoelectronic with FeO3+,21 
but this remains to be established for P450. There has been a 
natural tendency to assume one common intermediate for all 
combinations of O-donors, substrates and isoenzymes of P450; 
the situation may be more complex and more direct evidence is 
required. 
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Footnotes 
t Reaction mixtures (total volume 1 ml) contained 1 pmol dm-3 1, 30 pg 
freshly sonicated phosphatidylcholine, 15 mmol dm-3 MgC12 and tris-HC1 
buffer pH 7.5; cf. ref. 11. 
$ Reaction mixtures as in footnote 1- together with 0.5 mmol dm-3 LA and 
0.1 pCi [l-"T]LA. 
5 Reaction mixture as in footnote $ together with 1 mmol dm-3 NADPH 
and 0.9 units NADPH reductase. 
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