
www.elsevier.com/locate/ybbrc

Biochemical and Biophysical Research Communications 338 (2005) 432–436

BBRC

Review

Protein oxidation by the cytochrome P450 mixed-function
oxidation system

Earl R. Stadtman *, Hirofumi Arai 1, Barbara S. Berlett

Laboratory of Biochemistry, National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, MD 20892-8012, USA

Received 20 July 2005
Available online 29 August 2005
Abstract

This mini-review summarizes results of studies on the oxidation of proteins and low-density lipoprotein (LDL) by various mixed-func-
tion oxidation (MFO) systems. Oxidation of LDL by the O2/FeCl3/H2O2/ascorbate MFO system is dependent on all four components
and is much greater when reactions are carried out in the presence of a physiological bicarbonate/CO2 buffer system as compared to
phosphate buffer. However, FeCl3 in this system could be replaced by hemin or the heme-containing protein, hemoglobin, or cytochrome
c. Oxidation of LDL by the O2/cytochrome P450 cytochrome c reductase/NADPH/FeCl3 MFO system is only slightly higher (25%) in
the bicarbonate/CO2 buffer as compared to phosphate buffer, but is dependent on all components except FeCl3. Omission of FeCl3 led to
a 60% loss of activity. These results suggest that peroxymonobicarbonate and/or free radical derivatives of bicarbonate ion and/or CO2

might contribute to LDL oxidation by these MFO systems.
Published by Elsevier Inc.
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As an outgrowth of studies to elucidate the mechanisms
involved in the regulation of protein turnover, it was dis-
covered that oxidation of proteins by mixed-function oxi-
dation (MFO) systems targets the proteins for proteolytic
degradation [1–13]. Although most amino acid residues
of proteins are susceptible to oxidation by MFO systems
[14–16], the conversion of some amino acid residues (espe-
cially lysine, arginine, and proline residues) to carbonyl
derivatives represents a major mechanism of protein oxida-
tion [17,18]. Consequently, the carbonyl content of pro-
teins is the most commonly used measure of MFO
oxidation, and a number of highly sensitive methods have
been developed for the assay of protein carbonyl deriva-
tives (see [19] for review).
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Because many of the enzymes that are particularly sen-
sitive to oxidation were among those that had been shown
to accumulate as inactive or less active forms during aging,
it was proposed that the age-related accumulation of these
enzymes might reflect an age-related increase in the level of
reactive oxygen species (ROS) and/or an age-related loss in
the enzymes that catalyze the proteolytic degradation of
oxidized enzymes [20,21]. This concept is supported by re-
sults of studies showing that the level of oxidized proteins
(protein carbonyls) increases with animal age [22,23] and
that there is an age-related loss in the ability to degrade
oxidized proteins [24–26]. The age-related increase in pro-
tein oxidation could be due to any one of several different
age-related changes as follows: (a) a decrease in proteolytic
activities that degrade oxidized proteins, (b) an increase in
the rate of ROS generation associated with alterations in
mitochondrial electron transport activity and/or a number
of environmental factors, and (c) a decrease in one or more
of many different antioxidant activities [19,27]. Significant-
ly, an increase in the level of oxidative protein damage is
also associated with a number of diseases [27–30].
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Table 1
Homogeneous preparations of phenobarbital-inducible cytochrome P450 2B4 (previously called P450 LM2) from rabbit liver microsomes and NADPH-
cytochrome P450 reductase were gifts fromM.J. Coon, and purified preparations of P. putida cytochrome P450 (P450cam), redoxin reductase, and redoxin
were gifts from I.C. Gunsalus

Composition of various mixed-function oxidation systems

(1) H2O2/ Fe(III)/ascorbate
(2) O2/cytochrome-P450 (2B4), from rabbit liver microsomes/cytochrome P450 reductase/NADPH/Fe(III)/dilauroylphosphatidylcholine
(3) O2/Pseudomonas putida cytochrome-P450/redoxin reductase, redoxin/NADH/Fe(III)
(4) O2/microbial diaphorase/Fe(III)/NADH
(5) Xanthine oxidase/hypoxanthine/ferredoxin or putidaredoxin/Fe(III)
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Fig. 1. Comparison of bicarbonate and phosphate buffers on MFO
oxidation of low-density lipoprotein. LDL (200 lg protein) was oxidized
by MFO systems composed of 100 lM FeCl3, 200 lM H2O2, and 50 lM
ascorbate (AS), in air (O2), as indicated. After incubation for 8 and 16 h,
at 37 �C, samples were assayed for MDA and protein carbonyl content, as
previously described [42]. This is a replot of some data in Fig. 1 of [42].
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Studies in this laboratory demonstrated that any one of
the five MFO systems shown in Table 1 is able to catalyze
the inactivation of a number of enzymes [1–10], and that
the inactivation is associated with the generation of car-
bonyl derivatives and conversion of the enzymes to forms
that are highly susceptible to degradation by subtilisin
[31], the 20S proteasome [8–10], and a protease obtained
from Escherichia coli [1,2,11]. Significantly, the absence of
any one of the components in the various MFO systems
led to a substantial decrease in protein modification activ-
ity [3–5]. Moreover, all of these MFO systems were inhib-
ited by catalase, by various chelating agents, and by Mn(II)
which was shown to inhibit the reduction of Fe(III) to
Fe(II) [32,4,5]. Based on these results, it was proposed that
the oxidation of proteins involves reduction of Fe(III) to
Fe(II) followed by reaction of Fe(II) with H2O2 to form
the highly reactive hydroxyl radical (reaction 1), which is
known to promote oxidation of proteins [14–16].

H2O2 þ FeðIIÞ ! �OHþOH� þ FeðIIIÞ ð1Þ
Because many MFO reactions are not inhibited by �OH
radical scavengers, it was proposed that the protein mod-
ifications are site-specific processes in which Fe(II) is
bound to metal-binding sites on t he protein and then re-
acts with H2O2 to form �OH that reacts preferentially
with amino acids at the metal-binding site [33]. Other
studies with cytochrome P450 MFO systems shown in
Table 1 (systems 2 and 3) confirm that oxidation of var-
ious enzymes is stimulated by addition of Fe(III) and
that these reactions are inhibited by catalase and there-
fore probably involve H2O2 [1,3–5]. Results of earlier
studies [34–37] led to the proposal that the Fe(III) in
the heme moiety of Cyt-P450 undergoes one electron
reduction to form a Fe(II) derivative that can bind O2

to form a Cyt-P450-Fe(II)-O2 complex, which is in equi-
librium with the radical derivative Cyt-P450-Fe3+-(O2

��).
It is believed that these derivatives play an important
role in the oxidation of proteins and lipids. However,
the mechanism by which H2O2 is generated in the P450
systems is not well established. Contrary to our results
and results of some other workers [38–40], it was report-
ed that catalase does not inhibit the Cyt-P450-mediated
oxidation of microsomal proteins, and that this oxidation
is not dependent upon the presence of free Fe(III) nor is
it affected by ascorbate [34].
Importance of bicarbonate buffer systems in metal-catalyzed

oxidation of proteins and lipids

In earlier studies, we demonstrated that the oxidation of
free amino acids to ammonia and a-ketoacids by the H2O2/
Fe(II) MFO system is absolutely dependent on the pres-
ence of sodium bicarbonate and CO2 [41]. High concentra-
tions of bicarbonate (15–25 mM) and CO2 (1.3 mM)
constitute the major physiological buffer systems in ani-
mals; however, because such buffers are difficult to prepare
and control, they are rarely used in in vitro studies. Based
on this consideration, we compared the effects of sodium
bicarbonate/CO2 buffers and phosphate buffers on the oxi-
dation of low-density lipoprotein (LDL) by the H2O2/
Fe(II)/ascorbate MFO system [42]. This MFO system has
been widely used in studies on LDL oxidation, but only
in the presence of non-physiological buffers [43,44]. Results
of our studies showed that the time- and MFO-dependent
oxidation of LDL, as measured by malondialdehyde
(MDA) and protein carbonyl formation, was very much
greater when reactions were carried out in bicarbonate buf-
fers (Fig. 1). Moreover, when Fe(II) in this MFO system
was replaced by hemin or the heme-containing proteins
(hemoglobin or cytochrome c), oxidation by H2O2 was
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Fig. 2. Comparison of bicarbonate and phosphate buffers on the oxidation of LDL by hydrogen peroxide and heme-containing substances. Mixtures
containing 200 lg LDL protein, 200 lM H2O2, 50 lM ascorbate, and either 2 lM hemin, 1 lM hemoglobin, or 10 lM cytochrome c, as indicated, were
incubated at pH 7.6, in phosphate buffer (black bands) or bicarbonate buffer (gray bands). After 8 h incubation at 37 �C, the concentration of MDL was
measured as previously described [42]. This is a replot of some data in Fig. 7 of [42].
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4- to 5-fold greater in bicarbonate buffer than in phosphate
buffer (Fig. 2). Interestingly, the oxidation of LDL by the
Fe(II)/H2O2/ascorbate system was 4-fold greater in the
presence of 400 lM ADP [42] and 7-fold greater by
400 lM ATP (unpublished results) when the reactions were
carried out in bicarbonate buffer; whereas ADP and ATP
had no effect on reactions in phosphate buffer.

Cyt-P450-mediated oxidation of LDL in bicarbonate/CO2

and phosphate buffers

Based on the results described above, we compared the
effects of phosphate and bicarbonate/CO2 buffers on the
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Fig. 3. Effects of bicarbonate and phosphate buffers on the oxidation of
LDL by the Cyt-P450 MFO system. The complete system (1 ml) contained
200 lg LDL, 1 lMCyt P450 reductase, 0.5 lMCyt P450, 1 mMNADPH,
50 lM FeCl3, and either 14.7 mM bicarbonate/CO2 buffer (h) or
phosphate buffer (j) at pH 7.4. The symbols (s) and (d) refer to
reactions in the absence of FeCl3 in bicarbonate and phosphate buffer,
respectively. Other symbols refer to reactions in bicarbonate buffer, in the
absence of both FeCl3 and either P450 (n), P450 reductase (,), or
NADPH (�). After incubation in air, 37 �C, for the times indicated, the
relative protein carbonyl content was measured as previously described
[42].
oxidation of LDL by the P-450 LM2 MFO system (system
2, Table 1). Results of preliminary experiments summa-
rized in Fig. 3 show that formation of protein carbonyl
derivatives is significantly greater when reactions are car-
ried out in the bicarbonate/CO2 buffer compared to phos-
phate buffer. Consistent with results of previous studies on
the oxidation of various proteins (enzymes) by the P-450
LM2 system [3–5], the oxidation of LDL to carbonyl deriv-
atives is dependent on the presence of cytochrome-c-reduc-
tase and NADPH. However, the conversion of LDL to
carbonyl derivatives was less dependent on the addition
of Fe(III). Carbonyl formation in the absence of added
Fe(III) was about 40% of values observed in the presence
of added Fe(III) in both buffer systems (Fig. 3). Moreover,
in contrast to the oxidation of microsomal proteins [34],
this iron-independent generation of carbonyl derivatives
was only slightly inhibited by ascorbate (data not shown).
Discussion

Oxidation of LDL by the H2O2/Fe(II)/ascorbate and
the Cyt-P450/cytochrome-c-reductase/NADPH/Fe(III)/
O2 MFO systems is significantly greater when the reactions
are carried out in bicarbonate buffer than in phosphate
buffer. These results and earlier studies showing that
oxidation of free amino acids by the Fe(II)/H2O2 system
is almost completely dependent on the presence of bicar-
bonate/CO2 [41] suggest the possibility that peroxymono-
carbonate [45,46] and/or free radical derivatives of
bicarbonate and CO2 [46–49] may be involved. In contrast
to earlier studies showing that oxidative inactivation of sev-
eral enzymes by the Cyt-P450 MFO system is strongly
dependent on the addition of Fe(II) [3–5], results summa-
rized here show that oxidation of LDL by the Cyt-P450
MFO system in the absence of added iron is about 40%
of the value obtained in the presence of iron. In view of
the fact that heme-containing proteins are able to replace
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free iron in the oxidation of LDL by the ascorbate
MFO system (Fig. 2), the ability of the P450 MFO system
to catalyze oxidation of LDL in the absence of added
Fe(III) may reflect ability of the Cyt-P450 heme component
to mediate LDL oxidation, as was previously suggested
[34].

The mechanisms involved in the ADP and ATP stimula-
tion of oxidation reactions by various MFO systems are ill
defined. The observation that ADP stimulates the oxida-
tion of LDL by the ascorbate/Fe(II)/H2O2 MFO system
in bicarbonate buffer but not in phosphate buffer [42] is
at odds with results showing that ADP-Fe(III) stimulates
the oxidation of microsomal proteins by the NADPH/
Cyt-P450/reductase MFO system when reactions are car-
ried out in phosphate [34] or Tris [35] buffers. It is well
established that the Cyt-P450 MFO system is able to re-
duce ADP-Fe(III) to ADP-Fe(II), but the effect of bicar-
bonate/CO2 buffer on this reduction remains to be
explored.
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