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Destruction of Heme and Hemoproteins Mediated by 
Liver Microsomal Reduced Nicotinamide Adenine Dinucleotide 
Phosphate-Cytochrome P-450 Reductase? 

F. Peter Guengerich 

ABSTRACT: The purified microsomal flavoprotein reduced 
nicotinamide adenine dinucleotide phosphate-cytochrome 
P-450 reductase (NADPH:ferricytochrome oxidoreductase, 
reducing; EC 1.6.2.4) mediated the destruction of free fer- 
riprotoporphyrin IX and the same heme bound in liver mi- 
crosomal cytochromes P-450, P-420, and b5 and other hemo- 
proteins in the presence of NADPH and 0 2 .  Other microsomal 
flavoproteins did not mediate such reactions. The mechanism 
of destruction involves the attack of ferrous (as opposed to 
ferric) heme by H202 or derived oxygen species. Most of the 
H202 was shown to be generated a t  the site of the heme as 
opposed to the flavin. Hemoproteins present in microsomal 
preparations were also destroyed when endogenous catalase 
was inhibited by N3-. In microsomal or reconstituted heme 
destruction systems devoid of catalytic activity, only low levels 
of bile pigments (i.e., biliverdin and bilirubin) were detected; 

n 

U u r i n g  the course of studies on the destruction of cyto- 
chrome P-450 that occurs during its metabolism of vinyl 
chloride, the flavoprotein NADPH-cytochrome P-450 re- 
ductase (NADPH:ferricytochrome oxidoreductase, reducing; 
EC 1.6.2.4) was found to be capable of mediating the de- 
struction of the heme of P-4501 in the absence of added sub- 
strates (Guengerich and Strickland, 1977). The purified re- 
ductase also mediated the NADPH-dependent destruction of 
FePPIX (Guengerich and Strickland, 1977), as did a prote- 
ase-derived segment of the enzyme (Masters and Schacter, 
1976). 

At least five physiological systems for oxidative heme de- 
struction have now been identified. (1) Heme and hemopro- 
teins are converted to bile pigments in coupled systems using 
ascorbate or other mild reducing agents (Lemberg, 1956). This 
mechanism is thought to account for the artifactual “heme 
a-methenyl oxygenase” activity reported by Nakajima (1963). 
(2) FePPIX and several hemoproteins are converted specifi- 
cally to biliverdin IXa by the heme oxygenase system (Ten- 
hunen et al., 1969; Yoshida et al., 1974; Yoshida and Kikuchi, 
1977), a mixed-function oxidase which consists of NADPH- 
cytochrome P-450 reductase and a heme-binding protein 
termed heme oxygenase [heme, hydrogen donor:oxygen oxi- 
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most of the products of free or cytochrome P-450 bound heme 
were water-soluble compounds and, in the case of cytochrome 
P-450, compounds covalently bound to protein. The major 
water-soluble product derived from either cytochrome P-450 
or free heme was characterized as a dipyrrole of the propent- 
dyopent type. In  the presence of free heme, NADPH-cyto- 
chrome P-450 reductase reduced this compound to a charac- 
teristic pentdyopent having an absorption maximum at 525 
nm. Spectral studies with microsomal preparations suggested 
that CO is also a product. This destructive mechanism appears 
to be distinct from that in which heme oxygenase [heme, hy- 
drogen donor:oxygen oxidoreductase (a-methene-oxidizing, 
hydroxylating), EC 1.14.99.31 converts heme to biliverdin, and 
biliverdin does not appear to be an intermediate in the con- 
version of heme to propentdyopent. 

doreductase (a-methene-oxidizing, hydroxylating), EC 
1.14.99.31. Since the majority of FePPIX administered to rats 
intravenously is recovered as bilirubin IXa, the reduction 
product of biliverdin IXa,  this system is believed to be re- 
sponsible for the bulk of in vivo heme metabolism. (3) P-450 
is destroyed during microsomal lipid peroxidation (Nishi- 
bayashi et al., 1968; Levin et al., 1973), which is enhanced in 
the presence of CC14 and other compounds (Koch et al., 1974). 
(4) P-450 is also destroyed by products of its mixed-function 
oxidative metabolism of certain olefins, such as vinyl chloride 
(Guengerich and Strickland, 1977), secobarbital (Levin et al., 
1973), and allylisopropylacetamide (DeMatteis, 197 1). (5) 
P-450 and FePPIX are destroyed in the presence of 
NADPH-cytochrome P-450 reductase (Masters and Schacter, 
1976; Guengerich and Strickland, 1977). 

All of these systems appear to have distinct mechanisms, but 
the latter four processes all involve enzymes and utilize 
NADPH, 02 ,  and the microsomal flavoprotein NADPH- 
cytochrome P-450 reductase. Chemical mechanisms are ob- 
scure in all cases, and products have only been conclusively 
identified in the first two cases. In this study, attention was 
focused upon the mechanism of the last system, the least 
complex in terms of required enzyme components. 

Experimental Procedure 
Materials. FePPIX (hemin chloride) was purchased from 

Eastman; bilirubin and biliverdin were from Sigma. 
Assays. Heme, P-450, P-420, and cytochrome 65 were as- 

sayed according to Omura and Sat0 (1964). Protein was esti- 
mated using the procedure of Lowry et al. (1951). H202 was 
estimated fluorimetrically (Snyder and Hendley, 197 1). Bi- 
liverdin (Tenhunen et al., 1970) and bilirubin (Schacter et al., 
1972) were estimated spectrophotometrically; heme oxygenase 
activity was assayed in the presence of biliverdin reductase 
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(Yoshida et al., 1974). Radioactivity measurements were made 
according to Guengerich and Broquist (1 973). Statistical 
analyses used Student's t test. 

Polyacrylamide gel electrophoresis was carried out in the 
presence of sodium dodecyl sulfate according to Laemmli 
( 1  970). Gels were sliced into 2-mm segments; each section was 
mixed with 2.0 mL of 15% H202 in a capped polypropylene vial 
(with a plastic liner) and heated at  50 O C  overnight. The vial. 
were cooled, 10 mL of Triton X-100 cocktail was added to each 
vial, and vials were counted after standing in darkness ove:- 
night. 

Preparation of Enzymes. Microsomes were prepared (van 
der Hoeven and Coon, 1974) from livers of male rats (100-1 50 
g) that drank a 0.1% phenobarbital solution for 5 days. Rats 
were treated with [4-I4C]- or [3,5-3H]aminolevulinic acid as 
described by Levin et al. (1973) to prepare microsomes con- 
taining labeled P-450. 

NADPH-cytochrome P-450 reductase was purified by 
octqlamino-Sepharose 4B and 2',5'-ADP-agarose chroma- 
tography as previously described (Guengerich, 1977a,b) with 
slight modification. The reductase was eluted from the former 
column with 50 mM potassium phosphate (pH 7.25) buffer 
containing 0.35% sodium cholate and 0.15% NaDOC (Imai, 
1976) (all buffers used in reductase purification included 1 
mM EDTA, 2 WM FMN,  and 20% glycerol). The reductase 
was applied directly to the 2',5'-ADP column ( 1  0 mL) which 
had been equilibrated with 10 mM potassium phosphate (pH 
7.25) buffer. The column was washed with 100 mL of 150 mM 
potassium phosphate (pH 7.7) buffer containing 0.2% Emul- 
gen 91 3. After washing the column with 150 mL of 30 mM 
potassium phosphate (pH 7.25) buffer containing 0.1% 
NaDOC, the reductase was eluted with the same buffer (70 
mL) to which 5 mM 2'-AMP had been added. Peak fractions 
were pooled, dialyzed twice against 50 volumes of 10 mM 
Tris-acetate (pH 7.4) buffer, and stored at  -20 OC. All 
preparations migrated as electrophoretically homogeneous 
species ( M ,  74 000) (Laemmli, 1970; Guengerich, 1977b) and 
had A455/A380 ratios of a t  least 1.10; preparations used here 
had specific activities of 38-46 pmol of cytochrome c reduced 
min-I (mg of protein)-'. 

P-450 was used after elution from octylamino-Sepharose 
4B and treatment with calcium phosphate gel (Guengerich, 
1977a). P-420 was prepared from P-450 by the addition of 
0.1% sodium dodecyl sulfate followed by two dialyses against 
500 volumes of distilled water (24-h each). Porcine spleen 
heme oxygenase was carried through the DEAE step of Yo- 
shida and Kikuchi (1977). Rat liver cytochrome b5 was pre- 
pared by octylamino-Sepharose 4B (Imai, 1976), DEAE- 
cellulose, and Sephadex G-75 and G-25 chromatography 
(Spatz and Strittmatter, 197 1 ) .  NADH-cytochrome b5 re- 
ductase was prepared according to Spatz and Strittmatter 
( 1  972) after recovery in the 33 mM phosphate wash from the 
P-450 hydroxylapatite column (Guengerich, 1977a). Rat liver 
biliverdin reductase was carried through step 4 of the proce- 
dure of Tenhunen et al. (1969). Porcine liver microsomal fla- 
voprotein oxidase [dimethylaniline monooxygenase ( N -  
oxide-forming, EC 1.14.13.8] (Ziegler and Mitchell, 1972) 
uas  a gift of Dr. D.  M. Ziegler, University of Texas, Austin. 
Bromelain-solubilized liver microsomal NADPH-cytochrome 
c reductase was donated by Dr. S. D. Aust, Michigan State 
University, East Lansing. 

Preparation of Propentdyopent. An aqueous FePPIX SO- 

lution (1%, w/v, adjusted to pH 8 with N H 4 0 H )  was heated 
at  60 "C in the presence of 5% (v/v) H202 (Fischer and 
Muller. 1937). The concentrated filtrate was taken up in 
CH3OH and esterified with ethereal CH2N2. The concen- 
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trated esters were dissolved in CHC13, washed with water, and 
separated on layers of silica gel G (CHCI3-CH30H- 
C H ~ C O Z H ,  95:5:0.5, v/v). Na2S204-NaOH treatment of 
TLC sections revealed the presence of two pentdyopent-positive 
(red) bands at  Rf 0.5 and 0.7. The material in the upper band 
was assigned structure I based on previous studies (Bonnet and 

I 

Stewart, 1975; Lightner, 1978) and the following data: M S  
M+ m/e 332 (expected for C I ~ H ~ O N Z O ~ ,  332); uv A,,, 275 nm 
( e  25.9 mM-' cm-I; CH30H);  IK 3430, 3330, 3060, 2950, 
2920,1760,1730,1690,1460,1375,1260,1175,1075,1035, 
and 740 cm-' ( M  = -CH3, V = -CH=CHl, and P = 
-CH2CH2C02CH3 in I). 

Fractionation of Incubates. The following procedure, based 
on that of Schwartz et al. (1960), was used to separate heme 
metabolites. Each incubation was mixed vigorously with an 
equal volume of acetone; one volume of ether was then added 
with vigorous mixing. The protein and the two layers were 
separated by centrifugation. The aqueous phase (fraction 1) 
was transferred and saved. The organic (upper) phase was 
transferred and mixed with an equal volume of 2 N HCI to 
obtain an aqueous phase and an organic phase (fraction 2). 
That aqueous phase was mixed with 0.5 volume of CHC13, 
centrifuged, and divided into the resulting organic (fraction 
3) and aqueous (fraction 4) phases. The protein precipitate 
from the first extraction was mixed vigorously with a 4:1 
mixture of ethyl acetate-acetic acid (ca. 2 mL/mg of protein) 
and centrifuged-the supernatant (fraction 5) was saved and 
the apoprotein precipitate was washed successively with 15 mL 
each of 0.2% HC1 in acetone, 10% C13CC02H, and 95% eth- 
anol (three mixes with each solvent for 60 s in a Sorvall 
Omni-Mixer followed by centrifugation) to give fraction 6. In 
this scheme, heme is found in fraction 5, biliverdin is in fraction 
3, and bilirubin is in fraction 2. Overall recovery of radio- 
activity was greater than 90% in all cases. 

Results and Discussion 
Specificity of Destruction of Heme and Hemoproteins. 

Conditions were optimized for the destruction of FePPIX in 
the presence of NADPH and NADPH-cytochrome P-450 
reductase; both phospholipid and ionic detergent were neces- 
sary for the maximal rate of heme destruction.2 Under these 
conditions, the reaction was linear for 10 min, and the observed 
rates of destruction were identical when the loss of heme was 
assayed kinetically at  400 nm or with the pyridine hemochrome 
assay. The apparent K ,  for FePPIX was 7.5 pM and the V,,, 
was 13.3 nmol of FePPIX destroyed min-' (mg of reduc- 
tase)-' a t  37 "C; however, substrate inhibition was observed 
at  FePPIX concentrations above 15 WM. FePPIX enhanced 
the fluorescence emission (525 nm) of NADPH-cytochrome 
P-450 reductase (excitation at  455 nm);3 a double-reciprocal 
plot of the fluorescence enhancement vs. FePPIX concentra- 
tion was linear and yielded a dissociation constant of 6 pM, 
suggesting that the fluorescence change is related to FePPIX 
binding that leads to destruction. 

NADPH-cytochrome P-450 reductase and NADPH also 
mediate the destruction of a number of important hemopro- 

Di- 12-GPC and NaDOC are necessary for optimal interaction of  

FePPlX did not fluoresce at these wavelengths. 
NADPH-cytochrome P-450 reductase and P-450 (Guengerich, 1977). 
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TABLE I: NADPH-Dependent Destruction of Heme and 
Hemoproteins Mediated by NADPH-Cytochrome P-450 
Reductase.a 

rate of 
heme destruction 
(nmol/min-' (mg 

substrate reductase)-') 

FePPIX 5.30 f 0.45 
methemalbumin (bovine) 3.63 f 0.15 
hemoglobin (equine) 5.30 f 0.25 
myoglobin (whale skeletal muscle) 4.26 f 0.3 1 
P-450 2.21 f 0.33 
P-420 1.31 f 0.27 
catalase (bovine erythrocyte) 0.67 f 0.18 
cytochrome bS 1.56 k 0.16 
cytochrome c (equine heart) 1.35 f 0.16 

Each incubation contained NADPH-cytochrome P-450 reductase 
(45 pg/mL), KHepes buffer (50 mM, pH 7.7), MgCl2 (15 mM), 
FePPIX or the indicated hemoprotein (5 pM),  di- 12-GPC (30 pM),  
NaDOC (0.25 mM), glucose-6-phosphate dehydrogenase (1 .O I U /  
mL), and NADP+ (0.2 m M )  in a final volume of 1.5 mL. After 
equilibration for 5 min at  30 "C, reactions were initiated by the ad- 
dition of glucose 6-phosphate (3 mM). Incubations proceeded at  30 
"C in darkness for I O  min and were stopped by freezing in a dry ice- 
acetone bath, after which pyridine and N a O H  were added for the 
heme determinations. All values are means of triplicate experiments 
f SD.  

TABLE 1 1 :  Destruction of Heme and Individual Hemoproteins in 
Rat Liver Microsomes.n 

heme or hemoproteins difference 
remain. after incubat nmol/mg 
(nmol/mg of protein) (Of - % 

component -NADPH + N A D P H  protein) change 

heme 3.60 f 0.30 2.53 f O.OZb -1.05 -28 

Cyt P-450 2.17 f 0.14 1.36 f 0.14' -0.8 1 -37 
Cyt P-420 0.72 f 0.10 0.58 f 0.09d -0.14 -17 
 CY^ b5 0.58 f 0.04 0.41 f O . O I c  -0.17 -29 

total 3.47 2.35 -1.12 -32 

a Microsomes (2 mg/mL) were incubated in darkness for I O  min 
at 37 OC in 50 mM KHepes buffer (pH 7.7) with 15 mM MgC12, 1 
m M  NaN3, 1 mM EDTA, and 20 pM BHT present; when noted, a 
NADPH-generating system consisting of 0.5 m M  NADP+, I O  mM 
glucose 6-phosphatq and 1 .O IU glucose-6-phosphate dehydroge- 
nase/mL was present. The final sample volume was 3.5 mL. Micro- 
somes were chilled on ice and precipitated by the addition of CaC12 
to 10 mM followed by centrifugation at  20 OOOg for 20 min at 4 OC; 
the pellets were resuspended in buffer, and heme, P-450, P-420, cy- 
tochrome bs, and protein were determined. All assays are means of 
triplicate experiments f SD. Significantly different from -NADPH 
control (p < 0.025). Significantly different from -NADPH control 
(p < 0.01). Not  significantly different from -NADPH control (p 
> 0.10). 

teins (Table I ) .  Protoporphyrin IXa dimethyl ester was not 
destroyed under these conditions. 

Bromelain-solubilized reductase, which is devoid of a peptide 
of about 8000 daltons (Welton et al., 1973) was also able to 
bring about the destruction of FePPIX, but the rate was 60% 
that of the detergent-solubilized enzyme under identical con- 
ditions. Neither of the two major flavoproteins found in the 
endoplasmic reticulum, NADH-cytochrome b~ reductase or 
dimethylaniline monooxygenase, destroyed either FePPlX or 

Liver microsomes did not lose heme when incubated with 
NADPH in the presence of EDTA and BHT, potent inhibitors 
of lipid peroxidation (Welton and Aust, 1972); however, when 
NaN3 was added to inhibit catalase, both endogenous hemo- 
proteins (Table 11) and added FePPIX (results not shown) 
were destroyed. While the loss of P-450 in a reconstituted 
system could be blocked by the addition of the substrate 
benzphetamine (Guengerich and Strickland, 1977), the loss 
of P-450 heme in microsomes was not inhibited by benzphe- 
tamine (1 mM), testosterone (0.1 mM), cyclohexane (10 mM), 
laurate (0.1 mM), or N,N-dimethylaniline (1 mM). In re- 
peated experiments, approximately 25-30% of the total mi- 
crosomal heme resisted destruction, even after 40 min. When 
this level of heme was used as the end point, heme destruction 
was first order (for ca. 4 half-lives) with a half-life of 7 min. 

The Role of H202 in Heme Destruction. Previous studies 
indicated that the destructions of P-450 and FePPIX are in- 
hibited by catalase (Guengerich and Strickland, 1977). H202 
is produced during NADPH-cytochrome P-450 reductase 
catalyzed NADPH oxidation, in the absence or presence of 
either P-450 (Nordblom and Coon, 1977) or FePPIX. The 
ratios of H202 recovered to NADPH consumed were 0.77, 
0 .07 ,  and 0.49 for the reductase-coupled systems containing 

NADH replaced NADPH when NADH-cytochrome bs reductase 
was used. With dimethylaniline hydroxylase, incubations were started by 
the addition of enzyme, in order to prevent destruction of the enzyme 
observed in the absence of NADPH (Guengerich and Aust, 1977). 

P-450.4 

TABLE I I I :  Destruction of Oxidized and Reduced P-450 and 
FePPIX by H202.O 

heme remain. after 
system incubat (pM) 

Fe3+PPIX 8.10 f 0.44 
Fe3+PPIX, H202 7.83 f 0.09b 
Fe2+PPIX, H202 6.92 f 0.33< 
Fe3+PPIX, reductase, NADPH 4.19 f 0.88d 

P-4503+ 4.21 f 0.10 
P-4503+, H202 4.24 f 0.15b 
P-4502+, H202 3.38 f 0.07d 
P-4503+, reductase, NADPH 2.59 f 0.18d 

a Incubations were carried out using the buffer system of Table 1 
and 68 pg/mL of the reductase. H202,125 (in the Fe3+PPIX exper- 
iment) or 20 pM (in the P-4503+ experiment), was added to oxidized 
FePPIX (Fe3+PPIX) or oxidized P-450 (P-4503+)-this concentra- 
tion is equivalent to the NADPH oxidized in each reductase plus 
NADPH experiment. In the experiments with Fe2+PPix )reduced 
FePPIX) and P-4502+ (reduced P-450), the concentrations of FePPIX 
or P-450 were the same-each sample was deaerated under N2 in a 
Thunberg tube (Guengerich and Strickland, 1977) and an amount 
of Na2S204 required for stoichiometric reduction was tipped from 
an anaerobic sidearm into the main well of the vessel (total volume 
= 5.0 mL). After mixing and allowing reduction to proceed for 30 min 
at  25 "C, H202 (amounts as above) was tipped anaerobically from 
a second sidearm and incubation was allowed to proceed for I O  min 
at 37 OC. Reactions were stopped by freezing in a dry ice-acetone bath 
prior to heme assays; all results are means ( f S D )  of three experi- 
ments. Not significantly less than control (first line of series) (p > 
0.10). Significantly less than first line of series (p < 0.05). Signi- 
ficantly less than first line of series (p < 0.01). 

P-450, FePPIX, and no heme, respectively. (The discrepancy 
in the case of FePPIX could be attributed to the measured 
catalatic activity of the FePPIX itself.) Concentrations of 
H202 equivalent to the levels of NADPH consumed in the 
previous experiments were added to either oxidized or reduced 
FePPIX or P-450 (Table 111). No significant losses were ob- 
served with the ferric hemes. With the reduced hemes, both 
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TABLE IV:  Effects of CO on NADPH-Dependent Heme 
Destruction.o 

system 

heme remain. 
after incubat. 

( u M )  

microsomes 
microsomes, NADPH,  100% air 
microsomes, KADPH,  80% air-20% CO 
microsomes. KADPH,  90% CO- 10% 0 2  

reductase, P-450 
reductase. P-450, NADPH,  100% air 
reductase, P-450, NADPH, 80% air-20% CO 
reductase. P-450, NADPH,  90% CO-10% air 

reductase. FePPlX 
reductase, FePPIX, NADPH,  100% air 
reductase, FePPIX, NADPH,  80% air-20% CO 
reductase. FePPIX. NADPH. 90% CO- 10% air 

3.42 f 0.13 
2.58 & 0.05 
2.61 f 0.12h 
3.45 f 0.21 c d  

3.57 f 0.66 
I .8 I f 0.03 
2.34 f 0.24e 
3.22 f 0. I 3'..d 

2.94 f 0.15 
1.06 f 0.07 
2.55 f 0.10' 
2.14 f 0. I 5 c , d  

a Incubations were carried out essentially as described under Table 
I I  (with microsomes) or I (with P-450 or FePPIX). I n  all cases, the 
components were mixed in a Thunberg tube and equilibrated with the 
gas mixtures by ten alternate cycles of vacuum and mixing with gas. 
After incubation for 10 min, reactions were stopped by freezing in a 
dry ice-acetone bath and heme was determined; all values are means 
of three experiments f SD. Kot significantly greater than the result 
of 100% air experiment (JI > 0.10). Significantly greater than the 
result of 1000% air experiment (I, < 0.01). Not significantly less than 
the value obtained in the absence of NADPH (JI > 0.10). e Signifi- 
cantly greater than the result of 100% air experiment (JI < 0.05). 

FePPIX and P-450 were destroyed under anaerobic conditions 
(no attempts were made to correct for heme oxidized nonde- 
structively by the H202). Ferric FePPIX and P-450 can be 
destroyed by HzO2 (Guengerich and Strickland 1977; Nord- 
blom et al., 1976), but required concentrations of HzOz are 
much higher than produced in the reductase-coupled systems. 
Oxygen species derived from H202 may actually be responsible 
for the destruction; however, ethanol (a hydroxyl radical trap) 
did not inhibit destruction (Guengerich and Strickland, 1977). 
Singlet oxygen has been postulated to be the active species in 
the photooxidation of bilirubin to propentdyopents (Bonnett 
and Stewart, 1975), although production of this species from 
Hl02  and ferrous heme under anaerobic conditions (Table 111) 
would seem unlikely. Superoxide anion ( 0 2 - e )  may be formed 
as an intermediate in the formation of H202: superoxide dis- 
mutase did not inhibit the destruction of FePPIX (Masters and 
Schacter, 1976; Guengerich and Strickland, 1977) but epi- 
nephrine inhibited the conversion of methemalbumin to green 
pigments by protease-solubilized reductase (Masters and 
Schacter, 1976). 

Since H202 can be produced by the autoxidation of either 
the reductase or heme (FePPIX or P-450), the effect of adding 
C O  (which binds to reduced P-450 or FePPIX to specifically 
block heme, but not flavin, autoxidation) was studied in hopes 
of attributing the source of HzOz. The destruction of FePPIX 
or P-450 in a reconstituted system, but not that of P-450 in 
micrmomes, was inhibited by the presence of 20% CO (Table 
IV) .  Since others have found considerable variation in the 
amount of C O  required to inhibit P-450-dependent reactions 
(Cooper et al., 1977), the CO/Oz ratio was raised from 1.25 
(20% CO) to 9.0 (90% CO) (while decreasing the 0 2  concen- 
tration from 16 to 10%); under these conditions, all of the heme 
destruction systems were strongly inhibited, implying 0 2  re- 
duction by the heme as opposed to the flavin. (Incubation of 
any of the systems under anaerobic conditions [ 100% N2] also 
completely abolished all destructive activity.) However, some 

of the H202 responsible for the destruction can be produced 
by the reductase: the bromelain-solubilized reductase, which 
does not reduce P-450 because of an inability to bind the cy- 
tochrome (Coon et al., 1975), destroyed P-450 at  a rate about 
20% that of the detergent-solubilized reductase. 

Products of Heme Destruction. During the metabolism of 
methemalbumin by the heme oxygenase system (Tenhunen 
et al., 1969) and perhaps in the destruction of P-450 by mi- 
crosomal lipid peroxidation (Nishibayashi et al., 1968; De- 
Matteis et al., 1977), one of the heme methene bridges is 
converted to CO. When microsomes were incubated with and 
without NADPH in the presence of EDTA and BHT, a dif- 
ference spectrum was obtained with a shoulder in the 440- 
450-nm region attributed to a low steady-state level of oxy- 
genated P-450 (Estabrook et al., 1971; Guengerich et al., 
1975). Repetition of the experiment in the presence of NaN3 
indicated a depression in the Soret region due to heme loss and 
the formation of a large peak a t  450 nm, consistent with the 
production of C O  which becomes bound to ferrous P-450 
(Nishibayashi et al., 1968). 

N o  such heme-CO peaks were observed with NADPH- 
cytochrome P-450 reductase in reconstituted systems (Figure 
1 ), where the kinetics of individual reaction steps have probably 
been changed appreciably and reduced heme might not ac- 
cumulate. The changes observed in the methemalbumin dif- 
ference spectrum resemble those reported by Masters and 
Schacter (1976) with a protease-treated reductase, except that 
the peak attributed to bilirubin was not seen here (Figure 1 A). 
When FePPIX was incubated with the reductase, a strong peak 
centered at  525 nm formed (Figure 1 B). The spectral changes 
observed with P-450 resembled those seen with methemalbu- 
min (Figure 1C); i.e., the Soret band decreased and a weak 
broad green band (600-800 nm) appeared. 

Most of the 3H or 14C from the heme of P-450 was recovered 
in fractions 1 (44%), 5 (33%), and 6 (20%) after incubation of 
a reconstituted system (or microsomes and NaN3) and frac- 
tionation as described under Experimental P r o c e d ~ r e . ~  I n  all 
cases, all (>95%) of the radioactivity in fraction 5 chromato- 
graphed with FePPIX (TLC: activated silica gel G;  ben- 
zene-CH30H-CH3COzH, 90:10:2, v/v). Label bound to 
protein (fraction 6) could not be removed by extensive washing 
or by electrophoresis (vide infra), and the binding is assumed 
to be covalent. 

Although some green compounds were observed spectrally 
in the incubation of P-450 and NADPH-cytochrome P-450 
reductase (Figure l ) ,  no more than 3-5% of the destroyed 
heme could be accounted for as biliverdin production in spec- 
tral or radioisotopic experiments. The small amount of ra- 
dioactivity found in fraction 2 was judged not to be bilirubin 
I X a  upon TLC (silica gel G;  benzene-CH30H-CH3C02H, 
90: 10:2, v/v).  Radiometric experiments were repeated in the 
presence of 100 nmol each of biliverdin IXa and bilirubin IXa,  
and ascorbic acid (20 mg/mL) was added to the acetone prior 
to extraction (Maines and Kappas, 1977). With the micro- 
somal system, 0.9% of the label was recovered as biliverdin, 
while 1.6% was recovered with the reconstituted system; in both 
cases, recovery of label as bilirubin was less than 0.1%. When 
the reconstituted system was incubated in the presence of bi- 
liverdin reductase and bilirubin (1 00 nmol) was added im- 
mediately before fractionation, no label was detected in the 
bilirubin I X a  isolated by TLC; moreover, no spectral forma- 
tion of bilirubin was observed during the reaction. In a control 
experiment, biliverdin was identified as the only colored me- 

5 I n  control experiments (minus NADPH). no more than 59b of the label 
was recovered in fraction I or 6 and at least 92% was recovered in  fraction 
5. 
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FIGURE 1 : Spectral changes accompanying the NADPH-cytochrome 
P-450 reductase-mediated destruction of methemalbumin, free FePPIX, 
and P-450. In each case, a mixture of NADPH-cytochrome P-450 re- 
ductase (20 pg/mL), di-12-GPC (38 pM), NaDOC (0.25 mM), KHepes 
(50 mM, pH 7.7) ,  MgC12 (15 mM), NADP+ (0.1 mM), glucose 6-phos- 
phate (10 mM), and FePPIX or hemoprotein was divided into two 3-mL 
cuvettes, and the indicated baseline (- - -) was recorded using an Aminco 
DW-2 spectrophotometer equilibrated at 25 "C. Glucose-6-phosphate 
dehydrogenase (1 IU/mL) was added (in 6 pL) to the sample cuvette and 
spectra (labeled a, b, c, etc., in consecutive order) were recorded at 10-min 
intervals: (A) methemalbumin (1 1.4 p M ) ,  (B) FePPIX (1 1.4 pM), and 
(C) P-450 (5.6 pM), 

tabolite of FePPIX using liver microsomes isolated from rats 
in which heme oxygenase was induced by CoC12 (Maines and 
Kappas, 1975); more than 90% of the biliverdin was the IXcy 
isomer (O'Carra and Colleran, 1970). However, incubation 
of a mixture of equal amounts of CoCl2-induced rat micro- 
somes and 3H-labeled microsomes from phenobarbital-induced 
rats (with NADPH in the absence of NaN3) did not yield la- 
beled biliverdin. 

The above experiments suggested that metabolism of P-450 
heme may not be carried out by heme oxygenase to the usual 
bile pigments. The accumulation of a peak a t  525 nm (Figure 
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FIGURE 2: TLC of incubates with standard propentdyopent. The shaded 
area indicates the migration of the standard. All chromatography was of 
methyl esters on 0.25-mm layers of activated silica gel G. Incubations were 
carried out using the general conditions described in the tables. (A) In- 
cubation: 3H-labeled microsomes, NaN3, NADPH; solvent (TLC) 
CHCl3-CH30H-CH3C02H, 90:10:0.5, v/v. (B) Incubation: I4C-labeled 
microsomes, NaN3, NADPH; solvent CHC13-CH3OH-CH3C02H, 
90: 10:0.5. (C) Incubation: 3H-labeled microsomes, NaN3, NADPH; 
solvent benzene-CH30H-CH3COzH, 75:25:0.5, v /v .  (D) Incubation: 
3H-labeled P-450, NADPH-cytochrome P-450 reductase, di-l2-GPC, 
NaDOC, NADPH; solvent CHCI~-CH~OH-CH~COZH,  90: 10:0.5. (E) 
Incubation as under D; solvent as under C. 

1 B) during FePPIX destruction first suggested that propent- 
dyopent structures were being formed and reduced during the 
reaction. Fraction 1 was washed with CHC13, dried in vacuo, 
and esterified with CH2N2; TLC indicated that most of the 
label recovered in this fraction (from labeled P-450 heme) 
migrated with standard propentdyopent methyl ester (Figure 
2 ) .  In addition, the extract prepared from a reductase-FeP- 
PIX-NADPH incubation gave a single 12- and pentdyopent- 
positive spot of the same RJ as the propentdyopent ester (ex- 
periment not shown). Further evidence for the formation of 
propentdyopent is presented in Figure 3, as shown by the 
characteristic spectra obtained with extracts of microsome- 
NADPH-NaN3 and reductase-FePPIX-NADPH incuba- 
tions. These extracts failed to yield adducts with Ehrlich's 
reagent (Mattocks and White, 1969), which reacts with pyr- 
roles containing an unsubstituted cy position. 

It is interesting that propentdyopent is not reduced during 
P-450 or methemalbumin destruction (Figure 1A,C). 
Propentdyopent methyl ester was saponified (1  N KOH, 100 
"C, 10 min) and incubated with NADPH and NADPH-cy- 
tochrome P-450 reductase, but no spectral changes were ob- 
served. Thus, FePPIX may be required for electron transfer 
to propentdyopent. 

The nature of the P-450 heme product(s) bound covalently 
to protein (fraction 6) was pursued. Biliverdin is known to bind 
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FIGURE 3 Pentdyopent spectra of heme derivatives. An aliquot of each 
incubation was dissolved in 1 N NaOH and a baseline was recorded. 
Several crystals of solid NazSz04 were added to the sample and the con- 
tents of each cuvette were transferred to test tubes, heated 2 min a t  IM) 
OC. and uxrled on ic'e; the resulting spectra were recorded FePPlX plus 
H202 in alkaline HzO (see Experimental Procedure) (. . .); NADPH- 
cytwhromc P-450 reductase plus NADPH and Fe PPIX (see Figure I B) 
(-);and liver microsomes plus NADPH and NaN, (- - -). 
to protein sulfhydryls via its vinyl side chains (Lemberg, 1956), 
but the addition of reduced glutathione (5 mM) during incu- 
bation did not significantly reduce the level of radioactivity 
bound to protein. Incubation of the reconstituted system was 
carried out in the presence of a twofold excess of bovine serum 
albumin; proteins were separated by electrophoresis. Figure 
4 shows that essentially all of the label was bound to apo-P-450 
and not to albumin, consistent with the hypothesis that the 
heme product was rather reactive and did not migrate from 
apo-P-450 before becoming covalently bound. ['HIPropent- 
dyopent was isolated and incubated with unlabeled P-450, but 
no label was covalently bound to the protein. 

Relationship of FePPIX Catabolism by NADPH-Cyto- 
chrome P-450 Reductase in the Presence and Absence of 
Heme Oxygenuse. A reconstituted heme oxygenase system was 
insensitive to catalase (800 IU/mL), in contrast to the de- 
struction carried out in the absence of heme oxygenase 
(Masters and Schacter, 1976; Guengerich and Strickland, 
1977). Neither NADH-cytochrome bs reductase nor di- 
methylaniline monooxygenase would replace NADPH-cy- 
tochrome P-450 reductase in this heme oxygenase system. The 
possibility was considered that, in the heme oxygenase system, 
the reductase produces a propentdyopent which is converted 
by heme oxygenase to biliverdin IXa. However, after the 
525-nm metabolite accumulated in the experiment of Figure 
1B and heme oxygenase was then added, the level of the 
525-nm species remained constant, while the broad green ab- 
sorbance centered a t  670 nm increased. The alternative was 
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FIGURE 4 Electrophoresis of incubations containing )H-labeled P-450, 
NADPHi-ytochrome P-450 reductase. and bovine SeNm albumin carried 
out in the presence and absence of NADPH. Incubations were carried out 
in parallel with 'H-labeled P-450 (0.5 mg/mL, 3.2 aM, 6.1 X IO' 
dpm/mL), NADPH-cytochrome P-450 reductase (60 pg/mL), bovine 
serum albumin (1 .O mg/mL), di-12-GPC (75 aM), NaDOC (0.25 mM), 
KHepes (30 mM), and MgCh ( I O  mM); the final volume was 0.80 mL 
in each case. One incubation (upper frame) contained the NADPH-gen- 
erating system as described under Table 11, while the other (lower frame) 
did not. Both incubates were shaken at 37 'C in the dark for 90 min, 
washed (fraction 6 procedure), and electrophoresed. The positions of the 
bovine serum albumin (BSA) and P-450 are indicated with arrows. 

considered, namely, that NADPH-cytochrome P-450 re- 
ductase converts biliverdin to the 525-nm species. NADPH- 
cytochrome P-450 reductase was found to destroy biliverdin 
IXa at the rate of 3.5 nmol min-I (mg of reductase)-' in the 
presence of NADPH ([biliverdin IXa]  = IO pM), hut no new 
peaks appeared in the visible spectrum (400-800 nm). Neither 
biliverdin IXa nor bilirubin IXa gave rise to propentdyopents 
when incubated with NADPH and NADPH-cytochrome 
P-450 reductase. 

The possibility should be considered that the hemeof P-450 
may be degraded in vivo via the mechanism described in this 
report rather than with heme oxygenase: (1) NADPH-cyto- 
chrome P-450 reductase has a high affinity for both FePPIX 
(vide supra) and P-450 (Coon et al., 1975). (2) Hemeoxyge- 
nase is localized in reticuloendothelial cells and P-450 in pa- 
renchymal cells (Hupka and Karler, 1973). P-450 has to be 
denatured to P-420 to release heme (Maines and Anders, 
1973), which would require transport to another cell for most 
efficient processing. (3) Although certain divalent metals in- 
duce heme oxygenase and depress P-450 levels, the latter is not 
necessarily a result of the former response (Krasny and Hol- 
brook, 1977; Paine and Legg, 1978). (4) The degradation of 
the heme of microsomal P-450 (or P-420) by heme oxygenase 
to biliverdin has never been demonstrated, and the work re- 
ported here argues against such metabolism. (5) Propentdy- 
opents are present in gallstones and in the urine of patients with 
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jaundice and certain other liver diseases (Lightner, 1978). The 
possibility exists that such compounds may be formed in nor- 
mal metabolism a t  low levels and excreted undetected or per- 
haps metabolized first. A less than total catalatic inhibition 
of the reductase-coupled process might allow this mechanism 
to play a significant role in the in vivo catabolism of heme and 
hemoproteins. 

Acknowledgments 
I express my gratitude to Drs. S .  D. Aust and D. M. Ziegler 

for the flavoproteins, to Dr. D. A. Lightner for making a copy 
of his unpublished review available, and to Mrs. S .  Himmel- 
reich and Mrs. P. Mason for technical assistance. 

References 
Bonnett, R., and Stewart, J. C .  M. (1975), J .  Chem. Soc., 

Perkin Trans. 1 ,  224. 
Coon, M. J., Haugen, D. A., Guengerich, F. P., Vermilion, J .  

L., and Dean, W. L. (1976), in The Structural Basis of 
Membrane Function, Hatefi, Y., and Djavadi-Ohaniance, 
L., Ed., Academic Press, New York, N.Y., p 409. 

Cooper, D. Y., Schleyer, H., Rosenthal, O., Levin, W., Lu, A. 
Y. H., Kuntzman, R., and Cooney, A. H. (1977), Eur. J .  
Biochem. 74, 69. 

DeMatteis, F. (1971), Bio'hem. J .  124, 767. 
DeMatteis, F., Gibbs, A. H., and Unseld, A. (1977), Biochem. 

J .  168, 417. 
Estabrook, R. W., Hildebrandt, A. G., Baron, J . ,  Netter, K. 

J., and Leibman, K. (1971), Biochem. Biophys. Res. 
Commun. 42, 132. 

Fischer, H., and Muller, A. (1937), Z. Physiol. Chem. 246, 
43. 

Guengerich, F. P. (1977a), J. Biol. Chem. 252, 3970. 
Guengerich, F. P. (1977b), Mol. Pharmacol. 13, 911. 
Guengerich, F. P., and Aust, S. D. (1977), Mol. Pharmacol. 

Guengerich, F. P., Ballou, D. P., and Coon, M. J.  (1975), 

Guengerich, F. P., and Broquist, H.  P. (1973), Biochemistry 

Guengerich, F. P., and Strickland, T.  W. (1977), Mol. Phar- 

Hupka, A. L., and Karler, R. (1973), J .  Reticuloendothel. SOC. 

Imai, Y. (1976), J .  Biochem. (Tokyo)  80, 267. 
Koch, R. R., Glende, E. A., Jr., and Rechnagel, R. 0. (1974), 

Krasny, H.  C., and Holbrook, D. J., Jr. (1977), Mol. Phar- 

Laemmli, U. K. (1970), Nature (London) 227, 680. 
Lemberg, R. (1956), Rev. Pure Appl. Chem. 6, I .  
Levin, W., Lu, A. Y. H., Jacobson, M., Kuntzman, R., Poyer, 

J .  L., and McCay, P. B. (1973), Arch. Biochem. Biophys. 
158, 842. 

13, 185. 

Biochem. Biophys. Res. Commun. 70, 95 1. 

12, 4270. 

macol. 13, 993. 

14, 225. 

Biochem. Pharmacol. 23, 2907. 

macol. 13, 759. 

Lightner, D. (1978), in The Porphyrins, Dolphin, D., Ed., 

Lowry, 0. H., Rosebrough, N.  J., Farr, A. L., and Randall, R. 

Maines, M. D., and Anders, M. W. (1973), Drug Metab. 

Maines, M. D., and Kappas, A. (1975), J .  Biol. Chem. 250, 

Maines, M. D., and Kappas, A. (1977), Biochemistry 16, 

Masters, B. S. S . ,  and Schacter, 0. A. (1976), Ann. Clin. Res. 

Mattocks, A. R., and White, I. N. H. (1970), Anal. Biochem. 

Nakajima, H. (1963), J .  Biol. Chem. 238, 3797. 
Nishibayashi, H., Omura, T., Sato, R., and Estabrook, R. W. 

(1968), in Structure and Function of Cytochromes, Oku- 
nuki, K., Kamen, M. D., and Sekuzu, I., Ed., University 
Park Press, Baltimore, Md., p 658. 

Nordblom, G. D., and Coon, M. J. (1977), Arch. Biochem. 
Biophys. 180, 343. 

Nordblom, G. D., White, R. E., and Coon, M. J. (1976), Arch. 
Biochem. Biophys. 175. 524. 

O'Carra, P., and Colleran, E. (1970), J .  Chromatogr. 50, 
458. 

Omura, T., and Sato, R. (1964), J .  Biol. Chem. 239, 2370. 
Paine, A. J . ,  and Legg, R. F. (1978), Biochem. Biophys. Res. 

Schacter, B. A., Nelson, E. B., Marver, H.  S., and Masters, B. 

Schwartz, S . ,  Berg, M. H., Bossenmaier, I . ,  and Dinsmore, H. 

Snyder, S. H., and Hendley, E. D. (197 I) ,  Methods Enzymol. 

Spatz, L., and Strittmatter, P. (1971), Proc. Natl. Acad. Sci. 

Spatz, L., and Strittmatter, P. (1973), J .  Biol. Chem. 248, 

Tenhunen, R., Marver, H. S . ,  and Schmid, R. (l969), J .  Biol. 

Tenhunen, R., Ross, M. E., Marver, H. S., and Schmid, R. 

van der Hoeven, T. A., and Coon, M. J .  (1974), J .  Biol. Chem. 

Welton, A. F., and Aust, S. D. (1972), Biochem. Biophys. Res. 

Welton, A. F., Pederson, T. C., Buege, J .  A., and Aust, S. D. 

Yoshida, T., and Kikuchi, G. (1977), J .  Biochem. (Tokyo) 81, 

Yoshida, T., Takahashi, S., and Kikuchi, G.  (1974), J .  Bio- 

Ziegler, D. M., and Mitchell, C. H. (1972), Arch. Biochem. 

Academic Press, New York, N.Y. (in press). 

J. (1951), J .  Biol. Chem. 193, 265. 

Dispos. 1. 293. 

4171. 

419. 

8, 18. 

38, 529. 

Commun. 81, 672. 

S. S. (1972), J .  Biol. Chem. 247, 3601. 

(1960), Methods Biochem. Anal. 8, 221. 

17B, 741. 

U.S.A. 68, 1042. 

793. 

Chem. 244, 6388. 

(1 970), Biochemistry 9, 298. 

249, 6302. 

Commun. 49, 661. 

( I  973), Biochem. Biophys. Res. Commun. 54, 161. 

265. 

chem. (Tokyo)  75, 1187. 

Biophys. 150, 116. 


