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SUMMARY

WoLr, C. RoLAND, MANsUY, DANIEL, NASTAINCZYK, WOLFGANG, DEUTSCHMANN,
GENEVIEVE & ULLRICH VOLKER (1977) The reduction of polyhalogenated methanes
by liver microsomal cytochrome P450. Mol. Pharmacol., 13, 698-705.

Under anaerobic reducing conditions various polyhalogenated methanes (CBr,, CCl,,
CCLF, CClyBr, CCI;,CN, CHI;, CHBr;, and CHCl;) form complexes with ferrous cyto-
chrome P450 with absorption peaks in the difference spectra ranging between 450 and
470 nm. Carbon monoxide was detected as a metabolic product of the interaction.
Inhibition experiments indicated the involvement of cytochrome P450 in the reduction
process, and a reaction sequence is proposed to account for these findings. Comparison of
cytochrome P450 complex formation using liver microsomal preparations from pheno-
barbital- and 3,4-benzpyrene-treated rats showed differences which could be accounted
for by decreased stability of the halogenomethane complex with the 3,4-benzpyrene-

induced form of cytochrome P450.

INTRODUCTION

Many polyhalogenated aliphatic hydro-
carbons undergo chemical reactions in
vivo which result in increased toxicity
rather than in detoxification (1). Carbon
tetrachloride has been investigated exten-
sively in this respect, but the mechanism
of its hepatotoxicity has not yet been com-
pletely elucidated. It has been suggested
that it is not an oxidative but a reductive
process, via chloride elimination and radi-
cal formation, which leads to covalent
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binding to cell constituents and cell necro-
sis (2). Treatment of experimental animals
with phenobarbital greatly enhances car-
bon tetrachloride toxicity (3-5), which sug-
gests that cytochrome P450 is involved in
this reductive activation. This cytochrome
is involved in the reduction of molecular
oxygen for monooxygenase reactions (6)
and is also known to reduce organic nitro
and azo compounds (7, 8). Experiments in
vitro with liver microsomes have shown
that an NADPH-dependent reduction of
carbon tetrachloride to chloroform occurs
which requires anaerobic conditions and
can be inhibited by carbon monoxide (9).

It has also been reported that under an-
aerobic reducing conditions carbon tetra-
chloride forms a complex with cytochrome
P450 with a Soret absorption band at 454
nm in the difference spectrum (10). This
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band was tentatively assigned by us to a
ligand complex of the reduced heme iron
with the trichloro carbanion, which could
release a chloride ion yielding the dichloro
carbene (11). Chemical evidence for such a
reductive elimination of halogens by re-
duced cytochrome P450 was later found to
occur with halothane. Under reducing con-
ditions a complex with reduced cyto-
chrome P450 was formed which could also
be obtained with 1,1,1-trifluorodiazoe-
thane, suggesting the corresponding car-
bene as the ligand (12). We wished to learn
whether this could be a general metabolic
pathway for polyhalogenated hydrocar-
bons and therefore investigated the spec-
tral interactions of a series of halogenated
methane derivatives with rat liver micro-
somes. Some preliminary experiments
have already been reported (13).

MATERIALS AND METHODS

All chemicals used were obtained from
commercially available sources.

Male Sprague-Dawley rats (100-150 g)
treated with sodium phenobarbital (80 mg/
kg of body weight, one intraperitoneal in-
jection per day for 3 days) or 3,4-benzpyr-
ene (20 mg/kg of body weight, injected in-
traperitoneally as a solution in olive oil
daily for 2 days) were used. Liver micro-
somal fractions were prepared according to
Frommer et al. (14). Protein was deter-
mined by the biuret method (15), and cyto-
chrome P450, by the method of Omura and
Sato (16). Rat hemoglobin was prepared
according to Rossi-Fanelli and Antonini
(17) and was used as an aqueous solution.

The carbon monoxide formed during an-
aerobic microsomal incubations was deter-
mined by measurement of the carbon mon-
oxide-hemoglobin spectrum. Quantitative
values for carbon monoxide concentrations
were obtained from calibration curves de-
termined by titration of a sodium dithio-
nite-reduced microsomal suspension con-
taining hemoglobin (25 um) with microli-
ter quantities of an aqueous solution satu-
rated with carbon monoxide. Microsomes
were suspended in 0.1 M Tris-HCI buffer,
pH 7.6; final volume, 3 ml, 1 mg of micro-
somal protein per milliliter. The difference
absorption between 419 nm and the
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isosbestic point at 425 nm was measured in
1-cm glass cuvettes, using an Aminco DW-
2 spectrophotometer, and was plotted
against carbon monoxide concentration.
The carbon monoxide concentration of a
saturated aqueous solution was taken as
1.0 mm at 20° (18).

‘Substrate-induced difference spectra
were measured in liver microsomal prepa-
rations suspended in 0.1 M Tris-HCI
buffer, pH 7.6, reduced with sodium dithi-
onite or NADPH. Spectra were recorded in
stoppered 1-cm glass cuvettes containing 3
ml of microsomal suspension (1 mg of pro-
tein per milliliter), using an Aminco DW-2
spectrophotometer. In experiments under
anaerobic conditions involving NADPH,
the microsomes were first bubbled for 10
min with nitrogen, followed by the addi-
tion of substrate (4 mm) and NADPH (100
UM).

CCl,-induced NADPH oxidation under
anaerobic conditions was measured using
the experimental procedure described
above. The rate of NADPH oxidation was
measured by monitoring the absorption
difference between 340 and 500 nm. The
effect of carbon monoxide on the CCl-in-
duced rate of NADPH oxidation was deter-
mined by bubbling the microsomal suspen-
sion for 30 sec with carbon monoxide be-
fore the addition of NADPH. The CCL-
induced rate of NADPH oxidation was also
determined in the presence of metyrapone
(50 mm) added prior to the addition of sub-
strate and NADPH. Quantitative values
for the rate of NADPH oxidation were ob-
tained using an extinction coefficient of 6.2
mM~! cm™.

Simultaneous measurements of oxygen
concentration and formation of the sub-
strate-ferrous cytochrome P450 complex
were made using a platinum-silver Clark
oxygen electrode fitted into a 1-cm glass
cuvette, as described by Nastainczyk and
Ullrich (19).

RESULTS

Many halogenated alkanes are known to
give typical type I difference spectra when
added to liver microsomal suspensions
(20), representing the formation of an en-
zyme-substrate complex. All the com-
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pounds used here exhibited similar spec-
tra.

Figure 1 shows the typical difference
spectrum obtained after incubation of CCL,
with sodium dithionite-reduced liver mi-
crosomal suspensions from phenobarbital-
treated rats. The formation of the spec-
trum was time-dependent, and a gradual
shift in the position of the Soret band from
460 to 454 nm was observed. On the addi-
tion of hemoglobin to test and reference
cuvettes after peak formation, the A,
shifted back to 460 nm, and a typical he-
moglobin-carbon monoxide difference
spectrum was obtained at 419 nm.

In incubations with CBr,, CCLF,
CCl;Br, CCIL,CN, CHBr;, CHCIl,, or CHI,
similar difference spectra were formed,
and in most cases a concomitant shift in
the Soret band was recorded (Table 1). In
the case of CC1;CN and CHCI,; no shift was
observed. In contrast to the other com-
pounds, the CHCl; complex formed very
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Fi1c. 1. Difference spectrum obtained after addi-
tion of CCl, to sodium dithionite-reduced liver micro-
somal preparations

The two cuvettes contained 3 mg of microsomal
protein (2.1 nmoles of cytochrome P450 per milli-
gram) in 3.0 ml of 0.1 M Tris-HCI buffer, pH 7.6.
After reduction with sodium dithionite (2 mg), CCL,
(4 mMm) was added to the test cuvette. The scans
shown were taken at 0.3, 1.0, 1.7, 4.4, and 10.0 min.
- - -, difference spectrum obtained after the addi-
tion of hemoglobin to test and reference cuvettes
after 10 min of incubation.
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slowly, 30-40 min being required before a
maximum value was obtained. The magni-
tude of the spectrum obtained with CCl;Br
was much smaller than for the other com-
pounds tested and was only 20% of the
CCL, .

Inclusion of hemoglobin in the incuba-
tion medium inhibited the shift in the So-
ret band (Table 1), and a time-dependent
increase in the hemoglobin-carbon monox-
ide spectrum was observed. With CCl;,CN
or CHCl,, no significant carbon monoxide-
hemoglobin spectrum was obtained. These
results indicated that the shift in the ab-
sorption band was due to the formation of
carbon monoxide during the incubation.
The inhibition of the shift by hemoglobin
can be explained by its high affinity for
carbon monoxide, which prevents carbon
monoxide from binding to cytochrome
P450.

The presence of carbon monoxide was
confirmed by drawing the gases dissolved
in a microsomal suspension, after incuba-
tion in the presence of CCl, and sodium
dithionite, into a gas cuvette (path length,
10 m) inside a Perkin-Elmer infrared spec-
trophotometer, model 325. The resultant
spectrum showed bands typical of carbon
monoxide (Fig. 2). Control experiments in

TaABLE 1

Amar Ualues obtained on interaction of various
halogenomethanes with ferrous cytochrome P450 in
the presence of sodium dithionite

Experimental details were the same as in Fig. 1.
Compound Substrate-cytochrome P450 complex:

0.3 min 20 min Hemoglo-
bin®
nm nm nm
CCl, 460 454 459
CBr, 465 455 465
CCL,F 453 452 453
CCl4Br 454 453 (455)
CCl,CN 468 468 468
CHCI, 464 464 464
CHBr, 465 455 464
CHI, 465 463 464
CH,CI, No complex formed
CH,Br, No complex formed
CH,C1 No complex formed

2 Experiments carried out after addition of hemo-
globin (25 uM) to test and reference cuvettes.
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F1c. 2. Comparison of infrared spectrum of pure
carbon monoxide gas with that of gases dissolved in a
sodium dithionite reduced microsomal suspension
after incubation with CCl,

Each milliliter of incubation medium, in 0.1 M
Tris-HCI buffer, pH 7.6, contained microsomal pro-
tein (2 mg), sodium dithionite (2 mg), and CCL, (4
mM) in a total volume of 100 ml. Incubations were
carried out in stoppered two-necked flasks. After 40
min of incubation at 30°, the dissolved gases were
drawn into an evacuated gas cuvette inside a Per-
kin-Elmer (model 325) spectrometer, and the spectra
were recorded. a, baseline; b, pure carbon monoxide
gas (approximately 2500 nmoles); ¢, incubation in
the absence of CCl,; d, incubation in the presence of
CCL.

the absence of CCl, and with acid-dena-
tured microsomes gave no spectrum in the
region scanned.

The rates of carbon monoxide formation
for the various compounds tested are
shown in Fig. 3. Carbon monoxide was
first detectable after about 1 min of incu-
bation, whereas the ferrous cytochrome
P450 complex was immediately visible.
The initial rates of formation of the cyto-
chrome P450 complexes were unaffected by
the presence of hemoglobin. These find-
ings indicate that the spectrum observed
initially was due solely to halogenometh-
ane complex formation.

CH;Cl, CH,Cl,, and CH,Br, did not lead
to carbon monoxide formation under an-
aerobic conditions, and also no spectral
change could be observed with these halo-
genated methanes, as noted in Table 1.

Similar results for all halogenometh-
anes investigated were obtained when
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NADPH was substituted for sodium dithi-
onite as reductant. Cytochrome P450 com-
plex formation and concomitant formation
of carbon monoxide were observed. The
rates of both carbon monoxide and com-
plex formation were comparable. In the
presence of metyrapone, 80% inhibition of
both complex and carbon monoxide pro-
duction was recorded. No interaction was
measurable using resuspended, acid-dena-
tured microsomes.

To obtain further evidence that the in-
teraction of the halogenomethanes was
NADPH- and cytochrome P450-dependent,
the substrate-induced rate of NADPH oxi-
dation under anaerobic conditions was in-
vestigated. Figure 4 shows the results ob-
tained after the addition of CCl, to anaero-
bic liver microsomal preparations. The in-
crease in rate of NADPH oxidation mea-
sured after 1 min was 3.4 nmoles/min/mg
of protein. In the presence of carbon mon-
oxide and metyrapone the rates were 0.4
and 0.7 nmole/min/mg of protein, respec-
tively, which represents 88% inhibition by
carbon monoxide and 79% by metyrapone.

The direct involvement of cytochrome
P450 in complex and carbon monoxide for-
mation was established using cytochrome
P450 purified from phenobarbital-induced
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F1G. 3. Rate of carbon monoxide formation after
addition of various halogenomethanes to sodium di-
thionite-reduced liver microsomal preparations from
phenobarbital-treated rats

Each incubation contained 3.0 mg of microsomal
protein suspended in 3 ml of 0.1 M Tris-HCI buffer,
pH 7.6, hemoglobin (25 uM), sodium dithionite (2
mg), and substrate (4 mm). The spectral difference
between 419 and 425 nm was scanned with time.
Absolute values for carbon monoxide concentration
were obtained from a calibration curve.
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Fic. 4. Effect of CCl,on rate of NADPH oxidation
in anaerobic rat liver microsomal preparations from
phenobarbital-treated rats

Microsomal protein (3 mg) was suspended (3 ml)
in 0.1 M Tris-HCI buffer, pH 7.6, containing 33 um
NADPH. NADPH oxidation was measured in the
presence and absence of CCl, (4 mM) in anaerobic
cuvettes by monitoring the absorption difference be-
tween 340 and 500 nm. The effect of carbon monoxide
on the CCli-induced rate was determined by bub-
bling the incubation medium with carbon monoxide
for 30 sec before the addition of NADPH. Experi-
ments were also performed in the presence of 50 mm
metyrapone.

rabbit liver microsomes by the method of
Duppel et al. (21). The cytochrome P450
preparation contained 12 nmoles/mg of
protein and was free of NADPH-cyto-
chrome P450 reductase and cytochrome b;.
On addition of CCl, to the sodium dithio-
nite-reduced cytochrome, the substrate-
cytochrome P450 complex formed and a
shift in the position of the Soret band from
460 to 454 nm was recorded with time. In
the presence of hemoglobin no shfit in A,
was observed, and the concomitant forma-
tion of carbon monoxide was measured.

The formation of the halogenomethane-
cytochrome P450 complexes was also de-
termined at low oxygen pressure. Figure 5
shows the results of a typical experiment
using CCLyF. In this case the Soret band
started to form at approximately 5% oxy-
gen. In the case of CCl, the spectrum
formed at an oxygen concentration of 8%.
Similar experiments also showed that car-
bon monoxide was not formed at high oxy-
gen concentrations with CCl, and CCL,F,
which suggests that complex and carbon
monoxide formation are mediated by the
same reaction pathway.

In microsomal preparations from rats

WOLF ET AL.

treated with 3,4-benzpyrene the halogeno-
methanes also formed complexes with fer-
rous cytochrome P450, with Soret bands in
the region of 450 nm. However, peak
heights, based on cytochrome P450 con-
tent, tended to be smaller than the equiva-
lent peaks using microsomes from pheno-
barbital-treated animals, and formed more
slowly. In the presence of hemoglobin no
shift in the Soret band was observed, and
the magnitude of the spectra formed was
greatly reduced. Figure 6a and b compares
the spectra of CCl, obtained in the pres-
ence and absence of hemoglobin. In this
case the spectrum was 60% smaller in the
presence of hemoglobin. Figure 6b shows
that time-dependent formation of carbon
monoxide also occurred (confirmed by in-
frared spectroscopy). Table 2 compares the
magnitude of the halogenomethane-cyto-
chrome P450 complex and the rate of car-
bon monoxide formation, using micro-
somes from phenobarbital- or 3,4-benzpy-
rene-treated rats. It can be seen that 3,4-
benzpyrene-induced microsomes led to
higher rates of carbon monoxide forma-
tion, accompanied by smaller AE,,, val-
ues of the corresponding cytochrome P450
complexes.
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Fi1c. 5. Simultaneous monitoring of oxygen up-
take and formation of CClsF-ferrous cytochrome
P450 complex

Incubations were carried out at 25°, using liver
microsomal preparations suspended in 0.1 M Tris-
HC] buffer, pH 7.6, containing 4 mg/ml of micro-
somal protein and 4 mm CCLF. The reaction was
started by the addition of NADPH (1 mwm), and the
difference absorption between 453 and 550 nm was
scanned in parallel with oxygen uptake.
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F16. 6. Measurement of CClferrous cytochrome P450 complex in liver microsomal preparations from 3 4-
benzpyrene-treated rats, reduced with sodium dithionite in the presence (b) and absence (a) of hemoglobin

The cytochrome P450 concentration was 1.8 nmoles/mg of protein. In experiments involving hemoglobin,
hemoglobin (25 uM) was added to test and reference cuvettes. Other experimental details were the same as
in Fig. 1. The scans shown were taken at 0.3, 0.8, 1.5, 4.5, and 10.0 min.

TaBLE 2
Comparison of halogenomethane interactions in liver
microsomes from phenobarbital- and 3,4-
benzpyrene-treated rats in the presence of sodium
dithionite
Experiments to determine AE,,, were carried out
in the presence of 25 uM hemoglobin. Other experi-
mental details were the same as in Figs. 1 and 3.

Substrate  AE Amax-500 nm/ Rate of carbon

nmoles cytochrome monoxide forma-
tion

P450
PB* BP PB BP
nmoles/min/nmole

CCl, 0.028 0.011 0.48 1.2
CBr, 0.019 0.012 0.20 0.70
CCL,F 0.030 0.010 0.15 0.20
CCI,CN 0.021 0.015 0 0
CHCI, 0.013 0 Trace  Trace
CHBr, 0.017 0.005 0.15 0.23
CHI, 0.022 0.011 0.08 0.11

¢ PB, phenobarbital-treated; BP, 3,4-benzpyrene-
treated.

DISCUSSION

All halogenated methane derivatives
are lipophilic compounds and, as such, are
able to interact with the active site of liver
microsomal cytochrome P450. This can be
seen from the spectra with oxidized micro-

somes, which all show the formation of the
high-spin  enzyme-substrate complex.
Upon reduction under anaerobic condi-
tions either with sodium dithionite or en-
zymatically with NADPH, various halo-
genomethanes exhibited different behav-
ior. Those containing three or four halo-
gens produced difference spectra with So-
ret bands between 450 and 470 nm,
whereas dichloromethane and dibromo-
methane as well as the monohalogenated
methanes gave no difference spectra. It is
likely that the Soret bands represent low-
spin ligand complexes of cytochrome P450.
Such ligands appear to be formed by a
reductive process from the corresponding
tri- or tetrahalogenated methanes. This is
supported by the increased rate of NADPH
oxidation in microsomes upon addition of
carbon tetrachloride, whereas the mono-
and disubstituted methanes did not stimu-
late NADPH oxidation. The marked inhi-
bition of metyrapone indicates that the re-
duction occurs at cytochrome P450.

The interpretation of the difference
spectra observed was complicated by the
finding that some of the observed peaks
were not stable with time but increased,
with a concomitant shift of the maxima. It
was shown that this was due to formation
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of the complex of cytochrome P450 with
carbon monoxide, which was unequivo-
cally identified by infrared spectroscopy.
The evolution of carbon monoxide follow-
ing a lag phase suggested that it may de-
rive from the ligand complex. Prior reduc-
tive metabolism of the polyhalogenated
methanes to a carbene ligand provides a
feasible explanation:

CX, + Fe! _—xe)[l“e'“-CX,]
Lve
[Fe':.CX;"] = [Fe"-CX;]
+e
[Fe:CXy] —ro9 [Fe'CXy)
~2HX | +H,0

[Fe'CO] « Fe" + CO
This sequence of reactions can explain the
experimental data and would be in agree-
ment with the evidence for carbene com-
plex formation using halothane. Carbon
monoxide is a known hydrolysis product of
dihalogeno carbenes (22, 23). That no car-
bon monoxide was formed in the case of
CCI1;CN can be explained by the difficulty
of hydrolyzing the corresponding carbene
complex. Reports (24-28) concerning the
interaction of transition metal complexes
with polyhalogenated compounds tend to
confirm the proposed reaction sequence.
For example, CCl, is reduced by Cr" com-
plexes to give CO in high yields (24, 25).
Various other di-, tri-, or tetrahalogenated
methanes are also reduced by these com-
plexes, the rate of reduction being propor-
tional to the number of halogen substitu-
ents (24). A mechanism involving Cr'-car-
bene complexes was proposed because the
corresponding carbene could be trans-
ferred to an olefin, resulting in a cyclopro-
pane derivative (25). Moreover, Fe!-por-
phyrins and hemoproteins have been re-
ported to reduce several halogenated com-
pounds (26, 27). The reaction of Fe'-deu-
teroporphyrin IX dimethyl ester with CCl,
leads to a stable complex whose precise
structure has not been determined, but
which was postulated to be either CCl; or

a :CCl; carbene complex (28).

The formation of the halogenomethane-
cytochrome P450 complex at low oxygen
concentration is an indication that these
compounds compete with oxygen for the
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electrons of cytochrome P450, or, alterna-
tively, that in the presence of oxygen the
reaction mechanism differs.

When difference spectra were taken in
the presence of sufficient amounts of deox-
yhemoglobin to trap the carbon monoxide,
only the halogenomethane complexes of
cytochrome P450 could be observed.

The CCl,-induced rate of NADPH oxida-
tion was approximately 3 times faster than
the measured rate of carbon monoxide for-
mation. In the absence of oxygen, uncou-
pling reactions, reported for some cyto-
chrome P450 monooxygenation reactions
(29), cannot occur, and it seems probable
that all the electrons from NADPH are
transferred to the substrate. If carbon
monoxide were the sole product of the in-
teraction, 1:1 stoichiometry of NADPH to
carbon monoxide would be expected. That
this was not the case indicates that in this
incubation system other reactions occur.
Under similar incubation conditions CCl,
and CCL;F have been shown to give CHCl;
and CHCLF, respectively, (9, 30); also, ac-
tive metabolites of both these substrates
bind irreversibly to microsomal proteins
and lipids (31).3

It was interesting to find that carbon
monoxide formation in microsomes from
3,4-benzpyrene-induced rats was higher
than that from phenobarbital-treated rats.
As the steady-state concentration of the
carbene complex showed the reverse be-
havior, it could be argued that the
benzpyrene-induced form of cytochrome
P450 does not stabilize the carbene as well.
This, in fact, has been found to be the case
for many other ligand complexes (32, 33).

The question remains whether carbene
complex formation is implicated in any
way in the well-known hepatotoxicity of
the polyhalogenated methanes. Certainly
there are indications that the reduction of
these compounds is a prerequisite to their
toxicity. However, the toxic effects seem to
be mediated mainly by the radical formed
in the first reduction step, possibly leading
to lipid peroxidation and subsequent de-
struction of cell membranes. Although a
carbene intermediate could be formed in

3C. R. Wolf, T. Werner, L. J. King, and H.
Uehleke, manuscript in preparation.
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liver cells at low oxygen concentrations, it
does not seem to be involved in the toxic
reactions, as both CCl, and CCL,F form
carbene complexes but only CCl, initiates
lipid peroxidation and is hepatotoxic (34).

Irrespective of its physiological signifi-
cance, the possible formation of carbene
complexes at cytochrome P450 is a fasci-
nating aspect of this cytochrome which

warrants further investigation.
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