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This study shows heme oxygenase multiplicity is common to rat and human
tissues. The isozymes in man and rat, however, are heterogenous proteins that
share certain characteristics. Two forms of heme oxygenase, HO-1 and HO-2,
vere identified in human testis. HO-2 form was the prevalent form. Human and
rat HO-1 differed in chromateographic behavior and molecular weight; human H0O-1
was a larger molecule (35,400 vs 30,000). The two forms, hovever, were similar
in that immunochemically human HO-1 exhibited reactivity toward antibody to
rat HO-1. Human and rat HO-2 also were dissimilar in chromatographic behavior
and showed only a weak immunological cross-reactivity. Human and rat HO-1 wvere
essentially the same size. As in vat organs, the microsomal cytochrome P-450
content in human testis was reciprocal to heme oxygenase activity. o 1988 acadenic

Press, Inc.

The oxidative cleavage of heme at the @ -meso carbon bridge to form
biliverdin IX o is catalyzed by microsomal heme oxygenase in the presence of
NADPH-cytochrome P-450Q reductase and NADPH. In mammalian systems, the latter
is reduced to bilirubin by biliverdin reductase. Ve have recently
characterized two forms of heme oxygenase (1-3) in rat organs. The enzymes,
HO-1 and HO-2, differ with respect to molecular properties, tissue expression,
regulatory mechanism, and are products of two distinct genes (4). HO-1 is the
commonly known form and is inducible by a variety of chemicals (5,6). At this
time it is not known whether more than one form of heme oxygenase is also
present in other species, including the human.

The purpose of the present study was to examine the possibility of the
existence of multiple forms of heme oxygenase in the human tissues; if so, to

compare the properties of the human and the rat enzymes.

MATERIALS AND METHODS

Materials: Male Sprague-Davley rats (180-200 g) were purchased from Harlan
Industries, Madison, WI. The animals were treated (sc) with 2 mmol/kg
bromobenzene and killed 24 h later. Human testes vere obtained from three
patients who underwent orchiectomy for treatment of advanced prostatic cancer.
Pooled testis microsomes were used for DEAE-Sephacel chromatography. The testis
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were normal in pathology, and vere procured from the Department of Urology,
Strong Memorial Hospital, Rochester, NY, within 1-2 h after removal. Chemicals
were of the highest quality commercially available.

Immunological Procedures and Enzyme Purifications: HO-1 was purified from the
liver of bromobenzene-treated rats and HO-2 was purified from the testis of
control rats (1,2). The enzymes were used for production of antibodies in New
Zealand rabbits as described before (1,2). WVestern immunoblotting was
performed according to the procedure of Towbin et al. (7), as detailed
elsewvhere (3). NADPH-cytochrome P-450 reductase was purified from rat liver
microsomes as described by Yasukochi and Masters (8), and biliverdin reductase
vas purified from rat liver cytosol (9).

Resolution of Heme Oxygenase Activity: Human and rat testis microsomes were
solubilized with sodium cholate and Triton X-100 as described earlier (2). The
details of chromatographic procedure are described in the legend to Figure 1.
Assay Procedures: Heme oxygenase activity was determined as detailed
previously (10). The assay system contained purified preparations of
NADPH-cytochrome P-450 reductase, biliverdin reductase, 15 uM hematin, and 0.5
mM NADPH. NADPH-cytochrome P-450 reductase activity was measured as described
by Strobel and Dignam (11) and NADH-cytochrome b, reductase activity vas
measured as described by Mihara and Sato (12). éytochrome b. concentration was
measured by the procedure of Estabrook and Werringloer (13),)and protein
concentration was assessed by method of Lowry et al. (14). Cytochrome P-450
concentration was measured as described by Omura and Sato (15).

RESULTS AND DISCUSSION

A series of experiments were performed to characterize the chromatographic
behavior of human heme oxygenase. When solubilized human testis microsomal
fraction was subjected to DEAE-Sephacel chromatography, the activity resolved
in two peaks (Fig. 1). This observation was similar to that previously made
vith the rat testis (2) and hence we used the sequence of their elution from
the column to designate them as HO-1 and HO-2. As judged by the area under the
curve, the human testis contains mainly HO-2 form of the enzyme, with the ratio
of HO-2 to HO-1 being approximately 2:1. Ve have noted before that in the rat
testis the most prevalent form is also HO-2; however, in rat the ratio of the 2
isozymes is nearly 8:1 (2). The detection of relatively high levels of HO-1 in
the human testis may represent a species difference; alternatively, it could
reflect the induction of HO-1 in the testes of patients as the result of
exposure to a variety of medication prior to removal of the organ. This
possibility is consistent with finding that rat liver HO-1 is the only
inducible form of heme oxygenase (1). To date an effective agent to enhance
HO-2 activity has not been identified.

Subsequently, the chromatographic behavior of human HO-1 and HO-2 wvere

compared with that of rat enzymes. In this experiment, a mixture of rat liver

and testis microsomes were subjected to DEAE-Sephacel chromatography under

similar conditions as used with human testis microsomes. The livers were

286



Vol. 164, No. 1, 1988 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

50 105 70 "
= wo g
3 2 o
~ —_ ﬁ >
£40 4=j080 5
c ~ =} r
2 = S o
P 1) x 0%
[ -
< -
= 30 033 06 & o §
® ] w we
> < = og.i
> S Oaf¥5
o S r ro
Z Tuwg =
20 020608 =
w o088
= "‘m>_
w J >'Io
T A o1
{10 o1 | Joo 525
| 1 022‘3‘2‘
) o o

FRACTION NUMBER

FIGURE 1. DEAE-Sephacel Chromatography of Human Testis Microsomal Heme
Oxygenase Activity.
The microsomal preparation was solubilized with Triton X-100 and
sodium cholate as described previously (2). The solubilized
microsomes (48.0 mg protein) were diluted with 0.5 v of a 20 mM Tris
buffer, pH 8.0, that contained 1 mM EDTA and 0.5% (w/v) sodium
cholate and loaded onto a DEAE-Sephacel column with a 6.0 ml (1.0 x
7.6 cm) bed volume (V,) that was previously equilibrated with 6.0 V
of a 20 mM Tris-buffer, pH 8.0, that contained 0.1 mM EDTA, 0.4%
(v/v) Triton X-100, and 0.2% (w/v) sodium cholate. The column wvas
washed with 1.0 V,_ of the above buffer but containing 0.1% (w/v)
sodium cholate an& adjusted to pH 7.7 and eluted with concurrent
linear gradients of KCl (0 to 400 mM) and Triton X-100 (0.4 to 0.9%
(v/v)) that vere prepared in the same buffer. The flow rate, salt
gradient slope, detergent gradient slope, and elution fraction volume
vere adjusted to 0.75 V_/h, 50.0 mM KC1l/V_, 0.0625% (v/v) Triton
X—lOO/Vt, and 0.125 V /fraction, respectively. Elution fractions
wvere assayed for the indicated activities and the results are
expressed in absolute units for heme oxygenase and in relative units
(i.e., relative to the activity of the peak fraction) for all other
activities. Peak fraction activities for NADH-cytochrome b
reductase, cytochrome b., and NADPH-cytochrome P-450 reductase vere
171.95 units/ml, 5.67 nmoles/ml, and 1.48 units/ml, respectively.

enriched with HO-1 by prior treatment of rats with bromobenzene. When the
elution profile of human heme oxygenase isozymes (Fig. 1) is compared with that
of the rat enzymes (Fig. 2), differences are noted between the two profiles.
Specifically, the elution pattern of human testis HO-1 and HO-2 with respect to
the marker enzymes, NADPH-cytochrome P-450 reductase, NADH-cytochrome b5
reductase, and cytochrome bS’ differs from that observed with rat HO-1 and
HO-2. Human HO-1 elutes from the column before cytochrome b5 reductase; the
reverse is the case with the rat reductase. Furthermore, elution of human HO-2

precedes that of cytochrome b5, but in the rat they co-elute. The elution of
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FIGURE 2. DEAE-Sephacel Chromatography of Rat Liver and Rat Testis Heme
Oxygenase Activity.
Chromatographic conditions described in the legend to Figure 1 vere
used. Heme oxygenase source was a mixture of rat liver
(bromobenzene-treated) and rat testis microsomal fractions. Peak
fraction activities for NADH-cytochrome b. reductase, cytochrome bS’
and NADPH-cytochrome P-450 reductase were~ 55,72 units/ml, 10.98
nmoles/ml, and 4.22 units/ml, respectively.

NADPH-cytochrome P-450 reductase follows H(O-2 in both the human and the vat.
The differential chromatographic behavior of the human and rat isozymes,
howvever, suggest the likelihood of differential molecular properties of the
enzymes in these species. The data discussed in the following is supportive of
this possibility.

The human HO-1 and HO-2 were compared with the purified rat liver HO-1 and
rat testis HO-2 by Vestern immunoblotting technique. The peak fractions of
DEAE-Sephacel chromatography of human testis were used as the source of HO-1
and HO-2, 1In one experiment, rat and human HO-1 preparations were tested
against antiserum raised against rat HO-1 (Fig. 3, lanes 2 and 3, respectively)
and in a second experiment rat and human HO-2 preparations were tested against
antiserum to rat HO-2 (Fig. 3, lanes 5 and 6, respectively). Lanes 1 and 4
contain molecular weight markers and were visualized using Amido Black. As
shown, human HO-1 exhibited immunological cross-reactivity with antibody to the
rat HO-1 preparation. In this experiment similar amounts of HO-1 protein,
estimated from the apparent enzyme activity, were added to electrophoretic

channels. Lane 3 contained human HO-1 and lane 2 contained the purified rat
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FIGURE 3. Western Immunoblot of Human Testis HO-1 and HO-2 Preparations and
Purified Rat Liver and Testis HO-1 and HO-2.
Heme oxygenase preparations were subjected to SDS-polyacrylamide gel
electrophoresis, and electroblotted onto a nitrocellulose sheet. The
blots were treated with primary antibody, then goat anti-rabbit IgG
and finally peroxidase-antiperoxidase complex. Lane 2, purified rat
liver HO-1; lane 3, human testis HO-1. 1In this experiment, antibody
raised to rat liver HO-1 was used. Lane 4, purified rat testis HO-2;
lane 5, human testis HO-2. In this experiment, antibody raised to rat
testis HO-2 was used. Lanes 1 and 4 are molecular markers and vere
stained with Amido Black.

HO~1. As noted, both rat and human HO-1 preparations exhibited similar
intensity of cross-reactivity with the antibody. However, human HO-1 had a
significantly larger molecular weight than rat HO-1 (approximately 35,400 vs
30,000). The immunoblot, however, demonstrates an extremely weak reactivity
between antibody to rat 00-2 and human HO-2 (lane 6). Furthermore, the human
HO-2 and rat HO-2 preparations (lanes 6 and 5, respectively) appeared to have a
similar molecular weight (approximately 36,000). The differential intensity of
reaction between rat and the human HO-2 with antibody to rat HO-2 was not due
to the differential amount of protein used for the Western immunoblot analyses
since the samples added to lanes 5 and 6 contained a similar amount of heme
oxygenase protein, assessed by the activity of the preparations.

At this time we cannot predict whether the two forms of heme oxygenase are
expressed in other human organs or if the human enzymes display the dissimilar
regulatory mechanisms identified with the rat HO-1 and HO-2. Furthermore,
although the present study clearly identifies 2 forms of the enzyme in the
human testis, the possibility that other species of the enzyme may be present
but could not be resolved by the presently used protocols cannot be dismissed.
It is reasonable, however, to suggest that HO-1 may be also expressed in the
human liver, and that in the liver human HO-1 has similar immunochemical

property and molecular weight as the human testis HO-1. This suggestion is
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based on the recently reported molecular weight of the human "heme oxygenase™

obtained from ¢DNA which was in turn isolated by screening a human cDNA library

with a rat ¢DNA (16).

The human heme oxygenase was inducible by heme (15). Ve

have noted earlier that heme induces HO-1 in the rat liver, but does not effect

HO-2 (1). Moreover, the present finding that human HO-1 and the rat HO-1

display similar immunoreactivity with antibody to rat HO-1 is consistent with

the reported 80% homology between the ¢DNA sequence-deduced amino acid

compositions of rat and human heme oxygenase (16}.

At this time, the biological significance for the presence of two forms of

heme oxygenase in human testis is not clear. However, our recent findings with

reconstituted heme oxygenase systems showing the differential rate of

reactivity of HO-1 and HO-2 toward rat cytochrome P-450 isozymes (17) may

suggest the differential function of the enzymes in the regulation of

cytochrome P-450-dependent biotransformation reactions. In vivo in the rat, a

reciprocal relationship between heme oxygenase activity and the concentration

of cytochrome P-450 has been observed (6). The data shown in Table 1

demonstrates that such a relationship is also present in the human testis, and

may suggest the role of heme oxygenase in regulating cytochrome P-450 level in

this organ.

TABLE 1

COMPARATIVE ACTIVITY OF HEME OXYGENASE AND THE CONCENTRATIONS

OF CYTOCHROMES P-450 IN HUMAN TESTIS

Sample Heme Oxygenase Cytochrome P-450
Number (nmol/mg/min) (pmol/mg)

1 19.2 76

2 24.5 68

3 30.6 39

The testis were obtained from 3 different patients. The organs vere
placed in ice-cold saline immediately after removal, and were used for
preparation of the microsomal fraction. The various assays were performed as

detailed in the text.

Heme oxygenase activity was measured in the presence of

added purified NADPH-cytochrome P-450 reductase and the activity was assessed
based on the rate of bilirubin formation.
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