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Abstract

AlM: To purify and identify heme oxygenase (HO) isomers
which exist in rat liver, spleen and brain treated with hematin
and phenylhydrazine and in untreated rat liver and to
investigate the characteristics of HO isomers, to isolate and
confirm the rat HO-1 cDNA that actually encodes HO-1 by
expressing cDNA in monkey kidney cells (COS-1 cells), to
prepare the rat heme oxygenase-1 (HO-1) mutant and to
detect inhibition of HO-1 mutated enzyme.

METHODS: First, rat liver, spleen and brain microsomal
fractions were purified by DEAE-Sephacel and hydroxylapatite.
The characteristics including activity, immunity and
inducibility of two isomers (HO-1 and HO-2), and their
apparent molecular weight were measured by detecting
enzymatic activities, SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting analysis, respectively.
Second, plasmid pcDNA3HOL1 containing native rat HO-1
cDNA and pcDNA3HO1D25 carrying mutated rat HO-1 cDNA
(His25Ala) were constructed by site-directed mutagenesis.
COS-1 cells transfected with pcDNA3HO1 and pcDNA3HO1D25
were collected and disrupted by sonication, the microsomes
were prepared by ultracentrifugation. Third, the inhibition
of rat HO-1 mutant was analyzed.

RESULTS: Two isomers were purified and identified in
treated rat liver, spleen, brain and untreated rat liver. HO-1
was the predominant form with a ratio of 2.0:1 and 3.2:1 of
HO-1 and HO-2 in liver and spleen, respectively, but only
the activity of HO-2 in the brain and untreated liver could
be detected. The apparent molecular weights of HO-1 and
HO-2 were about M, 30 000 and M, 36 000 under reducing
conditions, respectively. The antiserum against liver HO-2
was employed in Western blotting analysis, the reactivity of
HO-1 in the liver was not observed. The plasmid pcDNA3HO1
was highly expressed in endoplasmic reticulum of transfected
COS-1 cells. The specific activity was ~=5-fold higher than
that of the control. However, the enzyme activity of mutated
HO-1 declined. While an equal amount of mutant was added
to the enzyme reaction system, the levels of bilirubin
decreased 42 %.

CONCLUSION: The studies suggest that HO-1 and HO-2
exist in the hematin and phenylhydrazine treated rat liver
and spleen, but only HO-2 in the brain and untreated liver.
Two constitutive forms are different in molecular weight,
inducibility and immunochemical properties. The activity of
expressed HO-1 in COS-1 cells is higher than that of purified
enzyme from rat spleen tissue. It suggests that this clone has
an insert of 1030 base-pairs encodes HO-1. His25Ala mutant
reduced the formation of bilirubin and it suggests that the
mutant could competely bind the heme with native enzyme.

Xia ZW, Cui WJ, Zhang XH, Shen QX, Wang J, Li YZ, Chen SN,
Yu SC. Analysis of Heme oxygenase isomers in rat. World J
Gastroenterol 2002; 8(6):1123-1128

INTRODUCTION

Cdlular levels of heme areregulated by the rates of itssynthesis
and degradation. Heme catabolism occurs by oxidative cleavage
of the -methene bridge of the tetrapyrrole, eventually leading to
theformation of equimolar amountsof biliverdin and therelease
of contained iron atom. Biliverdin is then rapidly reduced to
form bilirubin. The heme oxygenase (HO) system controls the
rate-limiting step in heme catabolism. Three isomers (HO-1,
HO-2 and HO-3) have been identified that catalyze thisreaction.
HO-1is a M, 30 000 that is inducible by heme and other
numerous stimuli being the predominant formin liver and spleen.
HO-2 isacongtitutively synthesized M, 36 000 protein that is
abundant in brain and testis. HO-3 is a M, 33 000 protein that,
so far, has only been expressed constitutively in rat neurones.
They are the products of different gened*=2.

Overexpression of HO-1 gene can lead to hyperbilirubinemia
in human with certain hepatic disorder, especialy patientsin
whom bilirubin disposition isimpaired for developmental or
genetic reasons, i.e., in newborns and in patients with Crigler-
Najjar type | syndrome. So, the characterization of the two
condtitutive forms and the expression of HO-1 genewould have
considerable experimental value in elucidating the role of the
enzyme in physiologica and pathological processes and finally
in effective prevention and treatment of hyperbilirubinemia.

The objective of this study was to purify and identify HO
isomers (HO-1 and HO-2) in treated rat liver, spleen, brain
and untreated rat liver, to construct the expression plasmid
pcDNA3HO1 carrying HO-1 cDNA and to confirm that the
cDNA actually encodes HO-1 by expressing cDNA in COS-1
cells. On the basis of these findings, we have expected the
substitution of histindine residues essential for heme binding
would eliminate HO activity, so site-directed mutagenesiswas
applied to construct mutated rat HO-1 cDNA (Histindine25—
Alanine, His25Al4), then the activity of mutant was detected
and compared with that of native enzyme. The inhibition of
this mutant was also examined by determining the levels of
bilirubin in the enzymatic reaction mixture.

MATERIALS AND METHODS

Preparation of tissue
The rats (purchased from Shanghai Institute of Cell Biology,
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Academia Sinica) were allowed to food and water ad libitum
and were injected with 40 nmol/kg hematin (pH 7.4),
intraperitoneally; 100 mg/kg phenylhydrazine, intravenoudly.
The animals were killed 20 hours after treatment.

Purification and identification of HO-1 and HO-2
All operationswere carried out below 4 “C. Therat liver, spleen
and brain tissues were added 2 volumes of 0.25 mol/L sucrose
solution containing 0.1 mmol/L EDTA. The mixture was
homogenized and centrifuged at 9 000 g for 5 minutes. The
supernatant fractions were collected and subsequently
centrifuged at 150 000 g for 1 hour. The microsomal pellet
was treated according to the method described by Maines et
al. The solubilized microsomes were diluted with 1 volume
of 0.05 mmol/L DTT solution, with pH adjusted to 8 and
loaded onto DEAE-Sephacel column (2.5X 13.6 cm) that was
previously equilibrated with 20 mmol/L Tris-HCI buffer (pH
7.5) containing 0.05 mmol/L EDTA, 0.5 % TritonX-100, 0.1 %
sodium cholate and 0.05 mmol/L DTT. The column waseluted
with concurrent linear gradients of KCI (0-0.4 mol/L) and
TritonX-100 (0.5-0.9 %) prepared with the equilibration buffer.
3-4 ml fractions were collected and analyzed for HO activity.
The pooled DEAE-Sephacel fractions containing the first
peak of HO activity and the second peak of HO activity were
dialyzed against distilled water for 24 hours below 4 °C, and
then concentrated and loaded onto a hydroxylapatite column
equilibrated with 10 mmol/L potassium phosphated buffer, pH
7.5, respectively. The column was washed with 10 mmol/L
potassium phosphate buffer, pH 7.2, containing 0.05 mmol/L
EDTA, 0.4% TritonX-100 and 0.1 % sodium cholate, followed
by the same solution containing 20 % glycerol. The column
was eluted with alinear gradient of 10-260 mmol/L potassum
phosphate in the above buffer. The fractions containing HO
activity were collected.

Construction of expression plasmid carrying native rat HO-1
cDNA

The expression vector pcDNA3 was linearized by digestion
with BamHI and the single-stranded ends were filled in by
treatment with DNA polymerase | (Klenow fragment). The
resulting blunt ends were used for ligation with Xhol (-59) /
Hindlll (971) cDNA fragment isolated from pRHO1, which
was provided by Shibahara. Both ends of the fragment were
converted to blunt ends before ligation. The plasmid
pcDNA3HOL1 that encodes native HO-1 was constructed.

Mutagenesis of cDNA for rat HO-1 and construction of
pcDNA3HO1D25

The expression vector pcDNA3HO1 was cleaved with Xbal.
The region of the template was amplified in polymerase chain
reaction. 5’ -terminal primerswas T7 and 3’ -terminal primer
wasasynthetic oligonucleotide (5 -CTCAGAATTCTCTGCA
CGGGTGGCCACCTCC-3'). The amplified products were
digested by Hindll1/EcoRI and the resulting DNA fragments
(Hindll1—EcoRlI, 171bp) were ligated to pBS KS which had
been pretreated with Hindl11/EcoRI. The recombinant plasmid
(pBS KSHO1-171) was digested with EcoRI and the single
stranded ends were filled in by treatment with Klenow
frangment followed by dephosphorylation with calf intestinal
alkaline phosphatase.

To construct the plasmid pBS KSHO1D25 (4034bp), the
pcDNA3HO1 was digested with EcoRI. The DNA fragments
(EcoRI—EcoRl, 932bp) from pcDNA3HO1 was purified and
inserted into EcoRl site of pPBS KSHO1-171.

Finally, the vector pBS KSHO1D25 was cut with Hindl 1|

and BamHI, and ligated to pcDNA3, which had been also
pretreated with Hindlll and BamHI, to construct
pcDNA3HO1D25 (6525bp).

Transfection of COS-1 cells

COS-1 cells, which were provided by Shanghai Institute of
Cell Biology, Academia Sinica, weremaintained in Dulbecco’ s
modified Eagle’ s medium containing 2.5 % newborn calf
serum. Confluent cells, seeded in 75 ml culture flask, were fed
with medium 4 hours before addition of plasmid DNA. Plasmid
DNA (10 ny per flask) was used to transfect COS-1 cells by
the calcium phosphate method. DNA (at 10 nmg/ml) was
adjusted to 250 mmol/L CaCl, and added slowly to an equal
volume of sterile 2X HBS with congtant agitation. The calcium
phosphate-DNA precipitate was allowed to form for 30 minutes,
and 1 ml of precipitate was added to an adequate volume of
medium that covered recipient cells. After 4 hours of exposure
to DNA, the medium was replaced with fresh medium, and the
cellswere allowed to incubate for an additional 48 hours, then
cells were collected and stored at-70 “C until assay for HO-1.
The cells were disrupted by sonication and pellets
(microsomes) were prepared by centrifugation at 105 000 g,
0-4 °C, 1 hour. The microsomes were suspended in 50 mmol/
L potassium phosphate buffer, pH 7.4/0.1 % Triton X-100,
subjected to SDS-PAGE to confirm whether the specific band
was |located in the position of M, 30 000.

Measurement of heme oxygenase isomers and expressed
products activity

The activity of HO isomers and expressed products was
determined by measuring the bilirubin formation monitored
as an absorbance increase at 464 nm. One unit of the enzyme
was defined as the amount catalyzing the formation of 1 nmol
of bilirubin per 1 hour.

SDS-polyacrylamide gel electrophoresis of HO isomers and
expressed products

Electrophoretic procedures were performed according to
Laemmli’ s method in order to identify HO isomers and their
molecular weight.

Production of antiserum

The purified rat liver HO-2 fraction mixed with 100 m of 0.9 %
NaCl solution and injected intraperitoneally into Kunming mice
(10-15 g) purchased from Shanghai Institute of Cell Biology,
Academia Sinica. Then these mice were boosted with antigen
every second week, for three times. The mice were bled 10
days after the final boost and sera were collected and stored
under -20 C.

Western blotting

Western blotting was performed as follows. Protein samples,
rat liver HO-1 and rat brain HO-2 fractions, were subjected
to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) in
1.5 mm slab gels according to the procedure of Laemmli and
the separated polypeptides were then transferred
electrophoretically from the gel to anitrocellulose sheet using
atransfer buffer consisting of 48 mmol/L Tris base, 39 mmol/L
glycine, 20 % (v/v) methanol and 0.07 % (w/v) SDS, pH 8.3.
Following eectroblotting, the nitrocellul ose paper was stained
with Ponceau Sfor protein detection.Destaining was performed
with distilled water. For immunostaining the nitrocellul ose blot
was incubated at 37 “C for 1 hour with bovine serum albumin
in 20.0 mmol/L Tris-HCI buffer, pH 7.5, containing 0.5 mol/L
sodium chloride in order to saturate all protein binding sites.
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The nitrocellulose blot was then incubated with antiserum
against rat liver HO-2 at 37 °C for 1 hour, and washed several
times with peroxidase-anti-mouse 1gG diluted with PBS
solution. The blot was stained with diaminobenzidine (DAB)
solution, washed with distilled water.

RESULTS

Purification and identification of the two forms of HO from
different tissues

Two peaks exhibiting HO activity from rat liver and spleen
treated with hematin and phenylhydrazine were eluted using
DEAE-Sephacel chromatography. The peaks were designated
as HO-1 and HO-2 according to the sequence of their elution
from column. The pooled DEAE-Sephacel fractions containing
HO-1 and HO-2 activities were loaded onto hydroxylapatite
column, and the final purified HO-1 and HO-2 products
exhibited only a single band when visualized by staining of
SDS-PAGE with Coomassie Blue. The valuesobtained for HO-
1 and HO-2 activities were shown in the Figure 1, with the
ratio of HO-1 to HO-2 being approximately 2.0:1 and 3.2:1,
respectively.

The treated rat brain and untreated rat liver microsomal
fractions were also solubilized and subjected to ion-exchange
chromatography of DEAE-sephacel, respectively. The
chromatography elution patterns of HO activity were compared
with those of treated rat liver and spleen. Only one peak of
HO activity was detected from the treated rat brain and
untreated rat liver (Figure 1). An activity peak was not present
in the elution at the inducible isomer of HO (HO-1) region.
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Figure 1 The measurement of HO isomers from different tissues

Characterization of HO-1 and HO-2

Two forms of HO were subjected to electrophoresis, in which
two distinct bands exhibiting HO activity were detected, the
migration patterns of HO-1 and HO-2 being different. The
purified HO-2 on SDS-PAGE displayed a higher monomeric
molecular weight. The apparent molecular weight of HO-1
and HO-2 were M, 30 000 and M, 36 000, respectively. The
apparent molecular weight in treated brain microsomal
preparation was identical to the purified liver and spleen HO-
2. The HO-1 activity was increased in response to hematin
and phenylhydrazine, while that of HO-2 was fully refractory
to these agents. The blot was treated with anti-rat liver HO-2
serum followed by anti-mouse |gG-peroxidase conjugate and
then stained for peroxidase activity. Asexpected, rat brain HO-
2 preparation gave a reddish brown band in the region of
molecular weight M, 36 000. However, the rat HO-1
preparation failed to show a stained band.
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Figure 2 The strategy for construction of the expression vec-
tor of pcDNA3HO1 A 25

Construction of plasmid pcDNA3HO1 containing rat HO-1 cDNA
The pcDNA3HOL containing HO-1 cDNA was screened out.
The fragments of 916 bp and 5 567 bp were observed after
digestion of the resulting plasmid with EcoRI indicating that
the plasmid had HO-1 cDNA in a correct direction.
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Expression of native rat HO-1 cDNA in COS-1 cells

The activity of HO-1 product transiently expressed in COS-1
cellswas detected. The results suggested that the specific band
was located in the position of M, 30 000, the specific activities
of HO-1in COS-1 cellstransfected with plasmid pcDNA3HO1
and plasmid pcDNA3 were 13 688 and 2 920 units/mg of
protein/hour, respectively. The activity of expressed enzyme
was 4.5-fold, 3.1-fold and 3.5-fold higher in comparison with
that of the control transfected with plasmid pcDNAS3, purified
HO-1 from rat liver and spleen tissue, respectively.

Construction of mutated rat HO-1 cDNA (His25Ala) and assay
of its activity

Figure 2. showed the strategy for construction of the expression
vector of pcDNA3HO1D25. The histidine-25 residue was
replaced with an alanine residue by site-directed mutagenesis.
The whol e nucleotide sequence of insert of mutant rat HO-1
was confirmed by the dideoxynucleotide chain-termination
method. COS-1 cdlls transfected with pcDNA3HO1D25 were
harvested by centrifugation. The activity of mutant rat HO-1 was
detected and the valuewas 1 948-2 160 units/mg protein per hour.

The molecular weight and mobility of native and mutant
rat HO-1

The protein concentrations from native and mutant rat HO-1
were 7.38 mg/ml and 7.22 mg/ml, respectively. 10 mi samples
were subjected to SDS-PAGE for detecting their molecular
weight and mobility. The resultsreveaed that native and mutant
rat HO-1 had the same mobility and molecular weight asthat of
rat liver HO-1 with amolecular mass of about M, 30 000.

The inhibition of mutant to native HO-1

Theinhibition of His25Alamutant was confirmed by detecting
the levels of bilirubin. Formation in the reaction system
decreased to 42 % after addition of the mutant.

DISCUSSION

The oxidation of heme is carried out by three isozymes of
microsomal HO. HO-1 isinducible by inflammatory cytokines
and oxidants, including nitric oxide (NO), whereas HO-2 and
HO-3 are expressed condtitutively®-*3. They arethe key enzymes
in the catabolic pathway of heme, and the conversion of
hiliverdin to bilirubin is catalysed by biliverdin reductase®4.
Soitishighly important to inhibit the activities of HO isomers
for reducing the products of bilirubini®=, finally to prevent
and treat hyperbilirubinemia.

The microsomal HO isomers had been purified in other
laboratory. The results showed HO-1, which isinducible and
highly expressed in liver and spleen tissues, and HO-2, which
is congtitutive and distributed throughout the body. HO-3 has
only been expressed constitutively in rat neurones®=2, The
isomers have different molecular masses and are products of
distinctly different genes®’. HO-1 gene from arat genomic
DNA library wasisolated using cloned cDNA as hybridization
probes and determined its complete nucleotide sequence. The
gene is composed of 6 830 nucleotides and consists of four
introns and five exond®". Preliminary mutagenesis studies on
rat HO-1 by Ito-Maki et al’® have shown that the His25—
Ala25 mutation completely abolished the enzyme activity, and
histindine has been considered to be an essential residue for
the enzyme activity.

In our studies, we have purified and identified two
congtitutive forms of HO in rat liver, spleen and brain tissues
and provided evidences for a decidedly different

characterization for thetwo forms, HO-1 and HO-2. Theresults
indicate that in the treated rat liver and spleen, there exist two
different molecular species of HO. It appears that HO-1 and
HO-2 substantialy differ in their molecular composition and
structure as judged by their chromatographic behavior and
electrophoretic migration patterns. Difference in amino acid
composition or sequence usually resultsin such observation.
Intheinduced liver and spleen, the microsomes contain mostly
the HO-1, with the ratio of HO-1 being approximately 2.0:1
and 3.2:1, it suggests that the liver and spleen are among the
main sites of haemoglobin heme degradation. Hematin and
phenylhydrazine are the inducers known for their ability to
increase the activity of the microsomal HO-1 in the liver, the
activity of which can be induced by up to 100-fold, but the
spleen HO-1 activity could not be increased after treatment of
hematin and phenylhydrazine, in comparison with the results
reported by Maines and Braggins. It suggeststhat HO activity
is constantly maintained in the induced state as a result of
sustained exposure to haemoglobin released in the course of
disruption of senescent erythrocytes.

With the same procedure, only the form of HO, HO-2,
could be clearly detected and the HO-1 was absent in the brain
after inducement with hematin and phenylhydrazine. The
result, however, does not suggest that thisisomer is absent in
the tissue, rather, it may reflect the inability of the presently
used procedures to detect the exceedingly low level of HO-1,
and the expression of the HO-1 isomer in the brain may be
suppressed under most conditions. Surprisingly, the brain
displayed a higher HO-2 activity than the liver, possibly
reflecting a major biological adaptation. HO-1 and HO-2
preparation were analysed by the Western immunoblotting
technique. The rat brain HO-2 preparation exhibited
immunological reactivity with antibody to rat liver HO-2, but
not to the rat liver HO-1, indicating that these two HO
preparations are antigenically different.

pRHOL1 contains 1 557 nucleotides excluding the dG tall
and the poly (dA) tract (=150 residues). The vector pcDNA3
is designed for eukaryotic expression and has an expanded
multiple cloning sites to faciliate cloning of inserts besides
having the same characterization of other vectors.
pcDNA3HOL1 harbouring therat HO-1 cDNA. was constructed
andtransfected into COS-1 cellsfor confirming that theisolated
cDNA, Xhol (-59)/Hindl11(971) fragment, actually encodes
HO-1. COS-1 cells have endogenous HO-1 activity and this
basal activity did not change after transfection with plasmid
pcDNA3HOL. Accordingly, the activity of HO-1 in cells
transfected with pcDNA3 was used as control. The results
indicated clearly that isolated cDNA encoded HO-1.
Furthermore, these results also show that the expressed HO-1
was actually incorporated into the endoplasmic reticulum of
COS -1 cells, aswe isolated microsomes for assay of HO-1.
Shibahara et al. constructed the pK CRHO21 carrying the entire
protein-coding region in correct orientation as pcDNA3HO1,
Xhol (-59)/Hindl11(971) fragment. The cells transfected with
pKCRHO21 have 2-fold higher activity than that of rat spleen.
Ishikawa et al. reported that during cultivation, afew degraded
forms of HO-1 that had lost their membrane-associating, C-
terminal region appeared. Among these soluble enzymes, a
degraded form of HO-1 with molecular mass of M, 30 000 was
found to retain ability to decomposed heme to hiliverdints”3,
These results are in accordance with ours®¥. So it clearly
indicates that isolated cDNA encodes HO-1.

There are 10 histindine residuesin HO-1 and 5 of them are
located between amino acid residues 100-132. Up-to-date, the
report showed that the axial heme ligand in the ferrous
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heme-HO-1 complex is a neutral form of the imidazole of a
histindine using optical absorption, EPR, and resonance
Raman scattering!®°4, Histindine residues at positions 25,
84, 119 and 132 in the HO-1 sequence are conserved in rat,
human, mouse and chicken HO-1. These histindines may be
important for heme-binding. Preliminary mutagenesis studies
on rat HO-1 by Ito-Maki et al have shown that the His25Ala
mutation completely abolished the enzyme activity but that
the replacement of either His34 or His119 by Aladid not alter
the enzyme activity. On the basis of thiswork, His25 has been
considered to be an essential residue for the enzyme activity.
In this study, pcDNA3HO1D25, containing the mutated rat
HO-1 cDNA (His25Al3a), was constructed using site-directed
mutagenesis and transfected to COS-1 cells. The activity of
mutant declined but did not completely abolish. At present,
no reasoning can be offered for this discrepancy. Maybeit is
because the enzyme reaction system is different.

After successfully expressing mutant protein, an equal
amount of mutant HO-1 was added in reaction system. The
result showed that His25A1a mutant reduced the formation of
bilirubin. This suggests that the mutant may competely bind
the substrate-heme with native enzyme. Some researchesfound
that the precursor of bilirubin, heme, could be discharged from
bile while the metabolic procedure of heme to bilirubin was
inhibited by Sn-protoporphyrin.

Further studies are required to identify His25Ala mutant
characteristics before using this mutant to prevent and treat
hyperbilirubinemia.
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