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SUMMARY

Biliverdin reductase is the dual nucleotide-dependent cytosolic
enzyme that converts biliverdin to the bile pigment, bilirubin, and
displays extensive microheterogeneity in rat organs. The enzyme
is unique in having two pH optima. The present study reports on
the tissue-dependent pattern of developmental expression of the
reductase in rat liver and brain. When analyzed by Western
immunoblotting, two closely migrating immunoreactive proteins
were detected in the liver cytosol during the first 2-3 weeks
after birth; the protein with greater mobility was not detected in
the liver of adult aged animals (6 months old) and was present
at low levels in rats during the first week of life. The faster
migrating protein was not detected in the brain cytosol at any
stage of development. Furthermore, in the brain the total amount
of enzyme protein increased as the animal matured, whereas in
the liver the enzyme protein level decreased with age. When the
purified enzyme was analyzed, age-related changes in the variant
composition of the enzyme in the liver were noted. Although in
both adult and newborn animals (14 days old) the purified en-

zyme, when subjected to isoelectric focusing, separates into five
net charge forms (pl 6.23, 5.91, 5.76, 5.61, and 5.48), the relative
abundance of the variants notably differed in the two prepara-
tions. In addition, when the purified preparations were subjected
to two-dimensional electrophoresis, although both purified prep-
arations separate into three molecular weight forms (M, 30,400,
30,700, and 31,400) one species (M, 31,400, pl = 5.77), which
was very prominently expressed in the newborn, was essentially
absent in the adult. Biliverdin reductase activity of the liver
cytosol with both NADPH (pH 8.7) and NADH (pH 6.7) exhibited
developmental changes, with the activity increasing after birth,
reaching a peak on day 14, and decreasing to low levels in the
adult. The existence of a close correlation between development
of biliverdin reductase activity in the brain and liver and that of
heme oxygenase in these organs is noted. The suggestion is
made that the reductase is not a passive component of the heme
degradation pathway; rather, its activity could become limiting in
the elimination of heme degradation products.

The terminal stage of heme b degradation in mammalian
species, i.e., the conversion of biliverdin IXa to bilirubin IXa,
is catalyzed by the cytosolic enzyme biliverdin reductase (1-3).
This reaction exploits the reducing potential of pyridine nu-
cleotide coenzymes for the reduction of the y-methene bridge
of biliverdin. Studies with purified preparations of the enzyme
have shown that, although the reduction of biliverdin can be
supported by either NADH or NADPH, each cofactor has a
different pH optimum (3, 4). Although a few other enzymes are
known that can utilize two pyridine nucleotide coenzymes,
biliverdin reductase is unique among all enzymes in higher
animals with respect to having two distinct pH optima.

Recently, we have detected an extensive microheterogeneity
of the reductase in the rat liver, spleen, and kidney (5-8). Using
two-dimensional electrophoresis, the purified control liver en-
zyme resolved into five net charge groups, with pl values of
6.23, 5.91, 5.76, 5.61, and 5.48, and three molecular weight
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groups, with M, 30,400, 30,700, and 31,400 (5). When selected
net charge groups were examined, differences were noted in
their catalytic activities, amino acid compositions, and peptide
maps (5, 6).

Biliverdin reductase is not generally considered rate limiting
in heme degradation; rather, microsomal heme oxygenase is
believed to serve in this capacity. Recently, two forms of heme
oxygenase, HO-1 and HO-2, have been identified (9-11), with
marked differences in their developmental pattern of gene
expression in the brain (12) and liver.! The high level of HO-1
in the livers of newborn rats results in a high level of heme
degradation activity by this organ during the first 2 weeks of
postnatal development (13, 14). In contrast, brain heme oxy-
genase activity and mRNA for the isozymes in the newborn rat
are present at low levels during the first 2 weeks of life and are
increased as the animal reaches maturity (12). Because the
product of heme oxygenase activity, biliverdin, serves as the
substrate for the reductase, we reasoned that the activity of

! Unpublished observations.

ABBREVIATIONS: SDS, sodium dodecy! sulfate; PAGE, polyacrylamide gel electrophoresis; IEF, isoelectric focusing.
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biliverdin reductase also may undergo developmental regula-
tion. The present study was undertaken to examine this hy-
pothesis and to discern whether there are age-related changes
in the tissue levels of different variants of the reductase.

Experimental Procedures

Materials. Most chromatographic materials, ampholytes, and var-
ious biochemicals were purchased from Sigma Chemical Co. (St. Louis,
MO). NADP-agarose (type 3), Polybuffer exchanger 94, Polybuffer 96,
and Polybuffer 74 were purchased from Pharmacia-LKB (Piscataway,
NJ), and Ultrogel AcA54 was purchased from IBF Biotechnics (Colum-
bia, MD). Biliverdin IXa was obtained from Porphyrin Products (Lo-
gan, UT). All chemicals were of the highest purity commercially avail-
able. Goat anti-rabbit IgG conjugated with alkaline phosphatase was
purchased from Organon Teknika Corp. (West Chester, PA). Nitrocel-
lulose filters with a 0.2-um pore size were from Schleicher and Schuell.
Pregnant female Sprague-Dawley rats were purchased from Harlan
Industries (Madison, WI), and male New Zealand rabbits (3-4 kg) were
purchased from Hazleton Research Animals (Denver, PA). The liver
cytosol fraction was prepared from the livers of rats at the following
stages of development: —1, 1, 4, 7, 21, or 39 days, or =6 months, as
described previously (5).

Enzyme purification. Biliverdin reductase from 14-day-old or
adult rat liver was purified to homogeneity by the method previously
described (1), but with the following modifications. Livers were homog-
enized in 4 volumes of a 20.0 mM potassium phosphate buffer, pH 7.4,
that contained 1.0 mM EDTA and 135.0 mM KCIl. The cytosol fraction,
which was prepared by centrifugation at 150,000 X g for 1 hr, was
diluted with /19 volume of a 1.0 M citrate buffer, pH 5.4, which
contained 2.0 mM dithiothreitol, before ammonium sulfate fractiona-
tion. Group-specific chromatography with a NADP-agarose column
was performed as detailed previously (3), except that the enzyme was
eluted from the column with 50.0 mM glycine that was prepared in the
equilibration buffer and adjusted to pH 9.5. The active fractions were
pooled, concentrated using an Amicon YM10 Diaflo membrane, and
subjected to gel filtration using an Ultrogel AcA54 chromatographic
column; the mobile phase contained 0.1 mM dithiothreitol. The active
fractions were pooled and concentrated.

Electrophoretic and immunochemical methods. SDS-PAGE
was performed by the method of Laemmli (15). The separating gels
contained 10.0% T (i.e., total acrylamide concentration, w/v) and 2.67%
C (i.e., the ratio of bisacrylamide to total acrylamide, w/w), and the
stacking gels contained 3.0% T and 2.67% C. B-Galactosidase (M,
116,000), phosphorylase b (M, 97,400), serum albumin (M, 66,000),
ovalbumin (M, 45,000), carbonic anhydrase (M, 29,000), and trypsin-
ogen (M, 24,000) were used as molecular weight markers.

The method used for polyacrylamide gel IEF was based upon that
previously described by Righetti and Drysdale (16). The separating gels
contained 4.0% T and 5.4% C. Initially, the pH 5-8 range and pH 3.5-
10 range carrier ampholytes were combined to examine the full range
of biliverdin reductase pI values. In this case, ampholyte concentrations
were adjusted to 1.8% (w/v) and 0.2% (w/v), respectively. Subsequently,
ampholytes with a pH 4-6.5 range were used instead of a pH 5-8 range.
Electrofocusing was performed at 400 V for 17 hr and then continued
for 1.5 hr at 800 V. Amyloglucosidase from Aspergillus oryzae (pl 3.55),
soybean trypsin inhibitor (pI 4.55), 8-lactoglobulin A (pI 5.13), bovine
carbonic anhydrase B (pI 5.85), human carbonic anhydrase B (pl 6.57),
and horse heart myoglobin (pI 6.76 and 7.16) were used as pI markers.

Two-dimensional PAGE was performed essentially by the procedure
of O’Farrell (17). The conditions that were used for both the first-
dimension IEF tube gel separation and the second-dimension SDS-
PAGE separation were similar to those that have been described above
for the single-dimension separations.

The method of Righetti and Drysdale (16) was used when IEF gels
were stained with Coomassie brilliant blue R250. The positive-image
silver staining method of Wray et al. (18) was used for the staining of

two-dimensional PAGE gels. Laser densitometry and automatic inte-
gration were performed with an LKB Ultroscan XL densitometer.

Antibody to rat liver biliverdin reductase was prepared in New
Zealand rabbits by the method previously described (5). Primary and
secondary antibody treatments of the Western immunoblots were
performed as described previously (12).

Assay procedures and calculations. Protein was measured by the
method of Lowry et al. (19). Bovine serum albumin was used as the
protein standard. Routine measurements of biliverdin reductase activ-
ity were performed as described previously (5). The assay method
previously detailed (3, 5) was used to determine the pH-dependent
cofactor requirements of biliverdin reductase. The reaction was moni-
tored for 30 to 60 sec at 25°. An extinction coefficient of 53 mM~'cm™
at 450 nm was used (3).

Results

The developmental pattern of rat liver biliverdin reductase,
as visualized by Western immunoblotting, is shown in Fig. 1.
For this experiment, equal amounts of cytosol protein (300 ug)
obtained from the pooled livers of three to five rats were loaded
in each well; biliverdin reductase purified from the livers of
adult rats was used as the standard. As shown, a protein with
immunoreactivity and SDS gel migration behavior similar to
that of the purified biliverdin reductase was present in the
livers of rats at all stages of development and maturation
including —1, 1, 4, 7, 14, 21, and 39 days, as well as in old adult
animals. The intensity of the band for the adult animal was
lower than that observed at other stages of development. In
addition, a second immunoreactive protein was detected in
samples obtained from rats at all stages of development except
for old adults. The intensity of this band, however, differed in
the samples, with the band being the most prominent in cytosol
samples obtained from the livers of 7-, 14-, and 21-day-old rats.

The tissue profile of biliverdin reductase in developing rats
was further examined by comparing that of the liver and the
brain. Brain cytosol from rats at —1, 1, and 14 days after birth
and old adult animals was subjected to Western immunoblot-
ting. For proper comparison, the liver cytosol from the same
animals was also examined. The results are shown in Fig. 2. A
distinctly different pattern of development of the enzyme was
detected in the brain. In this organ (Fig. 2A), the tissue level
of the enzyme assessed by laser densitometry of bands visual-
ized in immunoblots, which was low in the —1- and 1-day-old
animals, was increased by 2-fold in 14-day-old animals and
again by 2-fold in old adult rats. Furthermore, the second
immunoreactive protein was not detected in the brain samples
at any stage of development. When electrophoresed in adjacent

I 2 3 4 5 6 7 8 9
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Fig. 1. Western immunoblot of biliverdin reductase in rat liver cytosol.
The liver cytosol fraction was prepared from rats at different stages of
development and subjected to SDS-gel electrophoresis, followed by
electroblotting onto a nitrocellulose sheet. Subsequently, the blot was
immunochemically stained, as described in Experimental Procedures.
Lanes 1-9 (in order): purified liver biliverdin reductase, cytosol from liver
of —1-, 1-, 4-, 7-, 14-, 21-, or 39-day-old rats, or cytosol from adult (~6-
month-old) rats. The amount of protein in cytosol samples was 300 ug.
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Fig. 2. Comparative development of rat liver and brain biliverdin reduc-
tase. The cytosol fraction was prepared from the brain or the liver of rats
at different stages of development. The preparations were subjected to
SDS-gel electrophoresis, followed by electroblotting onto a nitrocellulose
sheet. The blot was immunochemically stained as detailed in the text.
Lanes 1-5 (in order): purified liver biliverdin reductase, 300 ug of cytosol
protein from tissues of —1-day-, 1-day-, or 14-day-old or oid adult rats.
A, Brain; B, liver.

Fig. 3. Tube gel IEF of old adult and 14-day-old rat liver biliverdin
reductase. Biliverdin reductase was purified from the liver of old aduit
male Sprague-Dawiley or 14-day-old rats. Six micrograms of purified
enzyme preparation were separated by IEF, as described in Experimental
Procedures.
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TABLE 1

Quantitation of the relative amount of biliverdin reductase net
charge variants in the liver of 14-day-oid and oid adult rats
Calculation was based on densitometric quantitation of replicate IEF separations
of purified biliverdin reductase preparations, examples of which are shown in Fig.
3. In all cases, variation between the replicates did not exceed 10% of the indicated
mean values.

Relative amount of variants

IEF pl
Aged 14-day-old
%

1 6.23 124 10.6
2 5.91 174 8.6
3 5.76 225 38.2
4 5.61 38.7 35.7
5 5.48 9.3 6.9

channels on the same gel, followed by immunoblotting, the
single immunoreactive band of the brain corresponded to the
major band of the liver (data not shown). The results obtained
with the liver (Fig. 2B) were consistent with those obtained in
the previous experiment (Fig. 1).

The developmental aspects of heterogeneity of liver biliver-
din reductase were examined (Fig. 3). Biliverdin reductase was
purified from the liver of old adult (Fig. 3, lane 1) and 14-day-
old (Fig. 3, lane 2) rats and subjected to tube gel IEF. Both
tubes, which were run in duplicate, contained the same amount
of protein (6 ug) and the protein bands were visualized by
Coomassie blue. Both preparations resolved in five electropho-
retic zones, with pl values of 6.23, 5.91, 5.76, 5.61, and 5.48,
and were designated as IEF-1 to -5, respectively. The relative
composition of each IEF fraction, as determined densitometri-
cally, is shown in Table 1. As noted, major differences were
observed in relative intensities of the variants. For instance, in
the 14-day-old animals the relative intensity of IEF-3 was about
70% higher than that in the adult animal and that of IEF-2
was only 50% of that in the adult. The relative values for IEF-
1 and-5 were also lower in 14-day-old rats, with that of IEF-4
being rather similar in both preparations.

In order to ascertain whether the molecular weight compo-
sition of the various biliverdin reductase net charge variants
differs in the two age groups, the purified preparations were
subjected to two-dimensional PAGE (Fig. 4). The first-dimen-
sion IEF tube gel was inoculated with 3 ug of protein. The
reductase separated once again into five major net charge
groups. As mentioned earlier, we have shown in the past (5)
that, when the charge variants are subjected to SDS gel elec-
trophoresis, they resolve into three molecular weight groups of
about 30,400, 30,700, 31,400. A similar observation was also
made in the present study. However, a striking difference
between the two enzyme preparations was noted in the molec-
ular weight species present in the IEF-3 charge variant (pl
5.76). In this charge variant, the molecular weight species of
M, 31,400 was prominently present in enzyme purified from
the 14-day-old rats (Fig. 4A), whereas in the aged animals it
was present in a minute amount (Fig. 4B).

In an attempt to relate the changes noted in the composition
of biliverdin reductase to the biological activity of the enzyme,
the activity of the reductase in the liver cytosol at different
stages of development was measured. Results are shown in Fig.
5. As noted, the activity with both cofactors (NADPH at pH
8.7 or NADH at pH 6.7) gradually increased after birth and the
peak activity was reached on day 14. Thereafter, it proceeded
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Fig. 4. Two-dimensional electrophoresis of purified adult and 14-day-old
rat liver biliverdin reductase. In the first dimension, 3 ug of purified
biliverdin reductase protein were separated by tube gel IEF. Subse-
quently, SDS-PAGE was used for the second dimension. Experimental
details are provided in the text. A, 14-day-oid; B, old aduit.
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Fig. 5. Development of rat liver biliverdin reductase. The development of
pH-dependent activity of rat liver biliverdin reductase at the indicated
stages of development was measured at pH 6.7 and 8.7. The concentra-
tions of NADH (at pH 6.7) and NADPH (at pH 8.7) in the reaction mixtures
were 1.0 and 0.1 mm, respectively. These concentrations were found to
be optimum for enzyme activity. The cytosol fraction was used as the
enzyme source.

to decrease and reached the nadir in the adult animals. It is
noteworthy that the pattern of development of activity was
similar for both cofactors, although at later stages of develop-
ment NADPH was a more effective cofactor for the enzyme.

Discussion

The present study reports on the developmentally regulated
changes in the activity and molecular composition of biliverdin
reductase in rat liver cytosol. The observed changes in the
composition of molecular weight variants of the reductase are
fully unexpected, and at this time the molecular basis for
modulations is not clear. A plausible explanation for changes
in the composition of the molecular weight variants, however,
could reside in the possibility that variants reflect post trans-
lational modifications of the enzyme and that protein-process-
ing events in the newborn vary from those of the older animals.
The possibility that the molecular weight variants are different
gene products and their expression is developmentally regulated
is also a viable alternative. It is noteworthy that develop-
mentally controlled modulation occurs in the composition of
molecular weight variants of the enzyme but not in the net
charge variants of the reductase.

The change in the composition of biliverdin reductase mo-
lecular weight variants in the course of development could be
related to the developmental change in the activity of the
enzyme (Fig. 5). The observed concerted changes in the variant
composition and activity of the enzyme in the liver may be
interpreted as suggesting that newborn animals possess a larger
proportion of biliverdin reductase variants that are kinetically
more active than other variants. The results of Figs. 1 and 5
indicate that, although the specific content of biliverdin reduc-
tase protein remains relatively constant, the specific activity of
the enzyme is altered in an age-dependent manner. This sug-
gestion is consistent with our previous observation, with a
limited number of variants of biliverdin reductase, that net
charge variants display different rates of catalytic activity (5,
6). The composition of biliverdin reductase variants is not only
subject to developmental regulation, which is presently dem-
onstrated, but as previously shown (7, 8) is also affected by
exposure to chemicals. For instance, bromobenzene treatment
of rats causes pronounced alteration in the variant composition
of biliverdin reductase in the liver and the kidney (7, 8).

The observed difference in the pattern of development of the
enzyme in the liver and the brain is rather intriguing, particu-
larly because the developmental pattern of biliverdin reductase
activity in the liver and the brain closely follows that of heme
oxygenase in these organs (12-14). In the rat brain, which
contains predominantly the HO-2 species (5, 20), exceedingly
low levels of HO-2 mRNA and heme degradation activity are
detected during the first 2 weeks of life (12). In contrast, in the
rat liver the activity of heme oxygenase is elevated during the
first 1-2 weeks of the postnatal period and gradually decreases
to reach the adult value (13, 14). The rather intriguing corre-
lation that emerges when the developmental patterns of heme
oxygenase and biliverdin reductase are examined may well
signify the biological importance of changes in the composition
of biliverdin reductase and its direct role in enabling the animal
to dispose of heme degradation products. Because heme oxy-
genase is believed to be the rate-limiting enzyme in heme
degradation, the regulation of its activity and consequences of
changes in its activity have received a great deal of attention
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(reviewed in Ref. 21); the present findings with biliverdin
reductase, however, indicate that this enzyme is not a passive
component of the heme degradation pathway and that its
activity potentially could become limiting in the elimination of
heme degradation products.
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