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Abstract—The effects of metal ions on the activities of biliverdin reductase in the rat kidney and liver
were examined; the pH optimum and the cofactor requirement for the enzyme activity in the kidney
were also studied. The reduction of biliverdin IX« by biliverdin reductase in the rat kidney cytosol
fraction could be supported by NADPH and NADH. The activity was optimal around pH 8.7 when
NADPH was the cofactor. The activity with NADH was undetectable at this pH. NADH-dependent
biliverdin reductase was optimal at pH 7.0, where the NADPH-dependent activity was negligible.
Biliverdin reductase activity was not inducible in the kidney or liver in response to treatment of rats
with metal ions—Co?", Ni?~, Pb>*, Sn?~, Zn*", Cd**, and Cu’~ or sodium selenite. Rather, both
NADPH- and NADH-dependent activities in the kidney were decreased markedly in a time- and
dose-related manner following the adminstration of HgCl, (10~30 umoles/kg, 24 hr). The pretreatment
of rats (30 min) with sodium selenite (5 umoles/kg) effectively blocked the Hg?*" (20 umoles/kg. 24 hr)
inhibition of the kidney cytosol biliverdin reductase activity. Similarly, in vitro Hg*™ was an effective
inhibitor of the kidney biliverdin reductase. In addition, highly purified biliverdin reductase also was
extremely sensitive to Hg?* and the thiol reagent, 5, 5'-dithiobis-(2-nitrobenzoic acid). The inhibition
of purified reductase by 5,5'-dithiobis-(2-nitrobenzoic acid), but not by Hg?", could be reversed by
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dithiothreitol.

Biliverdin constitutes the end product of heme
(Fe-protoporphyrin-IX or heme b) degradation. In
mammalian systems, the catalytic reduction of bili-
verdin to bilirubin is mediated by the cytosolic
enzyme, biliverdin reductase [1-5]. The enzyme also
catalyzes the reduction of hematobiliverdin, the
oxidation product of hematoheme (heme c), to
hematobilirubin [6]. Recently, biliverdin reductase
was purified to homogeneity from the rat liver [1]
and was shown to exhibit enzymatic criteria which
were markedly different from those previously
ascribed to the enzyme [2-5]. Moreover, the liver
enzyme exhibited certain unique characteristics;
namely, the presence of two distinct pH optima, 8.7
and 7.0, for the enzyme activity, and an absolute
specificity for pyridine nucleotides, NADPH and
NADH, at the pH optima, respectively. To date,
however, information pertaining to the kidney bili-
verdin reductase is not available. Furthermore, with
the exception of one isolated report on the induction
by Co** of biliverdin reductase activity in the rat
liver [7], the effect of metal ions on the enzyme
activity is not known.

The activity of biliverdin reductase does not con-
stitute the rate-limiting step in the degradation of
heme. Rather, the microsomal heme oxygenase
functions in this capacity [8,9]. This enzyme cata-
lyzes the oxidative cleavage of heme b molecule at
the a-methene bridge to form biliverdin; and that
of hematoheme at a-, %, y-, and 0-methene bridges
to form corresponding hematobiliverdins [6]. The
activity of heme oxygenase in various organs includ-
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ing the kidney and the liver is induced by a host of
chemicals including heavy and transition elements
such as Co?*, Ni?*, Pb**, Sn**, Zn**, Cd**, and Cu?*
[10-16]. Mercury is among the metal ions known for
their potencies in increasing the activity of heme
oxygenase in the kidney [11]. In addition, the kidney
is known as the target tissue for Hg?* toxicity [17-
21].

The present study was undertaken to characterize
the kidney biliverdin reductase with respect to pH
optima and cofactor requirements, and to examine
the effect of various metal ions on the activity of the
reductase in the kidney and the liver.

MATERIALS AND METHODS

Materials and treatment of animals. Sprague-Daw-
ley rats (180-220 g) were used throughout the study.
Bilirubin and biliverdin hydrochloride were obtained
from Porphyrin Products, Logan, UT. NADH and
NADPH were obtained from the Sigma Chemical
Co., St. Louis, MO. All other chemicals were of
analytical reagent grade available commercially.

The animals were allowed access to food and water
ad lib. and were maintained on a 12hr light
(7:00 a.m. to 7:00 p.m.) and dark cycle. Rats were
injected subcutaneously, 24 hr before killing, with
a single dose of 200 umoles/kg of NiCl,, CoCl, or
SnCl;, 100 umoles/kg of Pb (C:H;0;),, 600 ymoles/
kg of ZnSO; or 5 umoles/kg of Na,SeO;. Mercuric
chloride (HgCl,) was administered subcutaneously
at 5, 10, 20 or 30 umoles/kg. The listed compounds
were dissolved in saline. The control groups received
the vehicle. Sodium selenite was injected 30 min
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before the adminstration of Hg** (20 umoles/kg). All
injections were made between 8:30 and 9:30 a.m.

Tissue preparation. The animals were decapitated,
and the liver and kidney were perfused in situ with
saline. The organs were homogenized in 5vol. of
Tris—-HCI buffer (0.01 M, pH 7.5) containing 0.25 M
sucrose. The homogenates were centrifuged for
20 min at 10,000 g. The cytosol fractions were pre-
pared by centrifuging the 10,000 g supernatant frac-
tions at 105,000 g for 1 hr.

Purification of biliverdin reductase. The biliverdin
reductase was purified to homogeneity from the rat
liver with slight modification of the procedure
described before [1]. It was observed that the addi-
tion of 0.1 mM dithiothreitol (DTT) to the various
buffer systems used for the enzyme purification
enhanced the stability of the enzyme preparation.
Rat livers were homogenized in 0.1 M sodium citrate
buffer, pH 5.0, containing 10% glycerol and 0.1 mM
DTT. The homogenate was centrifuged at 9000 g for
20 min. The resulting supernatant fraction was cen-
trifuged at 105,000 g for 1 hr, and the supernatant
fraction was subjected to (NH,).SO, precipitation.
The precipitate obtained between 25 and 50% satu-
ration of (NH,),SO4 was dissolved in (0.1 M potas-
sium phosphate buffer, pH 7.4. containing 10% gly-
cerol and 0.1 M DTT. Thereafter, solid KCl was
added to a concentration of 2.0 M, the mixture was
centrifuged, and the supernatant fraction was applied
to an NADP-Agarose column preequilibrated with
0.1 M potassium phosphate buffer, pH 7.4, contain-
ing 10% glycerol, 0.1 mM DTT and 2.0 M KCl. The
column was washed with the equilibrating bufter
containing | mM NADH. and the enzyme was eluted
with the equilibrating buffer containing 1 mM
NADPH. The active fractions were pooled and sub-
jected to gel filtration on a Sephadex G-200
(1.6 x 40 cm) column, equilibrated with 0.1 M potas-
sium phosphate buffer, pH 7.4, containing 10% gly-
cerol. Dithiothreitol was not added to the buffer
system at this step of purification, since the presence
of DTT was found to interfere with the reactivity of
Hg?" and other metal ions with the enzyme. The
enzyme preparation showed purity and specific
activity in the range reported previously [1].

Enzyme assay. The biliverdin reductase activity
was determined by measuring the rate of bilirubin
formation at 450 nm as described earlier [1]. For the
routine measurements, a reaction mixture (1.0 ml)
consisting of an appropriate amount of the cytosol
preparation (0.5 to 1 mg protein), 0.1 mM NADPH,
5.0 uM biliverdin and 0.1 M Tris-HCI buffer, pH
8.7, was used. The reaction was carried out at 25°
in an Aminco Chance DW-2 spectrophotometer. All
measurements and preparations were made in sub-
dued lighting. The amount of each cytosol prep-
aration used in assay mixture was adjusted to obtain
a linear rate of activity with respect to enzyme con-
centration. The enzyme activity was calculated using
a millimolar extinction coefficient of 33 mM ™' cm ™’
for bilirubin at 450 nm. Kinetic data, double-recipro-
cal plots, were analyzed by least-squares linear
regression analysis.

The NADH-dependent biliverdin reductase
activity was measured in a similar manner. The
reaction mixture (1.0 ml) contained the appropriate
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amount of cytosol, 1.0mM NADH. 5.0 uM bili-
verdin, and 0.1 M potassium phosphate buffer, pH
7.0.

In vitro experiments. The effects of metal ions or
thiol reagents on biliverdin reductase activity were
tested as follows. The purified biliverdin reductase
or the cytosol preparations were preincubated with
the reagents for 3 min at 25° prior to use as the
enzyme source in the assay mixtures.

Estimation of mercury in kidney homogenate. The
estimation was performed with a Varian AA-475
series atomic absorption spectrophotometer using a
model 65 vapor generation accessory. Samples (1 ml
of kidney homogenate equivalent to 30 mg of pro-
tein) were digested with concentrated HNO; (10 ml)
until complete dissolution and, thereafter. diluted
with distilled water. The estimation of mercury was
performed on aliquots according to the flameless
procedure described by Hatch and Ott [22] as sim-
plified by Stux and Parker [23].

Other methods. Protein was measured by the
method of Lowry et al. [24]. The in vivo experiments
were repeated four to six times, and the data were
analyzed using Student’s r-test. The results of in vivo
experiments are presented as mean + S.D. The in
vitro experiments were repeated three times. and
the representative values are presented.

RESULTS

The pH and cofactor requirements for the kidney

biliverdin reductase activity.
The rat kidney cytosol biliverdin reductase catalyzed
the reduction of biliverdin into bilirubin in the pres-
ence of pyridine nucleotides, NADPH and NADH:
however, NADPH was the more etfective cofactor
(Table 1). The kidney biliverdin reductase activity
exhibited the complete spectrum of characteristics
of the purified rat liver biliverdin reductase [1]. The
enzyme exhibited maximal activity at pH 8.7 when
NADPH was used as the cofactor. At this pH. the
NADH-dependent activity was not detectable. A pH
optimum of 7.0 was observed when NADH was used
as a cofactor. At this pH. when NADPH was used
as the cofactor the reductase activity was negligible.
The NADPH-dependent activity measured at opti-
mum pH value was inhibited by concentrations of
NADH in excess of 0.5 mM, whereas the NADH-
dependent activity was severely inhibited by minute
amounts of NADPH (0.001 mM). Both activities
were inhibited by concentrations of substrate, bili-
verdin, in excess of 5.0 uM (data not shown). The
apparent K, value for biliverdin was 1.6 uM and was
independent of the nature of the cofactor.

Effect in vivo of metal ions on biliverdin reductase.
The effects of Co?>", Ni**, Pb**, Sn*', Zn° . Cd*".
and Cu®* on the kidney and the liver were investi-
gated. These metal ions and their dosages were
selected on the basis of previous findings. demon-
strating their potent abilities to induce heme oxy-
genase in the liver and the kidney. The possible
effect of Co** on biliverdin reductase activity was of
particular interest in the light of a recent report 7]
on the induction of the enzyme in the liver by the
metal ion. It was observed that the treatment of rats
(24 hr) with large doses (100-600 umoles/kg) of the
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Table 1. Cofactor requirements and the pH optima of rat kidney biliverdin reductase™

Reaction condition

Biliverdin reductase activity
[nmoles bilirubin - (mg protein)~' - hr~!]

At pH 8.7 with:

1.0mM NADH

0 mM NADPH

0.01 mM NADPH

0.10mM NADPH

1.00 mM NADPH

0.01 mM NADPH + 0.5 mM NADH

0.01 mM NADPH + 5.0 mM NADH
At pH 7.0 with:

0.1 mM NADPH

0mM NADH

0.1mM NADH

1.0 mM NADH

10 mM NADH

1.0 mM NADH + 0.001 mM NADPH

0 oo
adNNRoo
B Woom =

2.3

0
19.9
59.8
71.7
19.2

* The activity of biliverdin reductase in the kidney cytosol fraction was measured using
standard assay conditions described in Materials and Methods. Buffers, 0.1 M Tris-HCl or
0.1 M potassium phosphate, were used to obtain the indicated pH values. In experiments in
which both NADPH and NADH were used, NADH was added to the enzyme preparation

prior to the addition of NADPH.

metal jons did not alter the activity of the enzyme
in the liver and the kidney (data not shown). More-
over, the finding reported by Frydman et al. [7] on
the induction of the enzyme in the liver could not
be substantiated.

Effect in vivo of mercuric chloride on kidney bili-
verdin reductase activity. The effect of Hg** treat-
ment (20 umoles/kg, 24hr) on the rate of
NADPH-and NADH-dependent biliverdin reduc-
tase activities was determined, using the kidney
cytosol preparation as the enzyme source and
measuring the increase in absorbance at 450 nm (Fig.
1, a and b). Using the control preparation, as shown,
the rate of enzyme activity with NADPH as the
cofactor was linear with respect to time for approx-
imately 40-45sec. and that of NADH-dependent
activity was linear for up to 75-80 sec. Hg** treat-
ment did not alter the pattern of rapid deviation
from linearity of enzyme activity. However, this
treatment caused a 40% reduction in the initial rate
of enzyme activity with both cofactors. As shown,
the NADPH- and NADH-dependent activities
exhibited similar responses to Hg?* treatment in
pivo. The similarity of the repsonses plus the fact
that NADPH was apparently the preferred cofactor
over NADH prompted us to use NADPH as the
cofactor for other experiments conducted in this
study.

The dose-response and the time-dependent effects
of Hg?* treatment on the enzyme activity were meas-
ured. Rats were treated with 5, 10 and 30 umoles/kg
of Hg?* and were killed after 24 hr. As shown in Fig.
2, the reductase activity was decreased significantly
in a dose-dependent manner following Hg’* treat-
ment. The enzyme activity in animals treated with
10 pmoles/kg was decreased by approximately 30%,
and by nearly 50% following administration of the
metal ion at a dose of 30 umoles/kg. The activity was
not decreased significantly in response to treatment
with 5 umoles/kg Hg**. Moreover, a reduction in the
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Fig. 1. Effect in vivo of mercuric chloride on NADPH-
and NADH-dependent biliverdin reductase activities of the
rat kidney cytosol. Rats were treated with HgCl,
(20 umoles/kg, s.c.) and were killed 24 hr later. The control
group received saline. The kidney cytosol fraction was
prepared as described in Materials and Methods and was
used as the enzyme source. The NADPH-dependent biliv-
erdin reductase activity was determined using a reaction
mixture (1.0ml) containing cytosol (0.8 mg protein),
0.1 mM NADPH, 5.0 uM biliverdin and 0.1 M Tris—-HCI
buffer, pH 8.7, at 25°. The NADH-dependent activity was
determined using a reaction mixture containing cytosol
(0.8 mg protein), 1.0mM NADH, 5.0 uM biliverdin, and
0.1 M potassium phosphate buffer, pH 7.0. The experi-
mental details are provided in Materials and Methods.
Key: (a) NADPH-dependent biliverdin reductase activity;
and (b) NADH-dependent biliverdin reductase acitivity;
(—) control; and (——-) Hg? -treated.
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Fig. 2. Dose-dependent in vive effect of mercuric chloride
on rat kidney biliverdin reductase activity. Groups of four
rats (180-220g) were treated (s.c.) with 0. 5. 10 or
30 umoles HgClykg. After 24 hr the animals were Killed,
the kidney cytosol fractions were prepared. and biliverdin
reductase activity was determined using NADPH as the
cofactor. Detailed procedure is outlined in Materials and
Methods. The data presented are the means £ S.D. of six
rats. Key: (*) P=<0.05, when compared to the control

animals.

biliverdin reductase activity was not observed when
the duration of treatment with 5. 10, and
30 umoles/kg Hg?~ was reduced to 3 or 12 hr.

The possibility that the observed difference in the
response of biliverdin reductase to Hg™™ at 12 and
24 hr was related to the differential levels of the
metal ion in the kidney was investigated. Two groups
of rats were treated with 10 yumoles/kg of Hg*" and
the animals were killed 12 and 24 hr later. The Hg™*
content in the kidneys was estimated as described
in Materials and Methods. The tissue metalion levels
measured 159.08 = 22.73 nmoles/g and 148.88 %
16.38 nmoles/g kidney weight at 12 and 24 hr respec-
tively. Therefore, it appears that the Hg’ -mediated
inhibition of biliverdin reductase activity at 24 hr
after treatment was not a reflection of the tissue
content of the metal ion.

The kinetic parameters of biliverdin reductase
activity using the control kidney cytosol fraction and
the cytosol preparation obtained from the Hg™ -
treated rats (10 umoles/kg, 24 hr) were investigated.
The Lineweaver-Burk plot of the enzyme activity
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Fig. 3. Lineweaver-Burk plot of the kidney biliverdin

reductase activity of control and mercuric chloride-treated

rats. The NADPH-dependent biliverdin reductase activitics

of kidney cytosol preparations obtained from the control

and Hg**-treated (10 pmoles/kg. 24 hr) rats were cstimated

as described in Materials and Methods. Key: (O}
control: and (@——@) Hg*"-treated.

is shown in Fig. 3. As noted. the maximal velocity
of the reductase was considerably reduced following
Hg™' treatment in vivo. However. the apparent K.,
of the enzyme for biliverdin was only slightly
reduced. The values for the control and the Hg -
treated animals measured 1.6 and 1.2 M
respectively.

The effect in vivo of Hg™" on the liver biliverdin
reductase activity was also assessed. The enzyme in
this organ was not decreased significantly in com-
parison to control value (59.2 = 3.6 nmoles bilirubin
per mg protein per hr vs 51.3 = 4.9 nmoles bilirubin
per mg protein per hr) in animals treated with
30 yumoles/’kg Hg™ (24 hr). Similarly, the enzyme
activity was not altered in response to treatment with
5 and 10 ymoles/kg Hg*™ (24 hr).

Effect of selenium on Hg *-mediated decrease in
the kidney biliverdin reductase activity. Selenium
compounds, selenite in particular. are known to have
an inhibitory effect on the biological activities of
Hg™* [25-29]. Accordingly. the effect of selenium on
Hg*"-mediated inhibition of the kidney biliverdin
reductase was investigated. As shown in Table 2.
treatment of animals with 20 umoles/kg Hg™" caused
a 40% reduction in the kidney biliverdin reductase

Table 2. Inhibition in vive of the kidney biliverdin reductase by mercuric
chloride and the reversal of inhibition by selenium

Treatment and dose

Biliverdin reductase activity
[nmoles - (mg protein)™! - hr™ ']

Control

Hg* (20 pmoles/kg)

Selenium (5 umoles/kg)

Hg> (20 pmoles/kg) +
Selenium (5 umoles/kg)

78.0 % 1.8

* Groups of four rats were injected (s.c.) with indicated doses of
HgCl, or Na:SeQ: When both salts were injected. selenium was
administered 30 min prior to Hg"™. The animals were killed 24 hr later.
the kidney cvtosol fractions were prepared. and biliverdin reductase
activity was estimated as described in Materials and Methods. The data

presented are means + S.D.

+ P = 0.05. when compared to the control animals.
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Table 3. In vitro effect of metal ions and selenium on rat
kidney biliverdin reductase activity™

Concn  Relative activity
Additions (uM) (% of control)
Control 0 100
Niz~ 250 59
Pb%* 250 76
Sn?* 125 38
Zn*" 25 54
Cd?*- 10 57
Cu?" 10 52
Co?* 10 60
Hg* 10 20
Hg?* 5 48
Selenium 1000 100
Hg*" 5 48
_+_
Selenjium 1000

* The kidney cytosol fraction obtained from the control
rats was utilized. The metal salts were dissolved in buffer
(Tris-HCl, pH 8.7), and 10 ul aliquots of the solutions were
added to biliverdin reductase enzyme source in 0.1 M
Tris-HCI buffer, pH 8.7. The reaction was started after
3min by the addition of the substrate and the cofactor
(NADPH). The activity of the enzyme was measured as
described in Materials and Methods. The control value was
designated as 100% and measured 98.2 nmoles bilirubin
per mg protein per hr. The data shown are representative
of three determinations.

activity. The treatment of rats with selenium
(5 umoles/kg), 30 min prior to the injection of Hg?*
(20 umoles/kg), effectively blocked the inhibitory
effect of Hg?* on the enzyme. The kidney biliverdin
reductase in this group of rats measured 92% of that
of the control group. Treatment of rats with selenium
alone did not elicit a significant change in the kidney
biliverdin reductase activity.

In vitro studies. The effects in vitro of Hg** and
those of Ni**, Pb**, Sn**, Zn**, Cd**, Cu®*, and
Co®* on the activity of the rat kidney biliverdin
reductase are shown in Table 3. The kidney cytosol
fraction prepared from the control rats was prein-
cubated with various concentrations of metal ions
for 3 min at 25° prior to assay for enzyme activity.
The NADPH-dependent biliverdin reductase
activity was estimated as described in Materials and
Methods. As shown, the reductase activity was
effectively inhibited by Hg?*, Cd**, Cu’* and Co?",
at final concentrations of 10 uM. The extent of
inhibition of the enzyme activity ranged from 40 to
80%. However, Ni?*, Pb?*, Sn** and Zn?" required
higher concentrations to exert an inhibitory effect
on the reductase. Hg?* at a concentration of 10 uM
produced 80% inhibition of enzyme activity, and at
a 5 uM concentration it produced 52% inhibition of
the activity.

In vitro selenium up to a 1 mM concentration was
ineffective in altering biliverdin reductase activity
when tested in a system containing the kidney cytosol
preparations obtained from Hg?**-treated and control
animals. Similarly, selenium (1 mM) was ineffective
in blocking the in vitro inhibitory action of Hg?" on
the reductase activity. The in vitro effect of Hg** on
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the kidney biliverdin reductase activity of Hg*"-
treated rats was also investigated (Table 4). It was
observed that not only the enzyme activity in this
preparation was inhibited by the addition of Hg**,
but the extent of inhibition was somewhat greater
than that produced in the control enzyme prep-
aration. The molecular basis for the increased in
vitro sensitivity of the enzyme to Hg*" is not clear.

The mechanism of in wvitro inhibitory action of
Hg** on biliverdin reductase activity was further
investigated using purified rat liver enzyme. The
inhibitory effects of Hg?* and that of the thiol
reagent, 5,5'-dithiobis-(2-nitrobenzoic acid)
(DTNB), on the enzyme activity were compared
with respect to the possibility of the reversal of the
inhibition by DTT, a sulfhydryl compound. Previous
studies with the purified liver biliverdin reductase
had revealed that the reductase is exceedingly sen-
sitive to the inhibitory action of sulfhydryl reagents
including DTNB [1]. As shown in Table 5, DTNB
and Hg** at concentrations of 1 and 0.1 uM, respec-
tively, fully inhibited the enzyme activity. However,
whereas the treatment of the DTNB-inhibited
enzyme with DTT (100 uM) restored the reductase
activity by nearly 90%, the inhibitory action of Hg?*
was not reversed by treatment with the sulfhydryl
compound. Dithiothreitol itself had no effect on the
enzyme activity, that is, at the concentration used
(100 uM) non-enzymatic reduction of biliverdin was
not detected. The results support the conclusion [1]
that biliverdin reductase depends on thiol group(s)
for its activity, which suggests that the interaction
of the thiol group(s) of the enzyme with Hg?" is
covalent in nature.

The possibility that the observed in vivo inhibitory
effect of Hg?* on the reductase is caused by the metal

Table 4. Effect in vitro on mercuric chloride on the kidney
cytosol biliverdin reductase activity of mercuric chloride-
treated rats*

Biliverdin reductase activity
(% of control)

chlz

(uM) Saline-treated ~ Hg? -treated
0 100 100
1 100 84
2 90 74
3 86 58
5 56 10
8 8 0

* The kidney cytosol fractions were obtained from rats
treated (s.c.) with saline or HgCl, (20 umoles/kg, 24 hr).
HgCl, was dissolved in buffer, and 10-ul aliquots of the
solutions were added to the enzyme preparation. Hg?™ was
allowed to react with the enzyme preparation in the buffer
for 3 min prior to the addition of other assay components.
The reaction mixture (1.0 mt) contained rat Kidney cytosol
preparation (0.8 mg), 100 uM NADPH, 5.0 uM biliverdin
and indicated concentrations of Hg?* in Tris~HCI buffer
(0.1M, pH 8.7). The activity of the enzyme was measured
as described in Materials and Methods. The control value
was designated as 100% and measured 86.2 nmoles bili-
rubin per mg protein per hr for the saline-treated rats and
51.4 nmoles bilirubin per mg protein per hr for the Hg?"-
treated animals. The data shown are representative of three
determinations.
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Table 5. Effect of dithiothreitol on the inhibition of biliverdin reductase by 5.5'-
dithiobis-(2-nitrobenzoic acid) and mercuric chloride*

Biliverdin reductase activity

Condition (% of control)
1. Complete reaction mixture
2. Reaction mixture with enzyme + DTT (100 uM) 100

3. Reaction mixture with enzyme treated with DTNB

(1 uM)

0

4. Reaction mixture with enzyme treated with DTNB

(1 uM) + DTT (100 M)

5. Reaction mixture with enzyme treated with Hg*"

(100 nM)

6. Reaction mixture with enzyme treated with Hg®*

(100 nM) + DTT (100 uM)
. Reaction mixture without enzyme

0~

. Reaction mixture without enzyme + DTT (100 uM) 0

* The complete reaction mixture (1.0ml) contained NADPH (100 ¢M). biliverdin
(5.0 uM), and purified rat liver biliverdin reductase (0.1 pg, activity = 3260.0 nmoles bili-
rubin per mg per min) and Tris-HCI buffer (0.1 M, pH 8.7). The enzyme was treated with
DTNB or Hg?™ for 3 min, in the buffer, prior to the addition of NADPH and biliverdin.
Reaction was carried out as described in Materials and Methods. The data shown are
representitive of three determinations. Abbreviations: DTNB. 5.5'-dithiobis-(2-nitroben-

zoic acid); and DTT, dithiothreitol.

ion present in the cytosol preparation was investi-
gated. The kidney cytosol fraction obtained from
rats treated with Hg?* (20 umoles/’kg, 24 hr) was
dialyzed for 24 hr at 0~4° against 0.1 M potassium
phosphate buffer containing 10mM EDTA. The
biliverdin reductase acitivity in the samples was ana-
lyzed before and subsequent to dialysis. The specific
activity of biliverdin reductase remained unchanged
by dialysis, suggesting that the in vivo inhibitory
action of Hg?" reflects the interaction of the metal
with enzyme protein rather than the reactivity of
free Hg?* with components of the assay system.

The activities of certain enzymes are known to be
regulated by disulfide exchange. Accordingly. this
possibility was tested by examining the effects of
several sulfhydryl and disulfide compounds on
Hg**-inhibited biliverdin reductase. In these studies.
the Kidney cytosol preparation of Hg* -treated rats
and that of control rats were incubated at 0° and 37°
for 0~1 hr with the following compounds: cysteine.
cystine, cysteamine, cystamine, reduced glutathione,
oxidized glutathione and DTT. These compounds
were dissolved in dilute solutions of HCI or NaOH.
as required, the pH was adjusted to 7.4, and smail
aliquots were added to cytosol fractions to obtain a
final concentration of 1 mM. It was observed that
the incubation of kidney cytosol preparations with
the listed thiol compounds for various intervals (up
to 1 hr) did not reactivate the Hg?*-inhibited enzyme
activity. Also, the treatment of the control rat kidney
cytosol preparations with the listed agents did not
modify the rate of enzyme activity.

DISCUSSION

The rat kidney biliverdin reductase, as the liver
enzyme, exhibited unique catalytic properties with
respect to the pH optimum and cofactor require-
ment. The enzyme displayed two distinctly different
pH optima for activity with NADPH (pH 8.7) and

NADH (pH 7.0). Moreover. the enzyme from both
the kidney and the liver was non-inducible by a host
of metal ions known for their abilities to induce
heme oxygenase activity. Rather, the enzyme activity
in the kidney was severely inhibited in response to
Hg?" treatment. The previously reported capacity of
Co*" to induce the activity of the enzyme [7] could
not be substantiated. The presently observed
inability of Co*", in specific, and metal ions. in gen-
eral, to elicit an induction response in biliverdin
reductase activity may reflect intrinsic differences in
sex and species of rats used in the present study and
that of Frydman et al. [7]. Alternatively, it could
represent the conditions of assay for enzyme activity.
The unusual catalytic requirements of the reductase.
and the exceedingly rapid rate of enzyme activity
(Fig. 1), could readily Jead to equivocal results if not
considered. At this time. however, the biochemical
basis for the observed discrepancy is not clear. since
experimental detail for the reported [7] induction of
biliverdin reductase by Co*~ is not available.

The present observed inability of metal ions to
induce biliverdin reductase activity may represent
a major biological safeguard against deleterious
actions of bilirubin in the mammalian system. As
noted earlier, the activity of heme oxygenase is read-
ily increased in response to exposure to a host of
chemicals of diverse structures including the metal
ions [10-16]. However, the immediate product of
heme oxygenase activity. biliverdin, is rather
innocuous in biological systems when compared to
bilirubin, the ultimate product of heme degradation.
The array of disruptive actions of bilirubin in bio-
logical systems, including the neurotoxicity and free
radical-mediated destruction of cellular membranes
[30], is well established. It follows that the inability
of metal ions to enhance the conversion of biliverdin
to bilirubin may have a significant protective role
against such effects of bilirubin. It is plausible that
this property of metal ions may be shared by other
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agents, known to enhance heme oxygenase activity.

Mercuric chloride is known for its potent ability
to induce heme oxygenase activity in both the liver
and the kidney. In the case of biliverdin reductase
activity, however, a different response to the metal
ion was observed in these organs. As noted, whereas
the activity of the reductase in the liver was not
altered in response to Hg*" treatment, the activity
of the enzyme in the kidney was inhibited markedly
by the metal ion. The in vivo inhibitory action of
Hg®~ on the kidney biliverdin reductase for the most
part may reflect both the known capacity of the metal
ion to accumulate in the kidney and the interaction
of the agents with the -SH groups of the enzyme.
The latter concept is consistent with the known high
affinity of inorganic mercurials for thiol groups and
with the presently reported in vitro experiments
using the purified enzyme (Table 5) that demonstrate
binding of Hg*" to the sulfhydryl group(s) of the
enzyme and the irreversible inhibition of the enzyme
activity. The finding that several other metal ions
also known for their high affinity for -SH groups,
including Cd*~, Cu?*, and Co**, inhibited the reduc-
tase activity in vitro (Table 3) but, at the dose and
the regimen of treatment used in the present study,
did not exert similar action in vivo may reflect the
lesser extent of accumulation of these metal ions in
the kidney in comparison to Hg?*.

The loss of the enzyme activity in the kidney of
rats treated with Hg** may not solely reflect the
direct interaction between the metal ion and the
-SH group(s) of the enzyme. Rather, it may involve
factors such as the inhibition by the metal ions of
the synthesis of the enzyme protein, or the inhibition
of enzyme activity by the substrate, and/or the prod-
uct of reductase activity [1]. The finding (Table 4)
that the activity of the kidney biliverdin reductase
of the Hg* -treated rats could be further inhibited
in vitro by Hg** suggests that the presently observed
(Fig. 2) in vivo inhibition of the enzyme activity by
Hg®" does not solely represent the binding of the
metal ion to the enzyme active site and the direct
inhibition of the activity. The possibility of inhibitory
actions of the substrate, biliverdin, and the product,
bilirubin, on biliverdin reductase activity is consistent
with the previous finding [1] that the activity of
purified liver biliverdin reductase is remarkably sen-
sitive to both the substrate and the product concen-
tration. In studies with the purified rat liver, enzyme
bilirubin and biliverdin in excess of 0.5 and 20 uM,
respectively, were shown to inhibit the enzyme
activity by nearly 50%. Considering the known
ability of Hg?~ to induce kidney heme oxygenase
activity, the possibility of excess production of bili-
verdin and, subsequently, bilirubin in the kidney of
the treated animals is plausible. Of course, the pos-
sibility of loss of enzyme protein subsequent to Hg**
exposure cannot be ruled out since it is known that
the exposure of rats to Hg®" leads to the expression
of proteinurea [31]. This factor could be responsible
for the inhibition of the enzyme activity at 24 hr, but
not at 3 and 12 hr, after Hg?* treatment. However,
unless a selective loss of biliverdin reductase enzyme
protein had occurred in the treated animals in the
present experiments, the likelihood of a major con-
tribution by this factor to the decrease observed at
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24 hr in enzyme activity subsequent to Hg®* treat-
ment is rather unlikely.

The precise mechanism by which the in vivo
inhibition of biliverdin reductase activity by Hg**
was blocked by selenium is not clear. The inacti-
vation of Hg?* through direct interaction with selen-
ium is a distinct possibility. The in vitro studies
(Table 3) indicate that a direct interaction between
Hg** and selenium (as Ne,SeOs) did not occur. How-
ever, the observed in vivo protection by selenium,
when administered as Na,SeOs;, against the inhibi-
tory effects of Hg** may occur following biotrans-
formation of SeO+*~ to Se?” [32]. It has been pos-
tulated that the conversion of SeQs™ to Se’~ is
required for interaction of the element with metal
ions [32, 33]. However, judging by the finding that
the treatment of rats with a 1:4 molar ratio of
selenium/Hg?* was fully effective in preventing the
inhibitory action of Hg’~ on the reductase, it is
unlikely that the observation solely represents a
direct selenium/Hg?* interaction. In addition, the
presently employed regimen of treatment of animals
with the agents (Hg®" was injected 30 min after
selenium) does not favor the exclusive occurrence
of selenium/Hg?" interaction. Moreover, experi-
mental findings [26] indicate the accumulation and
the occurrence of selenium and Hg?* in the mam-
malian systems with an atomic ratio of one. It follows
that the recently described [34] effects of selenium
to increase the levels of reduced glutathione (GSH)
in the liver and kidneys and to induce the activities
of glutathione reductase and y-glutamylcysteine syn-
thetase, the rate-limiting enzyme in glutathione bio-
synthesis, may also be involved in the blockade by
selenium of Hg?" inhibition of biliverdin reductase.
Such action of selenium has been postulated to play
arole in protection against Hg**-mediated inhibition
of the activities of the enzymes of the glutathione
metabolism pathway [35].

Acknowledgements—This study was supported by PHS-ES
02180. We are grateful to Mr. James Veltman for the
analysis of the mercury content of tissues by an atomic
absorption spectrophotomer.

REFERENCES

1. R. K. Kutty and M. D. Maines, J. biol. Chem. 256,
3956 (1981).

2. J. W. Singleton and L. Laster, J. biol. Chem. 240, 4780
(1965).

3. R. Tenhunen, M. E. Ross, H. S. Marver and R.
Schmid, Biochemistry 9, 298 (1970).

4. E. Colleran and P. O’Carra, Chemistry and Physiology
of Bile Pigments (Eds. P. D. Berk and N. I. Berlin),
p. 69. National Institutes of Health, Bethesda, MD
(1977).

5. M. Noguchi, T. Yoshida and G. Kikuchi, J. Biochem.,
Tokyo 86, 833 (1979).

6. R. K. Kutty and M. D. Maines, J. biol. Chem. 257,
9944 (1982).

7. R. B. Frydman, J. Awruch, M. L. Tomaro and B.
Frydman, Biochem. biophys. Res. Commun. 87, 928
(1979).

8. R. Tenhunen, H. S. Marver and R. Schmid, J. biol.
Chem. 244, 6388 (1969).

9. M. D. Maines and A. Kappas, Proc. natn. Acad. Sci.
U.S.A. 71, 4293 (1974).



2102

10

11.

12

L

13.

14.

15.
16.
17.
18.

19.
20.

21.
22.

23.

. M. D. Maines and A. Kappas. J. biol. Chem. 250. 4171
(1975).

M. D. Maines and A. Kappas, Science 198, 1215 (1977).
M. D. Maines, Fund. app. Toxic. 1, 358 (1981).

D. L. Eaton, N. H. Stacey, K. L. Wong and C. D.
Klaassen, Toxic. appl. Pharmac. 55, 393 (1980).

F. De Matteis and A. H. Gibbs. Ann. cfin. Res. 8. 193
(1976).

H. C. Krasney and D. J. Holbrook. Ir.. Biochem.
Pharmac. 27, 364 (1978).

J. Eiseman and A. P. Alvares. Molec. Pharmac. 15.
1176 (1979).

A. Rothstein and A. D. Hayes. J. Pharmuc. exp. Ther.
130, 166 (1960).

A. Swenson and U. Ulfvarson. Acta pharmac. tox. 26,
273 (1968).

T. W. Clarkson. A. Rev. Pharmac. 12, 375 (1972).
K. M. Madsen and J. C. Hansen. Toxic. appl. Pharmac.
54, 443 (1980).

R. A. Ware, P. M. Burkholder and L. W. Chang.
Environ. Res. 10, 121 (1975).

W. R. Hatch and W. L. Ott, Analyr. Chem. 40, 2085
(1968).

R. L. Stux and C. R. Parker, Technical Topics. Varian
Techtron Pty. Ltd., Springvale, Australia (1972).

24.

25.

26.

R. KRISHNAN KuTTY and M. D. MAINES

O. H. Lowry, N. J. Rosebrough, A. L. Farr and R.
J. Randall, J. biol. Chem. 193, 265 (1951).

J. Parizek. I. Benes. 1. Ostadalova, A. Babicky. J.
Benes and J. Lener. Physiologia bohemoslov. 18, 95
(1969).

H. E. Ganther. C. Goudie, M. L. Sunde, M. J.
Kopecky, P. Wagner. O. Sang-Hwan and W. G. Hoek-
stra Science 175, 1122 (1972).

. H. Iwata. H. Okamoto and Y. Ohsawa, Res. Contmun.

Chem. Path. Pharmuac. 5. 673 (1973).

. S. Potter and G. Matrone. J. Nutr. 104, 638 (1974).
9. J. Alexander. A. T. Hostmark. O. Forre and M. von

Kraemer Bryn, Acta pharmac. tox. 45. 379 (1979).

. A. W, Girotti, Photochem. Photobiol. 24. 525 (1976).
. F. E. Cuppage and A. Tate, Am. J. Path. 51. 405

(1967).

. L. Magos and M. Webb in CRC Critical Reviews in

Toxicology (Ed. L. Goldberg) Vol. 8. p. 1. CRC Press.
Boca Raton, FL (1980).

. I A, Gasiewicz and J. C. Smith. Chem. Biol. Interact.

23. 171 (1978).

. A. 8. Chung and M. D. Maines. Biochem. Pharmac.

30. 3217 (1981).

. A. S. Chung. M. D. Maines and W. A. Reynolds.

Biochem. Pharmac. 31. 3093 (1982).



