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of arginase in H. fossilis.

Objective :

It can be seen from the foregoing reports that the

freshwater air-breathing teleost, Heteropneustes fossilis,

is unique having ureogenic potential and adaptibility to
shift from ammoniotelism to ureotelism under hyper-ammonia
stress. It has mitochondrial glutamine synthetase and
arginase activity in its 1liver and kidney; All these
characters are unusual for a freshwater teleosts and show
affinity with marine elasmobranchs, aquatic amphibians and
reptiles. This requires a lot of additional studies on the
effect of ammonia as an inducer for o-u cycle enzymes,
possibility of glutamine besides ammonia being used as a
substrate for ureogenesis, and the molecular and kinetic
properties of the enzymes. Ubiquitous arginase was selected
for purification and study of its properties in detail. To

clarify these points,the following plan of work was made.

Plan of Work:

The work was planned as follows with the above objective in

mind :

1. The liver of H. fossilis was perfused with haemoglobin-
free media and different concentrations of NH,Cl (0.01
to 1 mM) was infused into the liver for 60 min and the
following observations were made.

a) The level of ammonia 1in the perfused liver after

infusing different concentrations of NH,C1 for 60



2)

3)

4)
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min.

b) The amount of ammonia coming out into the effluent
out of the total infused into the liver at every 2
min interval.

c) The activity of all the five o-u cycle enzymes
such as CPS (ammonia dependent), OTC, ASS, ASL
and ARG) in perfused liver.

d) The amount of urea-N coming out into the effluent at

every 2 min interval of infusing the NH,Cl.

In another set of experiment L-glutamine (1 mM and 2mM)
instead of ammonia was infused into the perfused liver

of H. fossilis for 60 min and the following observations

were made:

a) The amount of urea-N coming out into the effluent at
every 2 min interval of infusing L-glutamine.

b) The activity of CPS III (glutamine dependent)
activity in the perfused liver after infusing L-
glutamine for 60 min.

The occurence of three different isoenzymes of carbamyl

phosphate synthetase (CPS I, II and I11) were confirmed,

and the sub-cellular 1localization of all the three
isoenzymes of CPS and other four enzymes of o-u cycle
such as OTC, ASS, ASL and ARG were studied both in the
liver and kidney of H. fossilis.

The activity of all the o-u cycle enzymes both in the

liver and kidney of H. fossilis were studied every

month for one year to find out annual variation, if



6)

7)
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any.
The enzyme arginase was purified from the liver of H.
fossilis, and the fold of purification and percentage
recovery were determined.
The molecular weight and various physico-chemical
properties of purified arginase were determined.
The kinetic and the effect of different regulators such
as metal ions and amino acids on the activity of

purified arginase were studied.



MATERIALS AND METHODS
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Animals :

Heteroppneustes fossilis weighing 40-50 g were
purchased from commercial sources. They were maintained in
the laboratory at 25 + 2 °C in plastic aquaria containing
filtered tap water with 12 hr:12 hr light and dark period.
Minced pork liver (5% of body weight) was supplied as food
on every alternate day and water was changed regularly on
the day after feeding. The fishes were used after their
acclimatization to laboratory conditions for at least four
weeks when death rate became zero and food consumption was
normal. They were used for all estimations and for all
experiments 24 hr after the 1last feeding. In all
experiments the fishes were sacrificed at a fixed time of

the day (12 noon).

Liver perfusion technique :

H. fossilis (40-50 g body wt.) acclimatized under
laboratory conditions as mentioned above were used for
perfusion of liver. Livers were perfused via the portal
vein in a non-recirculating manner with the haemoglobin
free media used by French et al (1981) with certain
modifications. The media contained 119 mM NaCl, .5 mM
NaHCO,, 5.4 mM KC1, 0.35 mM Na,HPO,, 0.44 mM KH,PO,, 0.81 mM
MgSO, and 1.25 mM of CaCl, as a basic solution for
perfusion. The osmolarity of the perfusing media was 265
mosmol per litre since the osmolarity of the plasma of H.
ossilis was also 265 mosmol per litre determined by

freezing point depression technique. Hence, an isotonic
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solution of same osmolarity was used for liver perfusion of
this fish. The media also contained 5 mM glucose and 2 mM
L-ornithine. Different concentrations of NH,Cl (0.0l tol
mM) were infused along with the perfusion media to study
the effect of ammonia on o-u cycle enzymes activity, its
~accumulation rate and also its conversion to urea in the
perfused liver. Ammonia was replaced by L-glutamine (1 and
2 mM) in some perfusions to study its conversion rate to
urea. The media was gassed with oxygen befope perfusing
into the liver and temperature of the media was 30 °C. The
media was 1infused into the liver at a flow rate of 5 to 6
ml per g of liver per min. The effluent which was coming
out of the liver was collected through a pipe catheterised
at the superior venacava for analysis of ammonia and urea-
N.

Livers were perfused for 20 min with the standard
media containing 5 mM D-glucose and 2 mM L-ornithine prior
to infusion of NH,Cl. Different concentrations of NH,Cl and
L-glutamine were infused for 60 min. Immediately after 60
min of infusion of NH,C1l the perfused liver were deep frozen
and stored at -20 + 2 °C wuntil used for measurement of o-u

cycle enzymes activity and also the tissue ammonia level.

Estimation of ammonia and urea-N _in the effluent :

Concentration of ammonia and urea-N in the effluent were
measured enzymatically based on the procedure of
Kun and Kearney{1974). One ml of effluent was collected

after every two min of perfusion. Samples were collected
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just before infusing NH,C1 or L-glutamine and during
infusion of NH,Cl or L-glutamine regularly after every two
min of infusion in test tubes. Immediately after
collecting the sample, 10 ul of 2 M PCA was added in each
tube to precipitate out the protein present in the sample.
The precipitate was separated by centrifugation and the
supernatant was neutralised by adding 10 jl of 2 M NaOH in
each tube before the measurement of ammonia and urea-N.

Ammonia : For measurement of ammonia in the effluent, all
the ammonia was converted to glutamate by the enzyme
glutamate dehydrogenase (GDH) in presence of «-keto-
glutarate and NADH. The amount of NADH oxidized was

equivalent to the amount of ammonia present in the

effluent.
CH,-CH,-COOH CH,-CH,-COOH
GDH
0=C-COQOOH + NH, / \_,7\, H,N-CH-COOH + H,O
&-Ketoglutarate NADH+H' NAD' L-Glutamate

The assay mixture of 1 ml contained the following :

Tris-HC1l buffer (pH 8.0) 66 mumoles
«-Ketoglutarate 2.5 jumoles

EDTA 0.2 jmol

ADP 1.0 jumol

NADH 0.4 umol

GDH 20 units

Effluent 0.2 ml.
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The reaction mixture was incubated at 37 °C for 30 min.
A control also was run simultaneously which contained
everything 1in the reaction mixture as mentioned above
except the effluent which was replaced by 0.2 ml of
distilled water. O.D. was measured at 340 nm in a quartz
microcuvette having 1 cm 1light path in a uv-visible
spectrophotometer (Beckman, Model 26) both in the control
and in the reaction mixture containing effluent. The
differences in 0.D. value obtained between these two was
used to calculate the concentration of ammonia present in

the effluent taking 6.22x10° as molar extinction coefficient

for NADH.

Urea-N : For measurement of urea-N in the effluent, urea
was first converted to ammonia by urease and then to
glutamate in presence of e-Ketoglutarate and NADH by the
enzyme GDH. The amount of NADH oxidized was equivalent to

the amount of urea-N present in the effluent.

NH,

| Urease

C=0 > 2NH, + CO,

l Ve

NH, H,O
Urea

NADH+H* NAD* CH,-CH,~COOH
|
CH,-CH,-COOH + NH, \\\_4_,//¢ N H,N-CH-COOH +H,0
GDH
O0=C-COQH

x-Ketoglutarate L-Glutamate
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The assay mixture of 1 ml contained the following :

Tris-HCl1 buffer (pH 8.0) 66 umoles
«-Ketoglutarate 2.5 amoles
EDTA 0.2 pmol
NADH 0.4 umol
GDH 20 units
Urease 20 units
Effluent 0.2 ml

The reaction mixture was incubated at 37 °C for 30 min.
A control also was run simultaneously which contained
everything as mentioned above except the effluent which was
replaced by 0.2 ml of distilled water. O.D, was measured
at 340 nm in a quartz microcuvette having 1 cm light path
in a uv-visible spectrophotometer (Beckman, Model 26) both
in the control and in the reaction mixture containing
effluent. The differences in 0.D. value between these two
was used to calculate the concentration of urea-N present

in the effluent taking 6.22x10° as molar extinction

coefficient for NADH.

Tissue processing :

Fishes were killed by decapitation and tissues such as
liver and kidney were immediately removed, blotted dry and
deep frbzen at -20 °C until used for estimations. All the
estimations were completed within 2 to 3 days after
collecting the tissue. A 20% homogenate was prepared for

both 1liver and kidney tissues in a Potter-Elvehjem type
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motor driven glass homogenizer with a teflon pestle at 0 +
2 °C. For annual variation studies, female fishes were
killed on the first day of every month for one year, and
liver and kidney tissues were collected.

To study the sub-cellular localization of all the o-u
cycle enzymes and different isoenzymic forms of carbamyl
phosphate synthetase (CPS I,II,II1I) along with the marker
enzymes, each frozen tissue (liver and kidney) was thawed
on ice and a 20% homogenate was prepared in lQ mM Tris-HC1
buffer (pH 7.5) containing.0.1M KC1l, 1 mM EDTA and 0.3 M
mannitol. Different sub-cellular fractions such as
nuclear, mitochondrial and cytoplasmic fractions were
separated by differential centrifugation technique
following the method as described in Chakravorty et al
(1989) and Dkhar et al (1991). The pellet of
centrifugation at 600 x g at 0 + 2 °C for 15 min was
resuspended in the homogenizing medium and recentrifuged
once again at 600 x g at 0 + 2 °C for 15 min. The pellet
thus obtained was the nuclear fraction. The supernatant of
the first and second centrifugations were pooled together
and centrifuged at 14,000 x g at 0 + 2 °C for 60 min. The
pellet obtained was the mitochondrial fraction wheregs the
supernatant was the cytoplasmic fraction. The nuclear and
mitochondrial pellets were resuspended in the homogenizing
medium. Treatment of the tissue homgenates with Triton X-
100 (0.5%) resulted in maximum release of o-u cycle enzyme
activity within 20-30 min (Tables 8 and 9). Therefore, the

different sub-~cellular fractions were treated with 0.5%
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Triton X-100 for 30 min before assaying of the enzyme
activilty.

For other experiments, the frozen tissue was thawed on
ice and a 20% homogenate of each was prepared in 0.1%
cetyltrimethyl ammonium bromide (CTB). The homogenate was
centrifuged at 600 x g at 0 + 2 °C for 15 min and the
supernatant was used for measurement of tissue ammonia
level and also for assaying the enzymes such as carbamyl
phosphate synthetase 1I,II and III, ornithine trans-
carbamylase (OTC), argininosuccinate synthetase (ASS),
argininosuccinate lyase (ASL) and arginase (ARG) and also

for measurement of proteins.

Estimation of ammonia in perfused liver: The perfused

liver homogenates which were prepared for o-u cycle enzymes
assay in 0.1% CTB, were also used for ammonia estimation.
The supernatant obtained after centrifuging the homogenate
at 600 x g for 10 min, was treated with 2M PCA at 1:0.5
ratio to precipitate the protein. The precipitated protein
was separated out by centrifugation. The supernatant was
neutralised with 2M NaOH before estimation of ammonia.
Ammonia was estimated by the enzymatic method as mentioned

above for estimation of ammonia in effluent.

Enzyme assay :
Carbamyl phosphate synthetase I (E.C.2.7.2.5)(CPS I): CPS

I was assayed following the method of Saha and Ratha (1987)

with certain modifications. In the reaction mixture
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methionine sulfoxamine (25 mM) and UTP (1 mM), the
inhibitors for glutamine synthetase‘ (GS) and CPS 1II
(glutaminedependent) respectively, were added so that CPS II
and III activity do not interfere while measuring the CPS
I activity. Carbamyl phosphate so formed by CPS I during
the period of incubation was converted to citrulline in
presence of excess of OTC and L-ornithine. The resultant

citrulline was estimated for expressing the activity of CPS

I.
0] OH
CPS I, Mg™ -
CO, + NH, N H,N-C-O-P-OH
/7~ N-acetyl- N 4
2ATP glutamate 2ADP+Pi 0
Carbamyl phosphate
NH,
|
C=0
|
0 OH NH, NH
|| | !
H,N-C-0-P-OH + CH, CH,
! OTC ! :
0 CH, - CH, + Pi
Carbamyl phosphate | 4 |
CH, CH,
I |
H-C-NH, H-C~NH,
| |
COOH COOH

L-Ornithine L-Citrulline
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The assay mixture in a final volume of 1.0 ml contained :

Potassium phosphate buffer (pH 7.5) 50 umoles
Ammonium chloride 50 pmoles
Sodiumbicarbonate So‘pmoles
ATP 5 umoles
L-ornithine 5 pumoles
N-acetyl glutamate 5 nmoles
MgSO, 10 umoles
Methionine sulfoxamine . 25 umoles
UTP 1 amol
OTC 10 units
Suitably diluted tissue extract 0.3 ml

The assay mixture without tissue extract, methionine
sulfoxamine and UTP, and tissue extract with methionine
sulfoxamine and UTP were preincubated separately for 5 min
at 30 °C. The reaction was initiated by mixing these two
mixtures. After 30 min the reaction was stopped by adding
0.5 ml of 10% perchloric acid (PCA). A tissue blank was
prepared simultaneously by adding PCA to the reaction
mixture prior to the addition of tissue extract. The
precipitated protein was separated out by centrifugation.
The supernatant was used for citrulline estimation
following the method of Moore and Kauffman (1970). 1.0 ml
of suitably diluted supernatant was treated with 2.5 ml of
acid mixture (300 ml H,PO,, 100 ml H,S0,, 0.237 g MnSO, in
398 ml distilled water and 1.8 ml of 0.1M FeCl,) followed by

0.25 ml of 3% (w/v) diacetyl monoxime. The mixture was
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kept for boiling for 30 min, cooled and O.D was read at 490
nm in a spectrophotometer (Beckman, Model 26) against the
tissue blank. The amount of c¢itrulline present was
calculated from the standard graph prepared using different
concentrations of citrulline (0.04-0.1 mmol) which was
linear. One unit of CPS I activity was expressed as that
amount of enzyme which catalyzed the formation of 1 mumol

of citrulline per hr at 30 °C.

bain tas CPS 11 : CPS 11 was
assayed exactly in the same way as for CPS I with the
following modifications. Glutamine (20 mM) was taken as
nitrogen donor instead of ammon ium chloride. N-
acetylgluiamate (co-factor), methionine sulfoxamine
(inhibitor for GS) and UTP (inhibitor for CPS II) were not
added in the reaction mixture. The resultant carbamyl
phosphate formed during the period of incubation was
converted to citrulline in presence of excess of OTC and L-
ornithine. The citrulline so formed was estimated for

expressing the activity of CPS II.

NH, O OH . COOH
I CPS II, Mg* | l
C=0 N H,N-C-0O-P-OH + CH,
\ /7 oy \ \
co, + CH, 2ATP 2ADP+Pi 18] CH,

/ I
CH, H~C-NH,
|

H-C-NH, COOH
I
COOH .

IL-Glutamine ~ Carbamyl L-Glutamate

phosphate
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NH,
|
0 OH NH, C=0
(I l '
H?N—C—O-ﬁ-*OH + (ill? N\H
0 CH, CH,
/ OTC | .
CH, s  CH, + Pi
|
Carbamyl H-C~NH, CH,
phosphate |
COOH H-C-NH,
|
COOH
L-Ornithine L-Citrulline
Carbamyl phosphate synthetase IIT I71 : CPS III was

assayed exactly in the same way as for CPS I with the
following modifications. Glutamine (20 mM) was taken in the
reaction mixture as nitrogen donor instead of ammonium
chloride. Methionine sulfoxamine (inhibitor for GS) was not
added in the reaction mixture. The carbamyl phosphate so
formed by CPS III1 during the period of incubation was
converted to citrulline in presence of excess.of OTC and L-
Ornithine. Resultant citrulline was estimated following
the method as mentioned for CPS I, for expressing the

activity of CPS III.

NH, O OH COOH

| cPs III, Mg* [/ \
Co, + C=0 . H,N-C-0-P-OH + CH,

\ / \ I l
fHZ N-acetyl 0] sz

2ATP glutamate 2ADP+Pi

CH, H~-C-NH,
l

H-C-NH, Carbamyl COOH
| phosphate
COOH

L-Glutamine L-Glutamate
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NH, THZ
|
O OH CH, C=0
I ] [ I
H,N-C-0-P-OH -+ CH, OTC NH
l | N | _
0 CH, CH, + Pi
I
H-C-NH, CH,
Carbamyl | l
phosphate COOH ?Hz
H-C-NH,
COOH
L-Ornithine LTCitrulline
rnithine transcarbamylase (E.C.2.1.3.3 QOTC : OTC was

assayed following the method described by Brown and Cohen

(1959) by estimating the product (citrulline) formed.

THZ NH,
CH, ézo
0O OH éHZ éH
I \ oTC |
}hN—C—O—ﬁ—OH + CH, > ?H, + P1
g H-C-NH, sz
éOOH CH,
H-é—NHz
éOOH
Carbamyl phosphate L-Ornithine L-Citrulline .

The assay mixture in a final volume of 2.0 ml

contained
Glycylglycine buffer (pH 8.3) 90 mmoles
L-Ornithine 20 mmoles
Dilithium carbamyl phosphate 20 jmoles

Suitably diluted tissue extract 0.3 ml
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The .assay' mixture without tissue extract was pre-
incubated for 5 min at 30 °C. The reaction was initiated
by addition of tissue extract. After 20 min of incubation
the reaction was stopped by the addition of 0.5 ml of 10%
PCA to the reaction mixture. A lissue blank was prepared by
adding PCA to the reaction mixture prior to the addition of
tissue extract. The precipitated protein was separated out
by centrifugation. Citrulline so formed during the period
of incubation was estimated in the supernatant following
the method of Moore and Kauffman (1970) as described above
for CPS I assay. One unit of OTC activity was expressed as
that amount of enzyme which catalyzed for the formation of

1 pmol of citrulline per hr at 30 °C.

Argininosuyccinate synthetase (E.C.6.3.4.5) (ASS) : ASS

activity was assayed following the method of Ratner (1955)
with the following modification as described by Saha and
Ratha (1987). In the assay mixture, 20 units of urease
(Sigma Type IV) were taken to convert all the urea present
or formed to ammonia to avoid interference with citrulline
estimation. The amount of citrulline utilized per unit

time was used to express ASS activity.
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NH, (iOOH
cI:=o C‘:Hz
&H COoOoH HOOC-C-H
| ASS l
THQ + H-C-NH, e < -S> TH
CH, CH, ATP AMP+PPi C=NH
éHZ COOH LH
H—C,Z—NH, (“,H,_
éOOH EHZ
I~Citrulline I.-Aspartic acid . CH,
H—(IZ-—NH2
éOOH

L-Argininosuccinic
acid

The assay mixture (pH 7.0) in a final volume of 1.0 ml

contained
Potassium phosphate buffer (pH 7.0) 50 pmo}es
L-Citrulline 3 pmoles
L-Aspartic acid 5 umoles
MgSo, 8.75 umoles
ATP 5 mmoles
Urease 20 units
Suitably diluted tissue extract 0.2 ml:

The reaction mixture without <citrulline was pre-
incubated for 5 min at 30 °C. The reaction was initiated
with the addition of citrulline and incubated for 30 min at
30 °C. The reaction was stopped by the addition of 0.5 ml
of 10% PCA. In the tissue blank PCA was added in the

reaction mixture just before the addition of citrulline.
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The precipitated protein was separated out by
centrifugation. The amount of citrulline utilized during
the incubation period was estimated in the supernatant
following the method of Moore and Kauffman (1970) as
described above in CPS I assay. One unit of ASS activity
was expressed as that amount of enzyme which catalyzed the
utilization of 1 umol of citrulline per hr at 30 °C.
Argininosuccinate lvase (E.C.4.3.2.1 ASL) : ASL activity
was assayed following the method of Brown and Cohen (1959)
with certain modifications suggested by Saha and Ratha
(1987). The concentration of L-argininosuccinic acid was
increased from 2 pmmoles to 4 mmoles and 20 units of
arginase (from Sigma) was added in each reaction mixture.
Arginine formed by ASL activity in the tissue was converted
to urea in presence of excess arginase and the amount of
urea formed was estimated to express the ASL activity.

COOH NH,

l |
CH, C=NH
i l
HOOC~C-1H NH COOH
l ASL | l
NH \ CH, + HC
| ( i
C=NH CH, CH
| I |
NH CH, COOH
| \
CH, H-C-NH,
l 1
CH, COOH
|
CH,
|
H-C-NH,
COOH

L-Argininosuccinic acid L-Arginine Fumaric acid
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NH,

|

C=NH |NH2

|

NH NH, CH,

| ARG | I

CH, > Cc=0 + CH,

| 7~ Mn? | |

CH, H,0 NH, CH,

l l

CH, _ H-C-NH,

I l
H-C-NH, COOH

COOH
L-Arginine Urea . L-Ornithine

The assay mixture in a final volume of 1.0 ml

contained :
Potassium phosphate buffer (pH 7.3) 50 nmoles
L-Argininosuccinic acid 4 umoles
Arginase 20 units
Suitably diluted tissue extract 0.2 ml.

The reaction mixture without tissue extract was pre-
incubated for 5 min at 30 “C. The reaction was initiated by
adding tissue extract and the reaction was stopped after
30 min by the addition of 0.5 ml 10% PCA. At tissue blank
was prepared with each assay by adding PCA to the reaction
mixture prior to the addition of tissue extract. The
precipitated protein was separated out by centrifugation.
Urea was estimated following the method of Moore and
Kauffman (1970). The method was same as described for
citrulline estimation except that the 0.D. was taken at 478

nm. The concentration of urea was calculated from a linear
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standard graph prepared with different concentrations (0.01
to 0.05 mumol) of urea. One unit of ASL activity was
expressed as that amount of enzyme which catalyzed the

formation of 1 mumol of urea per hr at 30 °C.

Arginase (E.C.3.5.3.1) (ARG) : ARG activity was assayed

following the method of Brown and Cohen (1959) with the
following modification as suggested by Saha and Ratha
(1987). The concentration of L-arginine was increased to
50 nmoles per assay. The urea formed during the incubation

was estimated to express ARG activity.

NH,
|
C=NH NH,
I l
NH NH, ~ CH,
| ARG | I
CH, > C=0 + CH,
l /7 Mn*» \ |
CH, H,0 NH, CH,
I |
CH, H-C-NH,
I
H—ﬁ—NHZ COOH
COOH
L-Arginine Urea L-Ornithine

The assay mixture in a final volume of 2.0 ml
contained :

Sodium glycinate buffer (pH 9.5) 50 umoles
L-Arginine 50 umoles
MnC1, 0.5 umol

Suitably diluted tissue extract 0.1 ml.
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The reaction mixture without L-arginine was pre-
incubated for 10 min at 30 °C. The reaction was initiated
by the addition of L-arginine and incubated for 15 min at
30 °C. The reaction was stopped by adding 1.0 ml of 10%
PCA.A tissue blank was prepared with each assay by adding
PCA to the reaction mixture prior to addition of L-
arginine. The precipitated protein was separated out by
centrifugation and the supernatant was used for urea
estimation. The amount of urea formed during the
incubation period was estimated following the method of
Moore and Kauffman (1970) as described above in ASL assay.
One unit of arginase activity was expressed as that amount
of enzyme which catalyzed the formation of 1 mumol of urea

per hr at 30 °C.

Lactate dehydrogenase (E.C.1.1.1.27 DH)}) : LDH activity

was assayed following the method of Vorhaben and Campbell

(1972)
CH, CH,
1 LDH /
l / \ l
COOH COOH
NADH+H* NAD*
Pyruvate Lactate

The reaction mixture of 3.0 ml contained the following :

Potassium phosphate buffer (pH 7.0) 120 pmoles
Sodium pyruvate 1 umol
NADH 0.5 umol

Suitably dilted tissue extract soml.
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The assay mixture was incubated in a rectangular
guartz cuvette having 1 cm light path directly in a uv-
visible spectrophotometer (Beckman, Model 26). The
reaction mixture without the tissue extract was pre-
incubated for 5 min at 30 °C. The reaction was started by
adding the tissue extract. ‘ The decrease in O0.D. was
recorded at 340 nm at 30 sec intervals and the period of
linear decrease was used for calculation of LDH activity.
The amount of NADH utilized per hr was calculated taking
6.2 x10' as molar extinction co-efficient for NADH. One
unit of LDH activity was expressed as that amount of enzyme
which catalyzed the oxidation of 1 pmol of NADH to NAD' per

hr at 30 °C.

Glutamate dehydrogenase (E.C.1.4.1.3)(GDH) : GDH was

assayed following the method of Olson and Anfinsen (1952)
with some modifications described by Das et al (1991).

CH,-CH,-COOH CH,-CH,-COOH
| GDH

0=C-COOH + NH, ¢ s H,N~-CH-COOH + H,0

NADH + H’ NAD*

%-Ketoglutarate Ammonia L-Glutamate

The reaction mixture of 3.0 ml contained :

Potassium phosphate buffer (pH 8.5) 200 mmoles
L-Glutamate 50 mnmoles

NAD* 6 umoles

ADP 6 mpmoles

Suitable diluted tissue extract 50 mal.
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The reaction mixture without NAD® was pre-incubated in
a rectangular guartz cuvette at 30 °C for 5 min in a uv-
visible spectrophotometer (Beckman, Model 26). The O.D.
was adjusted to zero and Lhe reaction was initiated by
adding NAﬁ in the reaction mixture directly into the
cuvette. The increase in 0.D. at 340 nm was recorded at 30
sec intervals and the period of linear increase was used
for calculation. The rate of reduction of NAb to NADH was
calculated taking 6.22x10' as molar extinction'co—efficient
for NADH. One unit of GDH activity was expressed as that

amount which reduced 1 umol of NAD' to NADH per hr at 30 °C.

Protein : Protein was determined following the method of

Lowry et 1 (1951) using bovine serum albumin as the

standard.

Purification of hepatic arginase

Step 1 - Crude extract : Fishes were killed irrespective
of sex and weight by decapitation and the 1liver was
immediately removed and kept deep frozen at -20 + 2 °C. The
frozen tissue was thawed on ice and a 20% homogenate was
prepared in 10 mM Tris-HC1l buffer (pH 7.5) containing 5 mM
MnCl,, 0.1 M KCl using a Potter-Elvehjem type motor driven
glass homogenizer fitted with a teflon pestle. The
homogenate was diluted to 10% with Triton X-100 to a final
concentration of 0.5% and kept for 30 min with constant
stirring to release the mitochondrial portion of arginase.

The homogenate was then centrifuged at 14,000 xg for 30
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min. The supernatant obtained is the crude extract and was
uéed in the subsequent purification steps. All the steps
involved in the purification of arginase was carried out at

0 + 2 °C.

Step 2 - Ammonium sulphate fractionation =: Ammonium

sulphate crystals were added to the crude extract gradually
with constant stirring to 40% saturation (243 g/l1). The
mixture was centrifuged at 15,000 xg for 30 min. The
pellet was discarded and the supernatant was adjusted to
60% saturation (132 g/1) of ammonium sulphate with constant
stirring. The mixture was centrifuged at 15,000 xg for 30
min. The pellet obtained was resuspended in 10 mM Tris-HC1
buffer (pH 7.5) containing 5 mM MnCl, and 1 mM 2-mercapto-
ethanol. This solution was dialysed for 18 hr against the

same buffer with at least three to four changes of buffer.

Step 3 - Heat treatment : The dialysed solution was heated

at 55 °C for 10 min with constant stirring. The precipitated
protein was removed by centrifugation at 10,000 xg for 20
min. The supernatant was used in further steps of

purification.

Step 4 - JTon-exchange chromatogr on_DEAE-S ace :
After heat treatment the solution was loaded on to a DEAE-
Sephacel column (20 X 1.6 cm) previously equilibrated with
10 mM Tris-HCl buffer (pH 7.5). The unbound protein was

eluted out first while washing the column with the same
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buffer. Arginase was eluted with a linear gradient of KCl
prepared in Tris-HC1 buffer at a flow rate of 16 ml per hr.
Fractions of 5 ml were collected. Arginase was eluted
approximately at 0.1 and 0.15 M KC1l. 10 ul of 2.5 M MnCl,
was added in each collecting tube just to protect the
arginase from denaturation. The active fractions were
pooled and dialysed against 10 mM Tris-HC1l buffer (pH 7.5)

to remove KC1.

Step 5 - foinigy chromatography on Arginine Sepharose—4B:

The dialysed sample obtained from step 4 was loaded on to
Arginine Sepharose-4B column (10 x 1.0 c¢m) previously
equilibrated with 10 mM Tris-HCl1 buffer (pH 7.5). The
column was washed with the same buffer at a flow rate of 8
ml per hr. All the unbound proteins were eluted first.
Arginase was then eluted with a linear gradient of KCIl.
Fractions of 3 ml were collected. Arginase was eluted
approximately at 0.07 M KCl1. The active fractions were
pooled and dialysed against 50 mM Tris-HC1l buffer (pH 7.5)

to remove KC1.

Ste - 1 fj ion o d -150 : The dialysed
sample was applied on to Sephadex G-150 column (40 x 2.5
cm) previously equilibrated with 50 mM Tris~HC1l buffer (pH
7.5) containing 0.1 M KCl. Arginase was eluted with the
same buffer at a flow rate of 25 ml per hr. Fractions of
2 ml were collected. 1In each fraction 10 ml of 1 M MnCl,

was added. The active fractions were pooled and used for
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kinetic and molecular studies.

Polyacrylamide _gel electrophoresis (PAGE) : Polyacrylamide

gel electrophoresis ot the difterent purification fractions
was carried out according to Hames (1981) using 7%
polyacrylamide gels. The ratio of acrylamide to N, N-
methylenebisacrylamide was 30:0.8. Anodic electrophoresis
was carried out in an electrophoretic chamber using Tris-
glycine buffer (pH 8.3) at a constant current of 2 mA per
tube. A pre run of the gel was done before loading the
sample. At the end of electrophoresis the gels were
removed from the glass tubes using water jet.

The gels were fixed in 50% TCA for 30 min prior to
staining. Protein staining was done as described by Hames
(1981) using 0.1% Coomassie brilliant blue prepared freshly
by mixing glacial acetic acid, methanol and water in the
ratio of 1:6:8 by volume. The excess stain was removed by
repeated washing with a mixture of glacial acetic acid,
methanol and water prepared in the ratio of 3:2:35 by

volume. The gels were then preserved in distilled water.

Molecular weight determination : Molecular weight of. the
purified ARG was determined by gel filtration on Sephadex
G-150 column as described by Andrews (1964). The column
(40x2.5 cm) was equilibrated with 50 mM Tris-HC1l buffer (pH
7.5) containing 0.1 M KC1l and elution was carried out with
the same buffer. A constant flow rate was maintained at 25

ml/hr using a peristaltic pump and 2 ml fractions were
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collected. The calibrating proteins were dissolved in the
same buffer in a concentration of 4 mg/ml. Two to three ml
of the protein solution was introduced on to the top of the
gel bed under the eluting buffer. Blue Dextran 2000
(Pharmacia) was used to determine the void volume.
Molecular weight of purified arginase was determined from

the plot of elution volume (V.) versus log molecular weight.

Temperature optima and thermal stability : ARG activity was

assayed at different incubation temperatures such as 10,
20, 25, 30, 35, 40, 45, 50, 55 and 60 °C to determine the
temperature optima.

Thermal stability of the purified ARG was studied by
incubating the enzyme at different temperatures such as 10,
20, 30, 35, 40, 50, 55 and 60 °C. Aligquots for each were
taken at different time intervals such as 5, 10, 20, 30,
40, 56 and 60 min and enzyme activity was assayed.

In another set of experiment the purified enzyme was
pre—incubated at a fixed temperature (55 °C) in presence of
either the substrate (L-arginine, 100 mM) or the co-factor
(MnC1,,5 mM) or both together. Aliquots for each were taken
at different time intervals such as 10, 20, 30, 40, 50 and
60 min and enzyme activity was assayed to find out the
protective role of either substrate, or co-factor, or in
combination of substrate and co-factor against thermal
denaturation. Purified arginase alone was pre-incubated in
Tris-HC1 buffer, pH 7.5 (10 mM) for different time

intervals at 55 °C which served as control.
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pH optima : ARG activity was assayed at different pH values
ranging from 6.0 to 12.0. Tris-HC1l buffer was used for
lower pH values and sodium glycinate buffer was used for
higher pH values.

Kinetic studies : The Km for L-arginine and Vmax of the

purified arginase were determined both by Michaelis-Menten
and Lineweaver-Burk plots. The arginase activity was

measured between 1 mM to 100 mM L-arginine concentration.

Inhibition studies : The effect of some inhibitors (amino
acids) was studied wusing fixed concentration of the
inhibitor (25 mM). The percentage activity was calcﬁlated
taking the activity in absence of the inhibitor as 100%.

The nature of inhibition of some of the amino acids (L-
ornithine, L-leucine, L-isoleucine and L-valine) was
determined by Lineweaver-Burk plot and the Ki of the above

inhibitorswas determined by Dixon plot.

Effect of metal ions : The purified enzyme was pre-

incubated at 30 °C for 10 min with various metal ions at a
concentration of 5, 10 and 20 mM and the enzyme activity
was assayed. Values of arginase activity were expressed as
% of activity taking 100% of activity in the absence of any
metal ion.

Chemicals : All the enzymes, substrates, co-enzymes and
inhibitors used for various enzyme assays and also for
estimations , dialysis tubing, cetyltrimethyl ammonium

bromide (CTB)and Arginine Sepharose-4B were obtained from
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Sigma Chemical Company, St. Louis, Missouri, USA. DEAE-
Sephacel, Sephadex G-150 and molecular weight kit used for
column chromatography were obtained from Pharmacia Fine
Chemicals, Uppsala, Sweden. All the other chemicals used
were of analytical grade and were obtained from indigenous
sources. Deionized double glass distilled water was used
in all preparations.

Expression of enzyme activities: Total activity of the

enzyme was expressed as units per g wet wt. of tissue and
the specific activity was expressed as units per mg

protein.

Statistical analysis and presentation of data : The data
was calculated from at least three to five observations for
each point and presented as mean + standard error of the
mean (S.E.M). The level of significance between two sets
of data were calculated by student's 't' test (Croxton et
al, 1982) and 'p' value above 0.05 were taken as non-
significant (N.S.). Besides the presentation of data in

tabulated form, graphs and histograms were also prepared to

highlight the results.
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Alterations of ammonia level in perfused liver of H.

fossilis when infused with different concentrations of

NH,C1

The increase of ammonia level was negligible
upto 0.29 pamol/g of liver/min of NH,Cl addition in perfused
liver (Table 1). Significant accumulation of ammonia was
seen only from 0.58ﬁmmd/g liver/min of NH,C1 addition into
the perfused liver. The ammonia level in perfused liver
raised from 12.75 to 33.81 mmoles/g wet wt. of liver with
the rate of addition of 5.55 umoles/g liver/min of NH,C1.
The percentage increase of ammonia level was 5, 10, 24, 42,
93, 152 and 165% with the addition of 0.058, 0.12, 0.29,
0.58, 1.18, 2.8 and 5.55 umoles/g liver/min of NH,Cl into

the perfused liver for 60 min.

Uptake and release_ . of ammonia by the perfused liver:

There was about 75 to 85% uptake of ammonia out
of the total added into the perfused liver upto 0.58 umol/g
liver/min of NH,Cl addition (Table 2; Fig. 3). Similarly,
the rate of release of ammonia into the effluent was also
very low and was between 15 to 25% out of the total ammonia
added upto the addition of 0.58/umol/g liver/min of NH,C1
(Table 2, Fig.2). At higher rate of addition,‘ the
percentage uptake of ammonia gradually decreased and
percentage release into the effluent gradually increased
with increasing rate of addition (Table 2, Figs.2 and 3).
The rate of uptake of ammonia is a saﬁurable process
although the Vmax of uptake did not reach even at 5.55

pmoles/g liver/min of NH,C1 addition (Fig.3). The Vmax
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would have reached at still higher rate of addition of

NH,C1.

Formation of urea-N in perfused liver :

The rate of release of urea-~N by the perfused
liver while infusing NH,C1 at different rates have been
shown in Table 2 and Fig.4. At lower rates of ammonia
addition, i.e. upto 0.58 umol/g liver/min, about 80 to 90%
of the total ammonia taken up by the liver were converted
to urea-N. The rate of synthesis of urea-N by the perfused
liver at different rates of ammonia addition was again a
saturable process (Fig. 4). The Vmax of urea-N excretion
was obtained with the addition of 118 numoles/g liver/min of

NH,C1.

Induction pattern ofo-u cycle enzymes in perfused liver:

The induction pattern of different o-u cycle enzymes (both
total and specific) activity in the perfused liver while
infusing NH,Cl at different rates have been shown in Tables
3 and 4, and in Figs. 5-8. The induction of total activity
of o-u cycle enzymes except OTC and ASL was not significant
with the addition ammonia upto 0.29 mumol/g liver/min.
Significant and maximum induction of total activity of, CPS
(ammonia dependent) and OTC was obtained with the addition
of 0.58 umol/g liver/min, and for ASS and ASL the maximum
induction was obtained with the addition of 2.8/umoles/g
liver/min of NH,Cl (Table 3, Fig.5). No significant change
of total activity of ARG was noticed 1in any of the

concentration of ammonium chloride added (Table 3, Fig.5).
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In percentade wise, the induction of total activity of CPS
was found to be maximum (204%) followed by ASS (153%), OTC
(119%) and ASL (117%) respectively in decreasing order
(Table 3, Fig.6).

No significant induction of specific activity was
found for any of the o-u cycle enzymes activity upto the
addition of 0.12 pmol/g liver/min of NH,Cl. Significant
induction of specific activity of all the enzymes were seen
from 0.29 umol/g liver/min of NH,C1l having the maximum
induction at 1.18 }nnoles/g liver/min of NH,Cl addition
(Table 4, Fig.7). Like total activity, the specific
activity of ARG also did not show any alterations in any of
the concentrations of NH,Cl added. The percentage induction
of specific activity of CPS was found to be maximum (234%)
followed by ASS (168%), ASL (140%) and OTC (132%)

respectively in decreasing order (Table 4, Fig. 8).

Ispenzymes of CPS (1,11 and II1) in the liver and kidney of
H. fossilis:-

The activity of CPS increased more than 3 times both
in the 1liver and kidney tissues of H. fossilis when N-
acetylglutamate (NAG) was taken in the reaction migture
along with ammonia with comparison to ammonia alone (Table
5). Addition of methionine sulfoxamine (25 mM),an inhibitor
for GS, and UTP (1 mM), an inhibitor for CPS 11, along
with ammonia and NAG did not change in the CPS activity.
This confirmed the presence of CPS 1 (ammonia and NAG-

dependent) activity in both the tissues of H. fossilis.
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There was significant activity of CPS when glutamine alone
was taken in the reaction mixture indicating the presence
of CPS II isoenzymes. However, when UTP was taken along
with glutamine in the reaction mixture without the addition
of NAG, only about 10% of the CPS activity could be
detected ‘in both the tissues. This confirmed further the
presence  of CPS 11 (glutamine dependent and NAG
independent) activity in both the tissues. Addition of NAG
along with glutamine in the reaction mixture caused further
increase of CPS activity suggesting also the‘presence of
CPS III activity. This activity was inhibited to the extent
of CPS II activity when the CPS II inhibitor (UTP, 1 mM)
was added in the reaction mixture. This confirmed the
presence of CPS III activity also in the liver and kidney
tissue of H. fossilis. Thus the presence of all the three
isoenzymes of CPS (I, II and III) could be confirmed in the

two ureogenic tissues such as liver and kidney of H.

Table 6 shows the activities of the three isoenzymes
_ of ¢P5 (I, II and III) in liver and kidney of H. fossilis,
studied by using specific inhibitors in the reaction
mixture as mentioned in the materials and methods and also
in Table 6. Both total and specific activity of CPS I was
found to be maximum in both the tissues followed by CPS III

and CPS II respectively.

Induction of CPS I and CPS 111, and rate of synthesis of

urea from ammonia and glutamine in perfused liver of H.

fossilis: The induction pattern of CPS 1 (ammonia



56

dependent) after infusing NH,Cl1 (1 and 2 mM) and CPS III
(glutamine dependent) after infusing glutamine (1 and 2 mM)
for 60 min were studied in perfused liver of H. fossilis
(Table 7). The rate of synthesis of urea from either
ammonia or glutamine, while infusing in different
concentrations ot these two, were also measured in the
effluent (Table 7). There was a significant (p <0.001)
induction (145%) of CPS I activity even at 1 mM NH,C1l
infusion (equivalent to ammonia addition of 5.540.25
/umoles/g liver/min). There was apparently no further
increase in CPS 1 activity while infusing 2 mM of NH,C1
(equivalent to ammonia addition of 11.5+1.0 /umoles/g
liver/min) into the perfused liver. The rate of synthesis
of urea was 10.7+1.5 and 11+2.1 umoles/qg liver/hr at 1 and
2 mM of NH,Cl respectively.

There was only about 20% increase in CPS 111 (non-
significant) activity (3.9 units/ g wet wt.) as compared
to control (3.2 units/g wet wt.) while infusing 1 mM of
glutamine (equivalent to glutamine addition of 5.55 +0.5
pamoles/g liver/min). A significant increase (47%) in CPS
11X ( 4.7+40.61 units/g wet wt.) was observed while infusing
2 mM glutamine {(equivalent to 11.5i1.7/umoles/g liver/min)
in perfused liver. Accordingly, the rate of synthesis of
urea (5.8i0.4l/umoles/q liver/hr) from glutamine at 2 mM
concentration was 35% higher than at 1 mM concentration of

glutamine infused (4.3+0.32 umoles/g liver/min).

Sub~-cellular localization of different isoenzymes of CPS
{I, II and II1) and other o—u cycle enzymes : The effect
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ol 0.%% Priton X-100 treatmenl on the aclivilty ot ¢bs (1L,
1I and 111) and other o-u cycle enzymes of liver and kidney
homogenates of H. fossilis for different periods has been
presented in Tables 8 and 9 respectively. Treatment of
tissue homogenates with Triton X-100 (0.5%) increased
activity of CPS I and I11, and mitochondrial enzymes of o-u
cycle such as OTC and ARG by 70-120% in liver (Table 8) and
80-160% in kidney (Table 9) within 30 min. However, the
activity of CPS II, and soluble enzymes of o-u cycle such
as ASS and ASL did not show any significant alteration
even after 60 min of treatment.

The localization of the three isoenzymes of CPS and
other o-u cycle enzymes in different sub-cellular fractions
of the 1liver (Table 10) and kidney (Table 11) of H.
fossilis was studied along with marker enzymes. The
activities of CPS I (73%), CPS III (72%), OTC (66%) and ARG
(58%) were found mostly in the mitochondrial fraction of
liver tissue along with the 67% of activity of
mitochondrial marker enzyme GDH (Table 10). Whereas, the
activities of CPS II (65%), ASS (74%) and ASL (65%) were
found mostly in the soluble cytosolic fraction of 1liver
tissue along with the 79% of activity of cytosolic marker
enzyme LDH (Table 10).In kidney tissue, most of the
activities of CPS I (71%), CPS III (74%), OTC (72%) and ARG
(67%) were found in the mitochondrial fraction with 73% of
activity of mitochondrial marker enzyme GDH (Table 11).
Whereas, the activities of CPS II (69%), ASS (71%) were
mostly found in the soluble cytosolic fraction of kidney

tissue with 73% of activity of cytosolic marker enzyme LDH
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(Table 11).

Annual variation of o-u cycle enzymes:

The annual variation of the activity (both total and
specific) of the o-u cycle enzymes were studied for one
year in the 1liver and kidney tissues of H. fossilis
maintained in the laboratory under control conditions
(Tables 12-15; Figs. 9-12). The five o-u cycle enzymes
studied showed different pattern of annual Variation in
their activity in the two tissues. In general, the enzymes
showed higher activity during summer (June-July) and lower
activity during winter (November to March) months.

All through the year arginase activity was very high
followed by OTC, ASS, ASL and CPS. The activity of CPS was
very low in both the tissues studied. The activity of all
the enzymes started increasing at the end of winter around
March/April, reaching a peak in June (Summer) and
decreasing thereafter. The highest activity of all the
enzymes was observed 1in June (summer). However, the
activity of OTC and CPS in kidney did not show any
appreciable annual variation. The specific activity of
OTC and CPS in kidney showed a further peak in June., The
specific activity of ARG continued in a higher 1level from

June till October.
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Purification of hepatic_arginase (Table 16; Fig. 13):

The protocol of puritication of hepatic arginase has
been presented in Table 16. The fold of purification and
percentage recovery of the enzyme activity obtained in the
last step of purification were 306 and 36% respectively.
Heat treatment at 55°C resulted in an increase in specific
activity and percentage recovery. The enzyme obtained
after heat treatment was loaded to DEAE-Sephacel column
and while washing the column with Tris-HC1l buffer (pH 7.5)
a small peak of enzyme activity was obtained in the void
volume, which accounted for about 17% of the total enzyme
loaded (Fig. 13). 83% of the arginase activity which got
bound to the ion exchanger, was eluted from the column by
paésing a linear gradient of KC1 (0-0.3 M). The enzyme
activity was eluted at approximately 0.1 -0.15 M of KC1
coinciding with a major protein peak. Affinity
chromatography of the above eluate on Arginine Sepharose-4B
resulted in a single enzyme peak (Fig.13) at approximately
0.07 M of KC1. The eluate from the affinity column was
finally passed through a Sephadex G-~150 column. The enzyme
activity eluted as a single peak and the two 5 ml fractions
of eluate having highest specific activity were pooled and

used as purified hepatic arginase source for further

studies.

Polvacrylamide gel electrophoresis (PAGE) :

The enzyme samples from different stages of
purification were separated by polyacrylamide gel

electrophoresis (Fig.14). The gels were stained with
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Coomassie Brilliant Blue. The purified enzyme showed a

single band on PAGE.

Physico-chemical properties of purified arginase:

Molecular weight determination : The apparent molecular

weight of the purified arginase was 81,000 as determined by
gel filtration chromatography on Sephadex G-150 (Fig. 15).
The void volume was determined by Blue Dextran followed by
calibration of the column with marker proteins such as
bovine serum albumin (67,000); ovalbumin (43,000),
cytochrome ¢ (12,400), bovine arginase (115,000) and
lactate dehydrogenase (140,000). Molecular weight was
determined from the plot of log molecular weight versus

elution volume (Ve) (Fig. 15).

Temperature optima (Table 17; Fig. 16) : The activity of

arginase assayed at different temperatures showed a gradual
increase from 10 to 30°C followed by a sharp increase upto
50°C. However, the enzyme activity decreased sharply after
50 °C with no activity detected at 70°C and above incubation
temperate. The optimal temperature for arginase activity

was found to be 50°C.

(Fig. 17; Table 18) : Thermal stability
of purified arginase was studied by pre-incubating the
enzyme alone at different temperature and then assaying
the activity at different time intervals upto 60min in a

standard reaction mixture at 30°C as mentioned under
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materials and melthods. At lower temperatme (10 and 20°%C)

the cnoyme was very stable having 95% of  the activily
retained upto 60 min of incubation. At 30 and 35°C, about

65% of activity was retained and at 40 and 50"C only 30 to

Q

35% of arginase activity was found after 60 min of

o

incubation. However, at 55 and 60°C the enzyme activity
was lost very fast. There was only about 10% of enzyme
activity at 55°C after 60 min of incubation and at 60°C the

activity was completely lost after 30 min of incubation.

Factors influencing thermal stability (Table 19; Fig. 18):

Purified hepatic arginase activity showed fast denaturation
when pre-incubated at 55°C for 60 min. Therefore, the enzyme
was incubated with the substrate (arginine, 100 mM) and co-
factor (MnCl,, 5 mM) either individually or in combination
to study their effects on thermal stability (Table 19; Fig.
18). In the absence of co~factor or substrate, arginase
activity decreased sharply retaining only about 5% of the
activity after 60 min of pre-incubation. MnCl, (5 mM) and
arginine (100 mM) when added separately to the buffer
containing the enzyme, did protect the enzyme from the
thermal denaturation, and 40% of the enzyme activity was
retained after 60 min of pre-incubation. However, MnCl, (5
mM) and L-arginine (100 mM) when incubated together with
the purified enzyme gave a better protection to the enzyme
against the thermal denaturation. The 1loss of enzyme
activity was slow for about 40 min loosing about 10-13% of
the activity. Even after 60 min of incubation about 60% of

activity could still be detected loosing only about 40% of



62

activity.

pH optima (Table 20; Fig. 19) : The purified arginase was
assayed at a pH range of 6 to 12 to find out its pH optima.
The enzyme activity increased gradually with increasing pH
trom pH 6 to 9.5 atter which the arginase activity
decreased more sharply to a very low level by pH 11. The pH
optima of hepatic arginase of H. fossilis was very narrow

with a sharp peak at pH 9.5.

Effect of amino acids (Table 21) : Most of the amino acids

tested except L-alanine, L-cysteine, L-glutamate, L-serine
and L-tyrosine inhibited arginase activity at 25 mM
concentration. However, the level of inhibition varied from
68% to 11%. L-ornithine. L-isoleucine. L-valine and L-
leucine inhibited arginase activity by more than 60%; L-
aspartate, L-histidine, L-threonine. L~-lysine and L-
phenylalanine between 40-50%; and L-proline, L-methionine

and L-glycine between 20-30%.

Effect of metal ions (Table 22) : Effect of several

divalent and monovalent metal ions on the activity of
purified arginase was studied . Out of all the metal.ions
studied divalent ions Mn?'. Ca?*', Mg*, Co?', Cu” and Cd**, and
monovalent ions Na® and K' showed induction, and divalent
ions Hg®', Ag* and 2Zn” showed inhibition of arginase
activity. Mn** was the most suitable divalent metal ion
showing induction of purified hepatic arginase activity by

113% at 5 mM concentration. However, at 10 and 20 mM
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concentrations ot Mn', the induction level decreased to 98
and 58% respectively. In general, 5 mM concentration was
optimum for most ions showing induction. However, the
inhibiting ions showed increased effect at higher (10 and
20 mM) concentrations. Fe? showed unique feature with a
small induction (+13%) at 5 mM concentration, no effect at

10 mM and a small inhibition (-8%) at 20 mM concentration.

Kinetics of purified arginase:

Km and Vmax (Figs. 20,21) : The apparent Michaelis-constant
(Km) of the purified arginase obtained was 10 mM and 12.5
mM , and Vmax 8.4 and 10 units/ml by Michaelis-Menten
(M.M.) and Lineweaver-Burk (L.B.) plot respectively. There
was a decrease in activity when the substrate concentration
exceeded 0.1 M, which decreased further at a still higher

concentration-

Nature of inhibition of arginase by amino acids and Ki

values : The nature of inhibition of the four amino acids
Orn, Val, Leu-and Ile has been presented in Table 23 as
determined by L.B. plot (Figs.22-25). Orn and Leu were
found to be competitive , whereas, Ile and Val acted as
non-competitive inhibitors for arginase. The Ki values for
the four amino acids were determined by Dixon's plot
(Figs.26-29). The Ki values obtained for Orn, Val, Leu and
Ile were found to be 4.25, 5.3, 9.3 and 7.25 mM

respectively.
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Table 1 : Levels of ammonia (umoles/g wel wlL.) in perfused liver
after infusing differenl councentrations of NH,C1 for 60
min. Values are expressed as mean + S.E.M.(n=3-4)

NH,C1l conc. Ammornia Ammoni.a
(mM) added in liver
(Pmoles/g liver/min) gpmoles/g wet wt.)
0 0 12.75+1.65
0.01 0.05840.015 13.43+1.87(5)
P N.S.
0.02 0.121+0.03 13.96+1.10(10)
p N.S.
0.05 0.291+0.04 15.85+1.01(24)
P N.S.
0.10 0.58+0.05 18.10+1.06(42)
P <0.05
0.20 1.181+0.12 24.55+1.17(93)
P <0.05
0.50 2.80x0.20 32.154+2.22(152)
p <0.02
1.00 5.5510.25 33.81+2.57(165)
P <0.02

% increase of ammonia level wilth relation to control are given 1in

parentheses.

N.S. = Non-significant
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Table 6: Total (units/g wet.wt.) and specific (units/mg
protein) activities of different isoenzymes of CPS
(I,II,IXI) in the liver and kidney of H. fossilis. Values
are expressed as mean + S.E.M. (n=3)

Enzymes LIVER KIDNEY
Total Specific Total Specific
CPS 1 4.240.35 0.16+0.04 2.8+0.26 0.2040.03
CPS II 2.440.40 0.09+0.04 1.4+40.20 0.1040.04
CPS III 3.6+0.70 0.15+0.07 1.940.30 0.1240.03

The homogenate prepared in CTB (0.1%), was used for CPS
assay. The standard assay mixture, as mentioned in
materials and methods, was used for the assay of CPS.
However, for CPS I, the reaction mixture contained NH,C1
(50 mM) as nitrogen donor,the co-factor N-acetylglutamate
(NAG) (5 mM), and also methionine sulfoxamine (25 mM) and
UTP (1 mM) as inhibitors for GS and CPS II (ammonia
dependent) respectively. For CPS II activity, the reaction
mixture contained glutamine (20 mM) as nitrogen donor. For
CPS III activity, the reaction mixture contained glutamine
(20 mM) as nitrogen donor,the co-factor NAG and also UTP (1
mM) as inhibitor for CPS 1I.



70

*abueyd § 9Y3 93edTpuT sesaylzuazed ayl uT saaInbT ‘TOIIUOD SE usyel 9I3M pue Iutwelnid
pue TO'HN 3INOY3ITM 3Ing eTpaw awes ayl YITM utw 0§ 203 Sursnzzad I333e I9ATT 9Y3 UT
poansesw OSTe ®Ism A3TaT3o® III Pue I S4D ‘suTweinTd 10 etuouwe I29Y3ITS WOIJ STS8Yluis
B3IN JO 93eX Y se passSaIdx® 83I9M pPuUE STRPAISIUT UTW 7 3@ DSINSEaW Sem UOTSNIUT JO uUTW
09 ©O3 0§ US8M3I3Q JudnTzzd® 8Y3 UT ©8IN YL “(WW Z Pue T) SuTtweintd pue (Ww z pue 1)
TO'HN 3O UOTSNJIUT 8I03F3Q UTW (g IO3F SPOYIDW Pue STEITISILW UT PIBUCTIUdW S®e BUTYITUIO
AW Z pue 9SO0ONTH Ww g BUTUTRRUOD BTPSW OTUOIOST pPIepuels Y3TM pesniaad sI9m SI3ATT

T®A®T G0°0>  3® JUEDTITUDTS 4«
T8AST T00°0> 3@ JUEedTITUDIS «

_ (8°9%+)
*xTh°0+8°§ »xT9 " 0+L"¥ (W@ Z) sutwe3inid Y3ITM
_ (6°TZ+)
ZET0+E° ¥ SH°0+6°€ (Wu T) sutwe3inib y3lTM
alg 0e-0+2°¢ TOa3U0D III Sdd
_ (€°8%1I+)
0T Z+40°TT *TL°0+2°L (WW Z) eTUOWWR UYITM
_ (8°9%I+)
08 "T+L°0T ¥99°0+4T"L (AW T) eTuowwe Y3Tm
anig ET°0+6°2 - TO33u0D I Sdd
(IU/IDATT m\HoEs> ("3M 39m Bb/s3Tun)
sTsayjuds eaan K3tat3ov sawlzug

(E=U)"W'E'S + uUesw se passazdxe axe senTep *STITSSC3I °*H JO I39ATT pesnixad
UuT 3uTwe3inld pue eTuocwWwe WOIF STSAYIuAS BAIN JO B3BI BYI pue (3uspuadep-9yN
PuUE dutwelnid) III S4D Pue (Juspuadep-OYN pue BTUCWWE) I SgD JO UOTIDNPUI : /[ STqel



71

sosayjuaxed ut uaatb 833 anTea

SWT3 0182 03 3dadsax YITM AITATIOR JO 85P9IDUT §

(29) (%) (8) (%%) (58) (0) (90T)
L6F¥286E  Z°2+92 £°T+LZ B'S¥TPT E€°0FL°E BT 0+5°Z €Z°0FL°¢ 09
(£9) (%) " (8) (%S) (s8) (0) (TTI)
6TIFITOP 8°TIF9Z L z¥Le PTS+TIST €°0+L'€E  Z°0+S°'Z Ly 0+8°¢ 0g
(89) (%) (%) (89) (06) (2) (LTT)
PETF6E0D 8 T+HC 8°T+92 ¢ L+28T TE'0+8°€ TZ°0%S5°2 ZT'0F6°¢ 0%
(oL) (€£1) (%) (zL) (007) (%) (LTIT)
0ZTIF8LIY 2°2%92 2°2%92 €°9¥69T E°0F0'% $Z°0F09'2 LS 0F6°¢ 0¢
(%8) (%) (8) (¥%) (S6) (8) (Z21)
STTIFEBLE  6°0F92C € T+LZ L'9+TPT €€°0+6°€ Z'0F0L°2 €£Z'0F0°% 02
(22) (%) (8) (87) (S€) (0) (6€)
B8FLB6Z £ 1592 8'T¥LZ £°9+9TT €°0+L°Z TZ'0¥05°2 €£2°0F5°2Z 0T
TOT+9S%2 6°0F€Z £°1+62 6 9+86 2°0+0°Z 2Z'0F05°2 Z1°0¥8°'T 0
(utur)
D¥Y 1Sy SSvY 210 III Sd2 II SdD I sd2 BWT L
(6=-g=U)

W'Z'S + uesw se possazdx® aie sen{ep 'STI{15803 °H 30 I9ATT 8yl
UT  (III'II'I)SdD 3JO SPWAZUS0ST JUIIBIFTP pPue sewkzus 8TdLd N-o0 3O

("3Im 389m B/satun) A3TATIOR BY3l UO (86°0) 00T-X UO3ITIL JO 3ID933F : § 9I1qel



72

sasayjuazed ut uSATH aIe ®nTea BwTy 0x82z 03 30adsex Y3TM A3ITATIOR JO

2S¥VIOUT §

(¥8) (v-) (0) (9L) (ETT) (0) (S%T)
TP+88TT  6°0+Z2  6°0+0T  T-"€¥8S  8Z'O0FL'T 0£"0FSH T LE 0FSV°2 09
(98) (p=) (0) (6L) (5271) (€) (SHT)
SP+66TT  8°T+2Z 6°0%02 8 TF6S  TE'0F8°T €E€°0F05°'T €2 0F5v -2 0§
(88) (%) (0) (6L) (§27T) (€) (0ST)
09+LTZT € T+¥hZ  €°T+02 Z2-2¥6S 2ZE'0F8'T 2P 0%0S°'T 22 0F0G°2 0%
(007T) (0) (01) (6L) (0ST) (L) (09T)
bS¥68ZT  6°0FET  E£°T1%ZZ  97EF6S  O0E°0F0°ZT TE'O0¥SS°T 2ZTI'0F09°2 0€
(£S) (%) (8) (Z¥) (ETT) (0T) (G9T)
RE¥986 € TI¥T €°0+4TT  TUEFLY  TE'OFL'T $T0F09°T LTT0+S9°2 02
(L) (0) (0) (v2) (05) (€) (s2)
EP+E69 6°0+€C  6°0+0T  8°T+Th  LZ'0FZ'T © 0F05'T 2T°0%5Z°T 0T
65+9%9 8 T+€C  €°T+0C  Z°ZFEE  SZ°0%8°0 €°0%F5%°T ZT'0F00°T 0
(utw)
DYY ISY SSvY phre) III Sdd II SdD I sdd JWTL

(§-€=u) W*'E°S + ueaw se pessazdxs o3 Sanfep "SITISSO3] 'H 30 AsupTy
98U} UT (III'II'I) SdD 30 sawAzus0ST U8IBIITP pue sawkzus 975KD n-o
3O (3m 39m B/s3Tun) A3ITATIOE BU3I UO (%5°0) 00T-X UOITIL IO 309333

‘6 ®TgEL



73

sesayjusaed utr usaaTb 8xe sawizus JUSIBIITP FO A3ITATIOP 3O KI9A0091 &

(ZOT) _(%5) (g€) (ET) onssT3 b/Buw
£2T T°€+0°99 B T+2% 6°0+0°9T 0°6+0°T2ZT ure3lcag
(90T) (6L) (6T) (L) _
BZSY ¢TT+96¢E. 9eE+0¢8 PT+20¢ 9TZ2+T62% HA1
(10T) (92) (L9) (L) o
0v% 0 P+STT 9e+£62 6°0+2Z¢ S ETI+LEY HAD
(66) (8¢€) (89) (p)
°¢ted LZT+S88T 69+2982 £°9+68T 0EZ+0L6D o¥vY
(96) (59) (€2) (8) _
¢ 0Z°0+0°LT $0°0+0°9 20°0+0°2 £°T+0°92 71SY
(TTT) (vL) (92) (11T) _
0¢t T€°0+0°02 60°0+0°L ET°0+0°¢ E°T+0° L2 SS¥
(E0T) (§2) (99) (TT)
T1Z L°Z+0° 1S B'G+0O°GET P-1+0°92 2°TT+0°502 johe]
(00T) (0g) (09) (0T)
§°0T €0 € $1°9 86°0 2°0T Sd0 Te3cl
(00T) (8T) (zl) (0T) _
9°¢ 2'0+89°0 P 0+69°¢ T°0+9€°0 L°0+9°¢ III §4>0
(£6) (%9) (02) (6)
XA S 0FHS°T N.oﬂm¢.o T°0+422°0 /ANIES A4 II sdD
(E0T) (0Z) (gL) (6)
TE' ¥ BO"0+%8°0 PE0+L0°€E 20 0+0%°0 0v " 0+Z° % I SdD

A3TATIO®

pPoIdA0DSY 8TgNTOS TeTIPUOYDOFTIH Je9TonN 931rUSHCWOYH sawizug

(S-€=U)* W'E'S + uesw se passaxdxs aie sanTejp
(III'II'I) S4D 30 sawAzZUSOST JUBISIITP Pue SaWAZUD °T0AD n-

"STTTSSOF "H 3O ISATT ®Y3 uft
© JO UCTINQTIISTP ILTNITSO-gqng :0T el



74

sesayjuazed ur usaTd axe sswizus JUSIVIITD

30 A31AT30® JO Ax9A0091 §

(66) (89) (1€) (ET) (onssT3 5/6uw)
LTI T'€+59 2°2+LE 6°0FST 2°LF8TT ursloxad
(T0T) (EL) (¥2) (%) _
9TL2 L HSFSS6T 9°Z2T¥6%9 9 €FZTIT 00T+6892 HA7T
(50T) (92) (EL) (L)
£92 L Z¥%9 L°9%28T1 SP O0+LT £°0TF052 HAo
(T0T) (81) (L9) (ST)
9LTT §°8¥9TZ 8°£2F68L 6 HFTLT S LPFEITT HNY
(ETIT) (6L) (82) (8)
Lz 6°0F61 £°0%9 60°0%2 6°0FH2 ISV
(80T) (TL) (%2) (01T)
22 B T+ST SH°0FS 22°0+%2 Z2°ZF12 SSY
($0T) (92) (zZL) (9) _
1 6°0F9T 8 T¥8¢€ Z°0¥¢ L°Z+ES 210
(€0T) (€€) (09) (0T)
T€°9 z20°2 89°¢€ T9°0 T°9 SdD> 1R300l
($0T) (02) (9L) (0T)
L6°T T°0+8E°0 2°0F%°1 $0°0+6T°0 £°0%6°1 III sdd
(%0T) (69) (02) (?1)
Sh 1 T°0FL6°0 T1°0%¥82°0 c0°0¥0Z°0 2°0%9%°1 II Sdd
($071) (%2) (TL) (8) _
16°2 LO0+L9°0 2T°0+0°2 20°0+2Z°0 9Z°0+8°2 I SdD
K3TaT3o®
pPd9I3A0D®Y 3TUNIOS TeTIPUOYDOITW IeaTony 93ruabowoy sawizug

_ (S~€=U)"W"E'S + uedy se passaxdxs axe sanTep
"STITSSOF "H 3O KeupTy 8Y3 UT (III‘II‘I) SdD JO SPwWAZUSOST JUSIBIITP
pue sswAzud 9TPAD N-0 JUSISIITP IO UOTINQIIISTP ILTNTTO0-gNS ITT oIl



aseuTfbIe =D¥Y !95PAT 931PUTOONSOUTUTAI® =TSy !95e38yluis

91eUTOONSQUTUTEIR =§9Y¢ !eseTlAweqiessuell SUTYITUIC =310 !8selsyauids eo3eydsoyd TAWeGIED =582
_ 0oz 091 00z _ 08Z  0%z2 _ 08z _ 09t _ 09T _ o0zg 08¢ coe 0C¢
+666T +£PTZ +8662 +%T0¢ +98TY +Th6%  +2898 +1Z%E -%T62 *96Hz F9TIZ F0s6ez 2¥vY
9t _ 0z _ %z _ 91T _z°'1 T 9T 9T Tt 8°0 T T
+0° LT +€°6T +%°TZ +v°62 +6°92 +2°2%8 +9°SE +6°0f -§5°LT F9°%T FeczTz F5UCe SY
e 't _ Ttz B2 _ bz _¢t _8'T _ 0T _86°'1 Z°1 °o°T _ &'1
+€°ST *0°LT +2'62 +1°87 +p°T¢€ +T1°62 +%'8¢ +T°%t -2 T€ F9°LZ F5°'52 *Z2°'%2 SSY
T°9T1 091 6 ¢€¢ 1°21 0zt 0°91 1721 0°9T C'91 ¢"8 c'8 T°8
+c0T1 +Z%T +SPT +967 +T6T +1%2C +2¢¢ +¢0¢ “CLT FT9T 08T 0271 210
¢e'0  _ET°0 _T1°0 _¥T°0 LT°0 b0 £2°0 ZZz°0 _Z'0 S§T°O 9T°C _¢T°0 (2uspuadsp
+9E°T +69°T +86'T +G5°7 +0%°¢ +IT°¢ +6°% +T0°C +50'Z F68°T FS6°T +98°T ®BTUCWWE) SdD
oX-Tef AON 200 dsg Sny e unp Rep ady IeR gs3 uep sswAzug

(G-€=U)"W'E'S + uesw se pessaxdxe sIp sanTep °
3U3 UT SawAzu3 87040 n-0 JO (- 3m 318m B/satun) A2TATIDE Te2303 OU

STTTISSOI 'H 3C I8ATT

'3 JO uCTiETIRA  [RnUUY

t 7T erTgEl



76

9seutbie =H¥y !8sed] sjeurdonscutuirbie =19y {95E318YIUAS
®31PUTOONSOUTUTZX® =SSY !9seTdWegIedsuesl SUTYITUIC =DIO ‘®seisy3zuis =a1eydscoyd TAwegIRd =840

_ Lt _Te_ste _T'e _8'T _st€ L'z _ L'z _$'? _0°¢t St L'z

+T'¥Z F6°€z F0°9E€ FPT9E TFE'LE FI'8E FE Ty +S°E€E FL-OE FH O0Ef I9°TZ  Fp 0z DuY

9T0°C LTC'Z LT0°0 ST0°0 E€T0°0 §IC'0 9T0°0 _T0°0 €T0°0 E£T0°0 2T0°0 800°0

+#6T°0 ¥0Z'C F0T'0 FLT'0 F9T°0 +61°0 =+£2°0 F22°0 FLI'0 +8T'0 =9T°0 FLT°0 IS¥
€070 BTC'T BT0°0 STO'0 ST0'0 SIC°0 8TO'0 €T0°C SI0°0 8I0°0 S5TO'C £T0°C

+8T°C FLT°C F6T'0 *02°0 FT2°0 =+T2°0 +92°0 +02°0 22°0 +£2°0 =+22°0 F6T°0 SSv

_80°0  s0'C SO0 €00 500 §C'0 _0T'0 _80°0 _S0°0 _80°0 _80°0 _80°0

*ZE'0 +8P°T +F9S'T FOP'T FTHCT FPSCT F69°T FOL'T FEST F9P°T FEE'T F96°0 210

_¢00°0 _200"3 _200°0 200°0 200°0 _¢00"0 2000 _200°0 _2Z00°0 _200°0 _200°0 _Z00'0 =uspusadsp
+9T0°0 +9T0°C +BTO0'0 +STQ'0 F6T0'0 F%20°0 ¥9Z0°0 +T2Z0°0 +870°0 *9T0°0 +.T0°0 +%T0°0 ETUOWWe)SAD

(= ]

L]

o8g AON 120 dsg bpny T unp ReR Idy IeR asg uep sswizuy

(6-€=U) "W'E'S + uedw se pessexdxs axe senTep 'STT1SS57 ‘§ 20 IBATT 88Ul

as

uT sswizus °9724id n-0 3o (utrsiyoad Su/satun) A3TaTioe oryToeds 8Y3 JO UOTIBTIRA  [RNUUY 1ET sTQEL



71

eseutbie =HY¥V (®SeAT 9IBUTOONSOUTUTEI® =18V !{oSe3ayluis

®3'UTOONSOUTHI® =5y !oseriweqIeosurIl SUTYITUIO =110 {@se3ayiuis 33eudsoyd TAWEIIED =84
£EP+ 9e+ 0p+ LY+ 26+ B8P+ [4°F3 SE+ 9e+ Z5+ 9= 09+
68% 0T¢ 68¢S p6s ggo 1§ A°) 678 #5859 gL A% 8BS g0¢ 191-44
I1°¢ 8¢ T oy ¢ 8L"¢ 0z ¢ 44983 6T°¢ Le"ze 00-¢ 22°1 £0°2 66°1
+2°0T +€°C07 +€°2T +€'9T +€°%T F8'LT F9°2Z F9°'TZz F9°2z +%°97 +C°FT  +%°2T TSY
9°71 ¥z B¢ 19°T 0Z2°T 6L°0 £8°0 €71 6T°T 66" T T0°2 Le'T
+Z°IT ¥9°2T FLUET F6°2T FTUET FSUET FL'8I +0°%PT =+S'ST Fp°HPT F9°TT FS°TT SS¥
0% _6°s _E'% R 07 _Z°s 75 LY vy _S°h RN £°%
+2°9T +5°€T +6°9Z +9°S2Z FS°HE FL°0E F6'LY FS'HE FH 8E F7UHE +6°82 +0°8T gehine]
_TeT0 9ers _0g"0  LzZ°0 _¢E€°0 _8Z°0 _gz°0 _LZT'O %20 _82°0 _LZz'0C _pz°0 (3Iuspuasdsp
+6L°0 +L0°T FS0°T FSS°'T #98°T +IT°Z +68°'Z +£T°Z +p7°2 +6L°T +5%°7 +5g8°0 eTtuowwe)sdD
o8( AON plele) dss bny Tnp unp Repn xdy Ien ces uep sawizuy

Ut sswizus

"W'E'S + uesw se passeadxs oI sanTes "STTTSSCI 'H JC AsupTIy o
87245 n-0 JO (3~ 38M B/s3Tun) A3TATaIOoe TeI03 3U3 JO ucTieTIRA

Tenuuy

e

-

PT STd®L



18

. 9seUTOI® =DYY !eseiT BIBUTOONSCUTUTOI® =78y !(8se3layaulk
93BUTSONSOUTUTEIR =SSV !@seTAWeqIessurIl  SUTYITUIO =210 ‘®se3dyluls s3eydsoyd TAwegaed =52

S

00°0 900°0C  £00°0 800°0 L00'0 SOC°0 8CC'O LOC'0 900°0 S00°0 £00°C 500°0

FT'L O FPTL FE6TL ¥ETL F9°L T8 F0°0T ¥8°6  FT'6  I9°g  =I1'g  Feel DYy
_600°0 800°C _ TO°0 _800°0 800°0 LETI'0 TC'0 TO'0 TO'0 800°0 800°C TO'O
+8ZT°0 FET'C <TET'0 +HET0 FZET'0 FLET'O =57°0 FY9ET 0 FOET'0 T977°0 F527°0 02T 0 7Sy
_€T0°0 _T0°C _ TO'0 _ TO'0 _800°0 _800'0 _€IC°0 _ TO'0 §00°0 800°0 T0°0  TO'0
+STT°0 +6TT°0 =-TZT"0 +8TT"C FI9TT'C #¥27°0 +2ET°0 FL2T°0 =82T°0 T22T°0 F6I-°0 39770 sS¥

G00°0C 800°0 £00°0

S 8 s 800°0 800°C 8C0"0 &8CC"0C &SCC°C S00°0 800°'0 800°0C S00°0
+52°0 +92°'0 =92°0 +92°0 +T2°0 <+22°0 <F6T°0 FzZZ'0 FE€T°'0 Fnz'o F£7°0 +%2°0 2400
£00°0 200°0 £00°0 _E00°0 _200°0 _zoco- _¢0C"0 _200°0 €00°'0 _z00°0 20070 _zoo'o juspusdsy
+TI0'0 +T0°0 =T0°0 FPTI0°0 FETI0'0 +6T0°0 +%2C°0 +9T0°0 +%T0°0 +0TO0°0 *27T0°0 +0T0°'0 ETUOWWE)SED
o8 AON 200 dag bny e unp Aely zdy Ien oLk uep SaWAzZuT

U)"W'E'S + uesw se pssssxdxs sIe sanTep "STTISSCI "H 30 Asupty

(c=-€=
© O ("3m 3B B/situn) AzTaTioe o7zyTosds 8yl JO UCTIETIEA  TBNUUY - et

oy3 ut sswizus s7oko n-

—



79

9¢ £°90¢ L°Z8 0°T6 0T'T 0T°6 TT°0 0T 06T-9 xspeydag
gp-9osoxeydasg
6S 1891 A% L°6%T £ ¢ 866 22°0 ST sututbay
LL 0° 62 8 L 9°L6T bretd 88°6 LZ°T 0¢ Teoeydss-avad
€Tl 2L 76°T t°68¢ [N} A tEe" 0T EE™S 8C Juswieall J1esH
. (%09-0%)
UOT3IRUOTZ
$8 Lz #L°0 9" €T 9°88¢ ¢i°L ¢9°6 0t -oex3y "0OS("HN)
(Pe3eaay
00T-X uO3TIL)
00T - Lz°0 9°6g6¢ 2 9%6 9z LL°ST 09 93eua50wWoH
(ure@zoxd
fu/s3tun) (s3fun) (Pu) (Tw/s3Tun)
PIOF ucItl K3TAT3O®  s3TUn ut®lzoxd,, A3rTaTiow (Tw/bun) (TW) sda3as
Kz9A009Y § -eO0TITang oOTJFToeds Tel0l Telol @oseurbay ura3lcagd auNToA uoIT3eOdTIINg

STTTSSO3 °'H wox3J ®seutbae orjedsy Jo Tooo30xd uOTIEOTITING : 9T °Iqel



80

Table 17: Effect of temperature on the activity (units/ml)
of arginase purified from the liver of H.

fossilis.
"Temp °C Arginse
activity

5 0.49
10 1.05
15 1.25
20 1.50
25 2.05
30 2.25
35 | ' 3.40
40 4.85
45 5.70
50 7.46
55 5.95
60 3.99
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Table 18 : Effect of pre-incubation time and temperature on the
activity (%) of arginase purified from the liver of H.

fossilis.

Time of pre-incubation (min)

Temp. of pre-

incubation(°C) 5 10 20 30 40 50 60
10 99.5 98.0 97.5 96.5 96.5 92.5 91.5
20 99.5 96.5 95.0 94.0 93.0 90.0 89.0
30 97.5 95.0 94.0 90.0 82.5 74.0 65.0
35 95.5 95.0 92.0 82.5 78.5 67.0 62.5
40 91.0 90.0 75.0 70.0 57.5 46.0 34.0
50 91.0 85.0 70.0 62.0 50.0 37.5 26.0
55 90.0 73.5 62.0 48.0 30.0 12.5 8.0

60 75.0 51.0 21.0 1.0 - - -
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Table 20: Activity (units/ml) of arginase purified
from the liver of H. fossilis at different

pH.

pH Arginase activity

(units/ml) |

6.0 0.8

6.5 1.05
7.0 2.25
7.5 2.40
8.0 3.15
8.5 3.65
9.0 5.40
9.5 6.50
10.0 2.75
10.5 1.45
11.0 0.25-

12.0 0
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Table 21: Effect of Qifferent amino acids on the activity
(units/ml) of arginase purified from the liver of H.

fossilis.

Amino acids Arginase activity % Change

(25mM) (units/ml)

None 7.2 -
L~-Alanine 7.2 0
L-Aspartate 3.7 ~-48.6
L-Histidine 3.7 o -48.6
L-Methionine 5.7 -20.6
L-Proline 5.3 -26.4
L~Tryptophan 6.4 -11.1
L-Cysteine 7.0 -2.7
L-Glutamate 7.0 -2.7
L-Leucine - . 2.9 -60.0
L-Ornithine 2.3 -68.1
L-Serine 7.3 +1.3
L-Tyrosine 7.1 ~-1.3
L-Glycine 5.7 -20.8
L-Isoleucine 2.7 ~-62.5
L-Phenylalanine 4.3 -40.3
L-Threonine 3.7 -48.6
L-Valine 2.8 -61.1

L-Lysine 3.8 ~47.2
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Table 23: Nature of inhibition and Ki values for different
inhibitors for the enzyme arginase purified from
the liver of H. fossilis.

Inhibitors Nature of inhibition ~ Ki (mM)
L-Ornithine Competitive 4.25
L-Leucine Competitive 9.30
L-vValine Non-competitive 5.30

L-Isoleucine Non-competitive 7.25
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mM) and co-tactor(ancl, 5mM) separately and together.
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Fig. 20 Michaelis-Menten plot for determination of Km and Vmax of arginase

purified from the liver of H. fossilis.
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Fig. 22 Lineweaver-Burk plot for determination of the nature of inhibition of

L-omithine on the activity of arginase purified from the liver of H.
fossilis.
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Fig. 23 Lineweaver-Burk plot for determination of the nature of inhibition of
L-leucine on the activity of arginase purified from the liver of H.

fossilis.
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fossilis.
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Fig. 27 Dixon plot for determination of inhibitor constant (Ki) of L-feucine for

arginase purified from the liver of H. fossilis.
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Fig. 28 Dixon plot for determination of inhibitor constant (Ki) of L-valine for

arginase purified from the liver of H. fossilis.
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for arginase purified from the liver of H. fossilis.
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Induction of ureogenesis in perfused liver of H. fossilis

by infusing different concentrations of ammonium chloride:

Although ammonia is a toxic substance in exclusively
aquatic animals, it is the main nitrogenous end product of
the catabolism of amino acids, purine and pyrimidine bases
(Campbell, 1991; Randall and Wright, 1987; Wood, 1993;
Anderson, 1994a). Presence of ammonia in aquatic medium at
higher level has been known to be toxic Lo qmmonjotelic
freshwater fishes. The 48 hr LC,, value of ammonia for
Cyprinus carpio was 15 mg/1 (Dabrowska and Wlasow, 1986).

' The rate of mortality with 24 hr exposure at 8 mg and 40
mg/1l ammonia was reported to be 50% for trout, Salmo
gairdneri, (Olson and Fromm, 1971) and 10% for goldfish
(Schenone et al, 1982) respectively. The 24 hr LC,, value
for ureotelic alkaline lake Magadi tilapia 0. a. grahami
was found to be 0.75 mM ammonia {(Walsh et al, 1993).
Aquatic frog, Xenopus leavis, did not survive beyond 1 hr
at 10 mM NH,CL (Janssens, 1972). The mudskipper, P.
cantonensis has been reported to tolerate upto 15 mM NH,C1
(Iwata, 1988).

However, the freshwater air-breathing teleost, H.
75 mM NH,C1 for 28 days (Saha and Ratha, 1986;1990;1994)
which is v;ry high compared to any freshwater teleost and
also aquatic amphibia. This indicated the presence of
efficient physiological and biochemical mechanisms for

detoxification of excess ammonia in this fish. The
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induction ot o-u cycle enzymes and enhanced ureogenesis has
been reported when this fish was exposed to 50 mM NH,C1 for
28 days (Saha and Ratha, 1994) where the presence ot a
functional o-u cycle in this fish was reported earlier
(saha and Ratha, 1987; 1989). However, the threshold level
of ammonia load needed in the liver to cause induction of
urcogenesis was not determined. In the present experiment
different concentrations of NI, Cl starting from very low to
high was infused in perfused ltiver (the most ureogenic
tissue) and the induction of o-u cycle enzymes and the rate

of urea synthesis with relation to ammonia load in vivo

was studied to find out the minimum threshold level and the
optimum level to cause maximum induction of ureogenesis.
At low rate of ammonia infusion i.e., upto 0.29 umol/g
liver/min for 60 min, there was no significant increase of
ammonia level in perfused liver (Table 1). The excretion of
ammonia into the effluent was also found to be negligible
{about 25% of the total added) indicating that most of the
ammonia infused into the liver was getting converted to
either urea, or may be to some non-essential amino acids
(not determined in the present study) (Table 2). Out of the
total ammonia uptake about 80 to 90% was converted to urea
at a lower rate of ammonia addition without causing, any
significant induction of any of the o-u cycle enzymes
(Tables 3 and 4; Figs. 5-8). The physiological level of
activity of the enzymes of the o-u cycle in this ureogenic
teleost must be enough to manage the accumulation of toxic
ammonia in vivo initially along with other detoxification

process to a certain 1level. 1In alkaline 1lake Magadi
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tilapia, 0. a. grahami 3 fold increase of urea excretion
was noticed without causing any induction of o-u cycle
enzymes when this fish was exposed to 0.5 mM NH,C1 (Randall
et al, 1989; Walsh et al, 1993). This indicated that
ammonia accumulation in the liver remained lower than the
threshold level to cause any induction of the o-u cycle
enzymes when exposed to such a low ambient ammonia as has
been noticed in the perfused liver of H. fossilis, although
urea excretion rate was enhanced significantly in both the
cases. Similar type of response in urea excretion rate has

been reported in the gulf toadfish, 0. beta when exposed to

higher ambient ammonia (Walsh et al, 1990). It could be
also possible that other ammonia utilization pathway such
as synthesis of non-essential amino acids might be
efficient to manage accumulated ammonia at lower
concentrations. Significant accumulation of ammonia in
perfused liver was seen with the addition of ammonia at the
rate of 0.58 umol/g liver/min onwards followed by further
increase at a still higher rate of ammonia addition (Table
1). The accumulation of ammonia in liver seems to be a
saturable process as has been noticed in the present study
that at both 2.8 and 5:55 pmoles/g  liver/min  ammonia
addition the accumulation of ammonia in perfused liver was
nearly the same (Table 1). Farlier studies by Saha and
Ratha (1994) where the whole fish was exposed to different
concentrations of NH,Cl also indicated similar effects.
The uptake of ammonia which is due to both
accumulation and also conversion of either urea or some

other non-toxic compounds was also a saturable process in
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the liver of H. fossilis (Fig. 3). This indicates that

there is a maximum limit of tolerance of toxic ammonia
level in vivo, and this has been reported in this fish to
be tissue specific (Saha and Ratha, 19941). The rate of
formation of urea-N from ammonia was tound to be again a
saturable process reaching a Vmax of 0.4+0.02 ,nmal/g
liver/min with the addition of NH,C1 at the rate of 1.18
fmmles/q liver/min (Table 2; Fig. 4). Initially at a lower
rate of addition of ammonia, most of the ammonia got
converted to urea-N and there was a linear'increase of
urea-N release 1into the effluent with the increase of
addition of ammonia indicating that urea-N formation is
directly related to ammonia load till it reaches the Vmax.
At a higher ammonia load, the rate of urea formation became
independent of ammonia (substrate) load. This was similar
to an earlier report when the whole animal (H. fossilis)
was exposed to 25, 50 and 75 mM NH,Cl1 and the induced rate
ot excretion ot urea was tound to be almost same in all the
concentrations (Saha and Ratha, 1988; 1991).

Significant and maximum induction of all the o-u cycle
enzymes except ARG was obtained with the addition of NH,C1
at the rate of 0.58 mamol/g liver/min where the level of
ammonia in perfused 1liver raised from 12.75+1.65 to
18.1+2.01 mmoles/g wet wt. after 60 min of infusion. At a
still higher rate of addition of NH,C1 the level of ammonia
in the liver increased further, but no further increase of
o-u cycle enzymes was noticed. Hence, an increase of

ammonia level in the liver from the physiological level of

12.75‘pmoles/g wet wt. to a threshold level between 15 to
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JB/unoles/g wet wt. is sufficient to cause induction of o-u
cycle enzymes in this fish. There was no further increase
of urea-N excretion into the effluent even at a higher rate
of NH,C1 addition (Fig.4). The maximum induction of activity
of about 200% was seen in case of CPS (ammonia dependent)
which is considered to be the rate limiting enzyme of the
o-u cycle (Jackson et al, 1986; Nener, 1988), and this rate
of induction was directly related with the induction of
urea-N excretion.

The Lahontan cutthroat trout (Oncorhynchus clarki
henshawi), which has been uniquely adapted to the highly
alkaline waters (pH 9.4) of Pyramid lake, Nevada, showed a
two fold increase of urea excretion rate, although there
was no induction ot o-u cycle enzymes in the liver ot this
fish when exposed to a media of pH 10 (Wilkie et al, 1993).
However, they found significant increase of one of the
uricolytic enzymes, allantoicase, at pH 10 and suggested to
be one of the probable causes of elevated urea excretion.

The tilapia, Oreochromis nilotica, endemic to neutral water

{Wood et al, 1989) and the rainbow trout, Oncorhynchus

mykiss (Wilkie and Wood, 1991), both of which are thought
to lack the o-u cycle, also increased ﬁrea production upon
exposure to high environmental pH. However, in the present
study, while perfusing the liver of H. fossilis the pH of
the media containing different concentrations of NH,Cl was
kept constant (pH 7.4). Therefore, the induction of
ureogenesis under higher ammonia load which has been
noticed here cannot be the effect of pH change of the

media. However, the effect of pH on ureogenesis in H.



120

fossilis needs to be studied separately.

significant increase of urea excretion rate 1in

ureogenic toadfish, Opsanus beta was reported with high
levels of external ammonia or exposure to air for extended
periods of time (Walsh et al, 1990). Physical confinement
and also crowding has been reported to initiate a switch to
ureogenesis within a day or two in this toad fish, which
was accompanied by a significant increase in glutamine
synthetase activity (Walsh et al, 1994). It was concluded
that these effects in toadfish are not due to increase in
ammonia concentrations or to air exposure, but due to
variations in environmental habitat or stress related
effects (Walsh et al, 1991; Anderson, 1994a). However, in
case of amphibious fish, H. fossilis it is clear from this
perfusion experiment that higher ammonia load in the liver
beyond a threshold level causes enhanced ureogenesis via

induced o-u cycle.
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1T and TIT) in the liver and kidney

1soenzymes of CPS (I,

of H. fossilis :

Three isoenzymic forms of CPS (I, 11 and II1) have
been reported in various animals and micro organisms. CPS
1 uses ammonia and CPS 11 and I1l use glutamine as nitrogen
donating substrate. However, CPS I and II1 require NAG as
a co-factor for enzymatic activity, whereas CPS 1I does
not. CPs 1 and ITIT have been shown to he responsible for
arginine orlurea synthesis where as CPS 11 is responsible
for pyrimidine biosynthesis (Ratner, 1973; Jackson et al,
1986; Campbell and Anderson, 1991; Anderson, 1994a).In most
of the cases reported, either CPS 1 or CPS 111
(responsible for arginine or urea synthesis) is present in
a single vertebrate species along with CPS 11 (responsible
for pyrimidine synthesis). There are reports of occurrence
of both CPS I and II1 in a single species in only a few
invertebrates (Tramell and Campbell, 1971). However, all
the three isoenzymic forms of CPS (I, 11 and 111) were
found in both 1liver and kidney of H. fossilis. The
presence of a functional o-u cycle with significantly
higher levels of all the o-u cycle enzymes including CPS in
both liver and kidney tissues of H. fossilis were reported
earlier (Saha and Ratha, 1987; 1989). But the studies made
by Saha and Ratha (1987; 1989) did not clarify the
isoenzymic forms of CPS present in this fish. Depending
upon the presence of isocenzymic forms of CPS in different

groups of vertebrates a hypothetical phylogenic tree have
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been proposed by Devaney andPowers-Lee (1983). The presence
of all the three isoenzymes both in the liver and kidney
of H. fossilis is unique. The presence of CPS III1 in
vertebrates was reported for the first time in a freshwater

teleost, Micropterus salmoides (largemouth bass) (Anderson,

1976) followed by in elasmobranchs (Anderson, 1980; Casey
and Anderson, 1982) and in toadftishes, coclacanth, carp,

trout, bowfin and in midshipman (Mommsen and Walsh, 1989).

Presence of both CPS 1 and I1T in the liver and kidney
of H. fossilis 1is puzzling. Earlier studies from this
laboratory have shown that CPS (ammonia dependent) along
with other o-u cycle enzymes could be regulated by various
environmental factors such as higher ambient ammonia,
dehydration and hyper-osmotic stress (Saha, 1986; Saha and
Ratha, 1986, 1991, 1994). In the present investigation,
it was seen that infusion of NH,Cl at a concentration of 1
and 2 mM in perfused liver induced CPS I activity
significantly to about 145% and 150% respectively along
with significant synthesis of urea from ammonia (Table 7).
In another set of experiment, when glutamine (1 mM and 2
mM) was infused in the perfused liver of H. fossilis there
was also significant formation of urea from glutamine via
CpPS 111 along with significant induction of CCPS 111
activity (Table 7). Therefore, it 1is clear from this
perfusion experiment that both CPS I and CPS 111 in the
liver of this fish are very much functional and both
involve 1in ureogenesis. Although both CPS I and III

isoenzymes are present in the liver of H. fossilis, CPS I
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appears to be more etticient than CPS 111 in this fish.
However, further studies needs to be conducted to confirm

this.

Except certain indirect evidences by Anderson
(1980), there was no definite report of the presence of
carbamyl phosphate synthetase 11 (glutamine dependent and
NAG independent) activity in fish which is responsible for
pyrimidine synthesis. Presence of CPS I1 activity was
reported for the first time in the spleen of dqg fish (S.
acanthias) by Anderson (1989). He, however, could not
detect the activity of CPS II along with aspartate carbamyl
transferase, another enzyme of pyrimidine pathway, in the
liver of dogfish and suggested that pyrimidine synthesis in
dogfish takes place in extrahepatic tissues only. Cao et
al. (1991), however, could detect CPS 11 activity in the
liver of few teleost species, M. salmoides (large mouth
bass), crappies, bluegills (sunfish family), and a North
American bullhead (Ameiurus family). After this first
definite report, the present study in H. fossilis, 1is the
second definite report of existence of CPS 1II in any
teleost liver and kidney (Tables 5 and 6). The synthesis
of pyrimidine in the bass liver has been confirmed further
due to the presence of some other enzymes, related to
pyrimidine synthesis other than the CPS 1I (Cao et al.,
1991). Even though it seems quite possible in H. fossilis
liver and kidney, further enzymatic studies are necessary

to confirm this.
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sub-Cellular localization of CPS isoenzymes (CPS I, II and

111) and other o-u cycle enzymes :

There was 70~120% and 80-165% increase in the
activity of CPS I, CPS 111, OTC and ARG in liver and
kidney of H. fossilis respectively when the tissue
homogenates were treated with Triton X-100 (0.5%) for 30
min (Tables 8 and 9). No significant alterations of
activity was noticed in case of ASS and ASL in both the
tissue homogenates treated with Triton X-100 (Tables 8 and
9). Triton X-100 was used to release mitochondrial enzymes
in  homogenate Chakravortyet al, 1989, Dasetal 1991 ).
Therefore, it is indicated that CPS I, CPS III, OTC and ARG
are localized in the mitochondria, and ASS and ASL are
localized in the cytosol in both the tissues of H.
fossilis. This was further confirmed after separating the
mitochondrial and cytosolic fraction by differential
centrifugation, and studying their activities in different
tractions with different marker enzymes (Tables 10 and 11).
It is interesting that the enzymes of o-u cycle are
distributed both in the cytosolic and mitochondrial
fractions in the ureogenic, ureotelic and ureo-osmotic
species. However, this distribution shows wide range of

variations among different groups of vertebrates.

Ammonia generated or transported inside the
mitochondria 1s detoxified to citrulline in presence of

mitochondrial ammonia and NAG-dependent CPS (CPS I) and OTC
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in ureotelic species (Ratner, 1973; Cohen, 1976; Jackson et

al, 1986) (Fig. 30). Citrulline is then transported out of
mitochondria for ultimate conversion to urea and ornithine
by three other o-u cycle enzymes namely ASS, ASL and ARG,
located in the cytosol. Ornithine enters the mitochondria
to complete the cycle. GS is a cytosolic enzyme in hepatic
and renal tissues of ureotelic mammals and amphibians (Wu,
1963 a,b; Katunuma et al, 1970). Therefore, the presence
of only CPS I and lack of CPS III in the mitochondria are
justified in mammals and amphibians with relapion to urea
synthesis. In the mitochondria of liver and kidney of ureo-
osmotic marine elasmobranchs and toad fish, 0. bheta, the
presence of GS (Webb and Brown, 1976, 1980; Anderson, 1980,
Casey and Anderson, 1982; Smith et al, 1987, Mommsen and
Walsh, 1989), CPS III (Anderson, 1980; Casey and Anderson,
1982; Anderson and Caséy, 1984; Mommsen and Walsh, 1989)
and ARG (Casey and Anderson, 1982; Mommsen and Walsh,
1989) has been reported (Fig. 31). Therefore, in this
case, it 1is arginine instead of ornithine which is

transported into the mitochondria with a modified

transporter system.

The sub-cellular distribution pattern of the nitrogen
metabolizing enzymes in the liver and kidney of H. fossilis
(Fig. 32) was different from the ureotelic species and
resembled more with the ureo-osmotic elasmobranchs. In
addition to the possibility of assimilation of ammonia via
crs I (ammonia and NAG-dependent), there 1is also a

possibility of assimilation ot ammonia via glutamine by
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cps 111 (glutamine and NAG~dependent ) for carbamyl
phosphate and urea synthesis in the mitochondria of 1liver
and kidney of H. fossilis. This is possible due to the
presence of comparatively higher level of glutamine
synthetase (GS) (Chakravorty et al, 1989), CPS I and CPS
11] activities localized together inside the mitochondria
(Fig. 32). Another difference with relation to the
ureotelic species is that arginine formed in the cytosol by
cytosolic enzymes ASS and ASL has to be transported into
the mitochondria for ultimate convergion to urca and
ornithine, since ARG is localized within the mitochondrial
matrix. As a result, ornithine is directly available
inside the mitochondria for the synthesis of citrulline by
the mitochondrial OTC in the 1liver and kidney of H.

fossilis (Fig. 32).

ARG in some cases has been reported to be associated
with rat liver mitochondria due to non-specific binding.
The enzyme was solubilized.by increasing of the ionic (KC1l)
concentration 1in the homogenate (Rosenthal et al, 1956;

Soberon and Palacois, 1976; Skrypeck-Osiecka et al, 1980).
The homogenizing media containing 0.1 M KCl used in the
present study did not release the arginase activity.
Therefore, the mitochondrial localization of arginase

observed in the liver and kidney of this freshwater teleost

is not an artifact due to non-specific binding.

Presence of both mitochondrial CPS 1 and CPS III in

liver and kidney of H. fossilis 1is unusual and may have
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some  physiological signiticance wilth relation to their
adaptation to very high ambient ammonia (upto 75 mM NH,C1)
reported from our laboratory (Saha and Ratha, 1986; 1990;
1994). This fish has both the possibilities of
assimilating ammonia to urea i.e. one by directly entering
to o-u cycle by CPS I and another by assimilating ammonia
first to glutamine by the mitochondrial GS and then part of
it entering to o-u cycle via CPS 111.

Presence of both CPS I and CPS III in air-breathing
teleost, H. fossilis has also some evolutionary
significance. Depending upon the presence of the type of
Cps (I or I1I), Mommsen and Walsh (1989) proposed a
cladogram and suggested that urea synthesis within the
vertebrate line is a monophyletic trait that has undergone
biochemical and functional changes in the course of
vertebrate evolution. They also suggested that only minor
biochemical changes need be postulated to explain this
development : (i) the switch from CPS III to CPS I; (ii)
the replacement of mitochondrial arginase by a cytosolic
counterpart and (iii) adjustment of mitochondrial
transporter specificity from arginine to ornithine. With
the addition of the unique results on the presence of all
the three isoenzymes of CPS, mitochondrial GS and arginase,
and functional o-u cycle in the liver and kidney of H.
fossilis, the cladogram of Mommsen and Walsh (1989) has
been modified (Fig. 33). Due to the presence of both CPS
I and CPS- I1I with GS in the mitochondria of liver and
kidney the freshwater air-breathing fish H. fossilis has

been placed between coelacanth and lungfishes (Fig. 33). It
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was suggested (Saha and Ratha, 1987; 1989), while reporting
for the tirst time the presence ot a functional o-u cycle
in this fish, that this air-breathing freshwater semi-
aquatic catfish is either primitive or relatively more
advanced than the present day freshwater teleosts. With
this present knowledge ot occurreunce ot both CkPS 1 and CPS
111 isoenzymes in H. fossilis, we can easily say that this
fish is more advanced. However, arginase is stili retained
inside the mitochondria, and therefore, further studies are
necessary to establish the true evolutionary position of
these freshwater air-breathing semi-aquatic catfishes

(Silurideae family).

Annual variation ot o-u_cycle enzymes in the liver and

kidney of H. fossilis:

Annual breeders such as ftish including H. fossilis,

have been known to show variations in their chemical
composition and metabolism in different tissues throughout
a year usually coinciding with their reproductive cycle in
nature. Variation in the temperature and light intensity
and duration have been reported to be the major guiding
external forces for regulating annual cycles, particularly
of reproduction. However, in the present study, the
variation in the activity of o-u cycle enzymes through out
a year could also be seen in the liver and kidney tissues

of H. fossilis, which were maintained in the laboratory
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under controlled conditions of temperature, light and

feeding schedule.

H. fossilis spawns during the beginning of monsoon
season (June-July). The annual reproductive cycle is
divided into mainly 4 phases- pre-spawning, spawning, post-
spawning and resting phase (Sundararaj, 1959; Sundararaj
and Goswami, 1969). December to February (winter months)
are resting period, March to May pre-spawning, June to
August spawning and September to November are post-spawning
perjiod. The pre-spawning and spawning phase show enormous
physiological and biochemical activities related to provide
molecular ingredients and energy for reproduction. This
event is Kknown to be influenced by various hormones
primarily steroids whose 1levels increase during pre-
spawning phase reaching a peak during spawning period. In
the present study the activity of the enzymes of o-u cycle,
which is not directly related to reproduction but have a
role to p1a§ during active protein/amino acid metabolism,
showed a very close correlation to the variation in the
steroid level reported in H. fossilis (Lamba et al, 1983).
Hormones such as steroids, thyroxine and glucagon have
known to induce the activity of o-u cycle enzymes in ¢ther
animals (Lamers and Mooren, 1981l; Husson and Vaillant,
1982; Husson et al, 1983; 1985; 1987; Marti et al, 1988;
Hayase et al, 1991). The levels of steroid hormones has
been reported to be higher during the pre-spawning and
spawning periods and lower during the post-spawning period

in fishes (Liley, 1969; Sundararaj, 1959; Sundararaj and
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Goswami, 1969) as well as in amphibians ( Wallace,1985;

Kwon et al, 1993 , Kwon and Ahn 1994)

A similar pattern of annual variation in GDH activity,
which is another important enzyme of nitrogen metabolism,
has also been reported in H. fossilis (Das, 1991). The GDH
activity in reductive amination direction has been reported
to be maximum in summer and minimum in winter in both liver
and kidney. In contrast, the GDH activity in oxidative
deamination direction has been reported to pq maximum in -
winter and minimum in summer. Higher rate of production and
accumulation of ammonia in summer in this fish could be the
cause of induction of GDH activity (reductive amination) to
reduce ammonia toxicity in summer as this enzyme has also
been reported to get induced under hyper-ammonia stress
(Das, 1991). This would also favour the synthesis of
glutamate and then to some other amino acids by
transamination which could be correlated with increased
requirement of amino acids and proteins for vitellogenesis
in the 1liver during the pre-spawning phase in fishes
(Schmidt et al, 1965; cCampbell and Jalabert, 1979; de
Vlaming et al, 1980; Wiegand et al, 1982; Wallace, 1985).
A large amount of protein synthesis and degradation takes
place in various tissues of teleosts for egg development
and maturation. The o-u cycle have also been useful in the
synthesis of arginine, ornithine, carbamyl phosphate
besides utilizing excess of ammonia and carbon dioxide and
converting aspartate to fumarate. Therefore, this

multifunctional cycle might have been useful during the
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pre-spawning and spawning period of the fish for the large
scale metabolism and protein turnover, and the enzymes

might have been induced by the increased levels of

steroids.

The levels of different hormones in rat liver,
cultured hepatocytes and hepatoma cell 1lines have been
reported to alter both the synthesis and degradation of
proteins, o-u cycle enzymes activity and also different
metabolic pathways of nitrogen metabolism (Morris, 1992).
For example, glucagon is known to stimulate proteolysis and
inhibition of protein synthesis in rat liver (Hdussinger
and Lang, 1991; stoll et al, 1992). This reflects the
induction or inhibition of the enzymes related to nitrogen
metabolism depending on the accumulation of metabolites so
as to maintain the nitrogen equilibrium. Therefore,with the
change in the levels of different metabolites, activities

of different pathways could also vary.

Annual variation of ARG activity has also been
reported in the liver of another air-breathing freshwater
tish, C. batrachus (Singh and Singh, 1988) which coincided
with the wvariation of ARG activity during gonadal
maturation phase in fishes (Love, 1980). The rate of
citrulline synthesis as a result of glucagon infusion in
pertfused rat 1liver is reported to vary during different
months indicating that CPS and OTC activities show annual

variation (Bryla et al, 1977}). Besides the differential

levels of steroid hormones, the intracellular
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concentrations of amino acids and ions could be the
contributing factors for the observed differences in enzyme
activities during different months of the year. With the
present results obtained, it is not yet clear whether the
induction of the o-u cycle enzymes in summer is due to the
synthesis of new enzyme proteins or activation of pre-
existing inactive enzyme molecules. Further immunological
studies and also studies relating to the levels of
different mRNA's coding for the o-u cycle enzymes in both

the tissues are required to know exactly the reason of

alterations of activity through out the year.

Purification of hepatic arginase and i

s _physico-chemical

properties

Puritication of arginase:

The protocol followed for purification of hepatic
arginase of H. fossilis yielded 36% recovery of activity
and 3060 told ot purification (Table 16). The fold of
purification and percentage recovery obtained for arginase
trom other species showed a wide range of variation. The
fold of purification ranged from 41 in human lung ( Rao et
al, 1976) to 1,76,000 in human erythrocytes (Ikemoto et al,
1989) and the percentage recovery ranged from 18 (rat
liver), (Tarrab et al, 1974) to 60% (bovine liver), (Visco

et al, 1987) depending on the various steps used for
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purification.

Acetone precipitation which resulted in an increase in
specific activity of arginase from mammalian and other
sources (Hirsch-Kolb et al, 1970; Visco et al, 1987; Peiser

and Balinsky, 1982; 1lkemoto et al, 1989; Tarrab et al,

1974) was unsuitable for hepatic arginase from H. fossilis
was more labile to acetone precipitation. Along with
decrease 1in total protein concentration, there was a
drastic loss of enzyme activity (data not ‘presented).
Therefore, acetone precipitation step was avoided for
purification of hepatic arginase of H. fossilis. Heat
treatment resulted about two fold increase in specific
activity and 1.35 times 1increase in percentage recovery of
activity after ammonium sulphate fractionation. Activation
ol arginase at a higher temperature has been reported in
case of mammalian arginase (Schimke, 1964; Hirsch-Kolb et
al, 1970; Kedra-Luboinska et al, 1988). Mohamed and
Greenberg (1945) suggested that the activation of arginase
by heat treatment involves the transformation of an
inactive protein proarginase to its active form. 2-mercap-
toethanol was used during the heat treatment step for human
erythrocyte arginase by Beruter et al, (1978) and for
rabbit liver arginase by Vielle-Breitburd and Orth (1972).
They suggested that 2-mercaptoethanol could help in
stabilizing the disulphide bond of arginase during heat
treatment. Sulfhydryl groups have been reported to be
responsible for interacting with manganese since

elimination of manganese leads to exposition of certain
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sulfhydryl groups which were otherwise inaccessible to
sulfhydryl group modifying reagents (Fuentes et al, 1994).
Mora et al (1966) found that 2-mercaptoethanol protected
arginase from chicken liver and Neurospora crassa from
denaturation during dialysis. Therefore, in case of H.
tfossilis liver arginase also 1 mM 2-mercaptoethanol was
always taken in the suspending buffer media after ammonium
sulphate fractionation to protect the enzyme from

denaturation.

The appearance of 17% activity of arginase in the void
volume while washing the DEAE-Sephacel column with buffer
could 1indicate the presence of another isoenzyme of
arginase in the liver of this fish. Arginase isoenzymes
have been reported 1in several tissues such as liver,
kidney, sub-maxillary gland, lung as well as erythrocytes
of different animals (Herzfeld and Raper, 1976;Reddietal,

1975; Kedra-Luboinska et al, 1988; Gasiorowska et al, 1970;

Venkatakrishnan and Reddy, 1983; Singh and Singh, 1990).
However, this could also be a degradation product of a
single enzyme species. Further investigations in this

connection are required to clarify this point.

Molecular weight of arginase:

The apparent molecular weight of hepatic arginase of

H. fossilis as determined by gel filtration was found to be

81,000 which was almost in the range of molecular weight

reported for arginase from other sources. The molecular
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weight of arginase was 1,20,000 in rat and mouse (Hirsch-
Kolb et al, 1970; Spolarics and Bond, 1988), 1,10,000 in

rabbit (Vielle-Brietburd and Orth, 1972), 76,000 in aquatic

trog Xenopus laevis (Peiser and Balinsky, 1982), 80,000 in

the tadpole of Rana esculenta (Porembska, 1973), 1,05,000
in elasmobranch, Squalus acanthias (dogfish) (Casey and
Anderson, 1982) and 87,000 in an air-breathing teleost,

Clarias batrachus (singh and Singh, 1990). Significant

differences in molecular weight of arginase from ureotelic
species  with that of uricotelic species and that of
uricotelic species have been reported (Hirsch-Kolb et al,
1970; Mora et al, 1965ab). Mora et al (1965a,b), suggested
that the molecular weight of arginase was correlated with
the mode of nitrogen excretion in animals. Arginase has
also been reported to underqgo association-dissociation
reaction in the fat body ot some insects (Reddy and
Campbell, 1969). However, such studies on arginase
pufitied trom H. fossilis have not been done. MnC1, was
used throughout the purification steps as it gives better
stability to the enzyme ( jirch Kolb et al, 1970). However,
the role of this metal ion on the association-dissociation
ot arginase 1s not yet known. The molecular weight (81,000)
of hepatic arginase of H. fossilis was very close to the

and air-breathing teleost, C. batrachus.

Effect of temperature and thermal stability of arginase:

The temperature optima of purified hepatic arginase of
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H. tossilis was found to be 50 'C and the peak was quite

shatp (table 17, IFig. 16). The tempetature oplima ot
arginase from C. batrachus (Singh and Singh, 1990), G.

maculatus (Carvajal et al, 1987) and sea mollusc,

Concholepas concholepas (Carvajal et al, 1984) were found

to be 40, 42 and 43°C respectively. Campbell (1966)
reported the optimum temperature to be 55°C for rat and
snail arginase. The variation in temperature optima of an
enzyme in different species 1is usually correlated to
their habitat and temperature. However, the differences in
the temperature optima of hepatic arginase from C.
batrachus and H. fossilis which usually live in similar

habitat can not be explained at this stage.

Purified hepatic arginase started loosing its activity
with increasing time specially at temperatures higher than
35'C when pre-incubated at different temperatures (Table 18;
Fig. 17). The activity was completely lost after 30 min of
pre-incubation at 60 °C and 95% after 60 min of pre-
incubation at 55 °C. Pre-incubation of the purified enzyme
in presence of substrate (L-arginine) and co-factor (Mn**
ion) individually or in combination at 55 °C, protected the
enzyme from thermal denaturation (Table 19, Fig. 18).
However, presence of both L-arginine and Mn’' showed
synergistic effect in protecting arginase against thermal
denaturation studied at 55 C for 60 min. Purified hepatic
arginase incubated at 55 'C for 60 min retained only about
% ol the enzyme activity. But in presence of Mn'', L-

arginine, and both Mn’® and L-arginine together retained
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30%, 41% and 58% of the enzyme activity after 60 min at 55
‘C. The protection was much better within 30 min with both
the substrate and co-factor showing 90% enzyme activity
against less than 50% without any addition. The result of
the present study indicated that both the substrate and
metal ion binding sites are involved in providing better
protection to the enzyme against thermal denaturation. The

functional enzyme-substrate-cofactor complex renders a more

stable conformation to the enzyme.

Effect of pH on arginase activity:

The pH optima of 9.5 for hepatic arginase of H.
fossilis reported in the present study resembled with the
pH optima reported for arginase from teleosts, M. gayi
(Carvajal et al, 1989) and G. maculatus (Carvajal et al,
1987), marine elasmobranch, S. acanthias (Casey and
Anderson, 1982) and a freshwater air-breathing teleost, C.

batrachus (Singh and Singh, 1990). Arginase has long been

reported to exhibit an unusual pH optimum of 9.5 (Roholt
and Greenberqg, 1956). Mammalian arginase has a broader pH
range of 9.3 to 10.5 (Hirsch-Kolb et al, 1970). Kuhn et al
'(1991) reported that the pH dependence of the .pre-
incubation or activation stage was mainly confined to the
alkaline side, whereas the pH-dependence at the assay stage
lies between 6.5 and 9.5. Although the pH dependence of
érginase has not been studied separately for the effect of
activation/assay stage, however, if the above mentioned

observation 1is applicable for 1liver arginase of H.
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fossilis, it could be suggested that a stable conformation
resulting from the binding of Mn*' to the enzyme molecule is
more favourable at alkaline pH. A drastic reduction of
arqginase activity on both sides of the pH optimum indicated
that under acidic condition, protonation of the amino
groups of the amino acid residues in the enzyme molecule
occurred, whereas above pH 10, ionization of the carboxyl
groups occurred. In other words it could be possible that
the =zwitterion of arginine rather than the univalent
cation 1s the one that is catalytically attacked by the
enzyme. The physiological significance of alkaline pH
optima for arginase 1is still obscure, although one
possibility could be an adaptational strategy for survival
in alkaline environment as well. The narrow pH range
obtained for liver arginase of H. fossilis, in contrast to
mammalian arginase having a broader pH range, could be
correlated to the physiological significance of the o-u
cycle in this fish. 1In H. fossilis, although the o-u cycle
plays a significant role in ammonia detoxification (Saha
and Ratha, 1987; 1989; 1991; 1994), but it could also serve
for the synthesis of arginine. 1In this connection, it may
be mentioned that a mnarrow pH range would prevent an
indiscriminate hydrolysis of arginine which is an essential
amino acid for growth and for the formation of proline as

in other fish tissues (Hird et al, 1986; Walton et al,

1986).
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As early as 1945, Hunter and Downs reported the
inhibition of bovine liver arginase by different L-amino
acids and not their D-isomeric forms. They proposed that
inhibition of arginase was mainly dependent on the chain
lengbth and branching of the carbon chain of amino acids.
In the present study it was found that at 25 mM
concentration L-ornithine (68%), L-isoleucine (63%), L-
valine (61%) and L-leucine (60%) caused maximum inhibition
of arginase purified from the 1liver of H. fossilis
tollowed by L-threonine (49%), L-histidine (49%), L~
aspartate (49%) and L-lysine (47%), (Table 21). A similar
pattern of inhibition has been reported for arginase from

earthworm Pheretima communissima and rat 1liver (Iino and

Shimadate, 1986). However, L-alanine, L-glutamate, L-
cysteine, L-serine, L-tyrosine, L-glycine, L-tryptophan and
L-methionine showed less rate of inhibition on arginése
activity (Table 21). It also appears from the results that
amino acids having four to six carbon atoms and also
without branched chains acted as better inhibitors for
arginase. The inhibition of arginase by heterocyclic amino
acid L-proline (26%) 1is of particular interest 1in. the
present study. In mammalian species, proline is converted
to ornithine as suggested by Smitheta] ,1967). Hunter and
Downs (1945) have also reported the inhibition of bovine
liver arginase by proline. It is, therefore, tempting to
speculate that the inhibition of arginase by proline may be

of regulatory significance involving a feedback mechanism.
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It also seems likely that in the tissues of fish, arginine
would be converted to proline as suggested by Hird et al,

(1986).

Effect of metal ions:

Metal ions play an important role in maintaining the
catalytic activity of the enzyme as well as contributing to
the stability of the tertiary and quaternary structure of
the enzyme (Greenberg et al, 1956). Among vgrious metal
ions studied it became clear that Mn®* is the most suitable
co-factor for arginase enzyme (Table 22). Of the other
metal ions tested, Ca’", Mg? and Co? were also found to
activate arginase activity. The optimum concentration of
Mn’' and most other metal ions was found to be 5 mM since at
higher concentraticns (10 and 20 mM) the induction rate was
either decreased or unchanged. Activation of arginase by
Ca’', Co’', Cd” and Ni’' has also been reported for mammalian

arginase as well as arginase from C. concholepas (Hirsch-

1, 1972; Farooqui et al, 1978;

Kolb et al, 1971 ; Baret et
Carvajal et al, 1984). Divalent cations are well-known
activators of arginase activity (Mohamed and Greenberg,
1945). It has been shown that several of these metal, ions
have a ditterent degree of effectiveness as activators of
arginase extracted from different sources (Reddy and
Campbell, 1969). Purified arginase from H. fossilis liver
was markedly sensitive to inhibition by Zn*’ and also by the

two heavy metals Hg?" and Ag’'. This was similar to the

inhibitory effects reported for bovine liver arginase and
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hepatic arginase from M. gayi (Mohamed and Greenberg, 1945;
Carvajal et al, 1989). Monovalent cations, on the other
hand, did not alter the activity of hepatic arginase from
H. fossilis in all the three concentrations studied like
that reported in kidney arginase from the bullfrog Rana
cateshiana (Carlisky et al, 1972).

Activation of arginase by Mn*' involves a
conformational change in the enzyme molecule. Experimental
evidences have been provided to show that the activation
of arginase by Mn’" is associated by the aggregation of the
monomeric sub-units to form the oligomeric structure

(Carvajal et al, 1971; Vielle-Breitburd and Orth, 1972).

Therefore, activation depends upon a measurable reaction
between the enzyme and the jion activator, and not between
the substrate and ion. The process of activation might be
assumed to be purely catalytic since prolonged dialysis of
the enzyme against Mn’'-free buffer leads to inactivation of
the enzyme. A similar result has been presented by Hirsch—'
Kolb et al (1970) for mammalian arginase who suggested that
neutral or acidic arginase (on the basis of pI values) do
not bind Mn* ion tightly, thereby losing the metal ion very
easily.

Mohamed and Greenberg (1945) suggested that the
activation process by divalent cations involves the
reversible transformation of an inactive protein pro-
arginase to arginase according to the following reaction :

Proarginase + Mn?** > Arginase-M
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A general formulation of the role of the protein bound
metal ion in reacting with the substrate was first given by
Hellerman (1937) and a substrate-orienting function was
assigned by Thoai et al (1953). It is apparent that
hepatic arginase might be regulated by various divalent
cations in vivo and more than one type of cations might be
involved 1in this regulation process. However, the

interaction of these regulatory ions for H. fossilis

hepatic arginase if any, has to be found out.
Kinetics:

The Km value of hepatic arginase of H. fossilis was

tound to be 10 to 12 mM tor arginine, which lies within the
range of the Km value reported for ureotelic species of 5-
20 mM (Hirsch-Kolb et al, 1970; Iino and Shimadate, 1986;

Jenkinsen and Grigor, 1994). The Km value obtained for

hepatic arginase of H. fossilis resembled also with many

teleosts such as 9.1 mM at pH 7.5 and 11.5 at pH 9.5 in G.
maculatus (Carvajal et al, 1987), 10.3 mM at pH 7.5 in M.
gayi (Carvajal et al,1989) and 12.5 mM in C. batrachus
(Singh and Singh,1990). However, arginase from uricotelic
species had higher Km values in the range of 100 to 200 mM
(Mora et al, 1965b). Dixon and Webb (1964) suggested that
the same enzyme, but from different sources show many
similarities in their 'kinetic properties, because they
presumably function via the same catalytic mechanism. The

activity of hepatic arginase from H. fossilis decreased

when the arginine concentration exceeded 0.1 M (Fig. 20).
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A similar pattern of substrate inhibition has been reported

for arginase from the marine crustacean, Carcinus maenas

(Hanlon, 1975), Neurospora crassa (Carlisky et al, 1968),

shark liver (Campbell, 1961) and X. laevis (Peiser and

Balinsky, 1982) and some vertebrates (Tarrab et al, 1974;

Carlisky et al, 1972). Arginase of ureo-osmotic marine
dogfish,_S. acanthias liver has a lower Km value of 1.2 mM
{Casey and Anderson, 1982). Urea synthesis 1in dogfish

takes place mainly for osmoregulation (Smith, 1936; Yancey
and Somero, 1980; Casey and Anderson, 1982; ancey et al,
1982; Brown and Brown, 1985; Anderson, 1981), whereas, in
ureotelic species (Campbell, 1991; Hochachka and Somero,
1973; Nener, 1988; Powers-Lee and Meister, 1988) and
ureogenic species (Saha and Ratha, 1987, 1989, 1991, 1994)
urea synthesis takes place mainly for metabolic ammonia

detoxification. 1In H. fossilisg, it could be possible that

apart from ammonia detoxification, the urea cycle also
serves for the synthesis of arginine which would be
retained and utilized for energy metabolism due to higher
Km of avginase in contrast to marine elasmobranch, S.
acanthias, where the low Km value for arginine favours the
formation of urea from arginine and thereby, retention of

urea as an osmolyte.

Nature of inhibition by amino acids and Ki values:

The nature of inhibition of arginase by amino acids
particularly by ornithine, leucine, wvaline, proline,

isoleucine and lysine have been reported for several
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mammalian species (Hunter and Downs, 1945; Paik et al,
1978; Reddy{and Baby, 1976; Rao et al, 1973; Kaysen and
Strecker, 1953; carvajal et al, 1982). Bond (1973) reported
that amino'acids such as valine, leucine, cysteine and
isoleucine could protect bovine 1liver arginase against
proteolytic inactivation as long as their concentration
remained within the physiological range. In case of
hepatic arginase of H. fossilis, ornithine and leucine
were found to be compétitive inhibitors. Ornithine which
is one of the product of arginase activity waglvreported to -
be a competitive inhibitor for uricotelic arginase and a
non?competitive inhibitor for ureotelic arginase by some
workers (Mora et al, 1965h; 1966; Muszynska et al, 1972).
This difference in the nature of inhibition by ornithine
was suggested to distinguish between uricotelic and
ureotelic arginase. However, many workers found ornithine
to be é competitive inhibitor for arginase in ureotelic
(Hunter and Downs, 1945; Campbell, 1966; Gasiorowska et al,
1970; Glass and Knox, 1973; Rao et al, 1973), uricotelic
lizards (Baby and Reddy , 1980) and ammoniotelic teleosts
like G. maculatus (Carvajal et al, 1987) and C. batrachus
(Singh and Singh, 1990). Carvajal et al(1982) reported that
human liver arginase exhibited a hyperbolic kinetics at pH
7.5 in presence of ornithine and sigmoidal kinetics at pH
9.5. This pH dependent transition from hyperbolic to
sigmoidal Kinetics indicated an allosteric interaction at
pH 9.5. The nature of inhibition of arginase by amino
acids seemed to be different depending on enzyme source,

the levels of amino acids, and physiological conditions.
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The synthesis of urea by rat liver in vitro has been
reported to be inhibited by leucine. This effect has been
attributed to the stimulation of glutamate dehydrogenase
which resulted in increased glutamate synthesis from
ammonia (Mendes-Mourao et al, 1975,Das, 1991). It also
could be that the proximity ot interaction of certain amino
acids which affected the enzyme activity might alter the
contormation of the enzyme active site preventing the
substrate to bind at lower substrate concentration. The
Ki wvalues obtained for ornithine, lecucine, wvaline and
isoleucine in the present study were 4.25, 9.3, 5.3 and 7 .25
mM respectively. Rao et al (1973) have reported Ki value
of 4.4. 2.9 and 5.3 mM for ornithine, leucine and valine
for sheep liver arginase. Campbell (1966) reported a Ki
value of 1.34 mM for ornithine from bovine and rat 1liver
arginase. It is apparent that out of the 4 amino acids
studied, 1isoleucine binds 1less tightly to the enzyme
molecule as compared to ornithine. The differences in the
nature of inhibition observed for hepatic arginase from H.
fossilis and in other species could be correlated to the
differences in the experimental conditions such as pH and
activators which have been reported to alter the kinetics
of inhibition of arginase by amino acids (Rao et al, 1973;

Carvajal et al, 1982; Carvajal and Cederbaum, 1986).
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Conclusion:

The induction of ureogenesis via o-u cycle under
hyper-ammonia stress is one of the major ammonia
detoxifying pathway to reduce its toxicity in vivo in this
unique freshwater air-breathing teleost, Hete eu
fossilis which has been shown to tolerate a very high
ambient ammonia (upto 75 mM (NH,C1l). The increase of ammonia
level in the liver (the most ureogenic tissue) from the:
physiological level (12.75 umoles/g wet wt.) to a threshold
level between 15 to 18 mumoles/g wet wt. is sufficient
enough to cause maximum induction of o-u cycle enzymes and
ureogenesis in this fish. Presence of both the isoenzymes,
CPS I and CPS III both in the liver and kidney tissues of
H. fossilis is wunique which is normally \not present
together in vertebrates in a single species. This may have
some evolutionary significance with addition to their
physiological significance to tolerate a very high ambient
ammonia. All the o-u cycle enzymes both in the liver and
kidney of H. fossilis show annual variation in their
activity having maximum activity in summer and minimum in
winter. This wvariation of activity has got direct
correlation with their annual breeding cycle. The molecular
weight of hepatic arginase of H. fossilis shows
similarities with the arginase of ureotelic and ureosmotic
species. Higher Km value of arginase for arginine
obtained for hepatic arginase of this fish suggested that

this fish favours more storage of arginine an essential
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amino acid for synthesis of new proteins rather than
degradation. The narrow pH range of hepatic arginase
activity obtained in this fish also favours the same

hypothesis.
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