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Abstract

Hepatic cytosolic arginase (ARG I), an enzyme of the urea cycle operating in the liver of ureotelic animals, is reported to be
present in an ammoniotelic freshwater air-breathing teleost, Heteropneustes fossilis which has ureogenic potential.
Antibodies available against mammalian ARG I showed no cross reactivity with the H. fossilis ARG I. We purified unique ARG I
from H. fossilis liver. Purified ARG I is a homotrimer with molecular mass 75 kDa and subunit molecular mass of 24 kDa. The
pI value of the enzyme was 8.5. It showed maximum activity at pH 10.5 and 55uC. The Km of purified enzyme for L-arginine
was 2.6560.39 mM. L-ornithine and Nv-hydroxy-L-arginine showed inhibition of the ARG I activity, with Ki values
0.5260.02 mM and 0.0860.006 mM, respectively. Antibody raised against the purified fish liver ARG I showed exclusive
specificity, and has no cross reactivity against fish liver ARG II and mammalian liver ARG I and ARG II. We found another
isoform of arginase bound to the outer membrane of the mitochondria which was released by 150–200 mM KCl in the
extraction medium. This isoform was immunologically different from the soluble cytosolic and mitochondrial arginase. The
results of present study support that hepatic cytosolic arginase evolved in this ureogenic freshwater teleost, H. fossilis.
Phylogenetic analysis confirms an independent evolution event that occurred much after the evolution of the cytosolic
arginase of ureotelic vertebrates.
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Introduction

The Cytosolic arginase (L-Arginine urea hydrolase, EC. 3.5.3.1)

was discovered in the mammalian liver as the final enzyme of the

ornithine-urea cycle (OUC) for the metabolic conversion of toxic

ammonia to urea in vivo [1]. It catalyzes the hydrolysis of arginine

to urea and ornithine. It is a trimeric manganese metalloenzyme,

and each sub-unit contains binuclear manganese for activity [2].

Compared to other OUC enzymes arginase is widely distributed

throughout the evolutionary spectrum in organisms [3], and has a

wider tissue distribution in animals [4,5,6]. Hence, it has been

suggested to have other metabolic functions apart from urea

synthesis. Several isoforms of arginase have been reported in

various organisms [7]. However, two major isoforms of arginase

designated as arginase I (ARG I) predominantly found in liver

cytosol, and arginase II (ARG II) found in mitochondrial

compartment in non-hepatic tissues have been characterized in

several vertebrates including human [8]. The extra hepatic ARG

II is closely related to the hepatic ARG I, but has different

functions such as production of ornithine as a precursor for

polyamines, glutamate and proline biosynthesis [5], synthesis of

urea for osmoregulation [9,10,11], and regulate the level of

arginine for nitric oxide (NO) synthesis [12]. Various physiological

and metabolic adaptations in different organisms involved arginine

catabolism by arginase isoenzymes in different tissues.

The two isoforms completely differ in their immunological cross

reactivity [13,14,15,16,17,18]. Mitochondrial ARG II has been

suggested to be the ancestral gene, and the cytosolic ARG I

evolved along with the OUC in the liver to detoxify ammonia to

urea during the evolution of terrestrial adaptation in vertebrates

[5,15,19,20]. In marine elasmobranchs [21] and most ammonio-

telic teleosts [11] arginase activity is mitochondrial. However,

cytosolic and mitochondrial arginases were reported in some fresh

water and marine fishes. Felskie et al., 1998; studied the

subcellular localization of different urea cycle enzymes in

freshwater nonureogenic fishes, three adult teleosts (common

carp, Cyprinus carpio; goldfish, Carassius auratus; channel catfish,

Ictalurus punctatus) and a holostean fish (bowfin, Amia calva) and

reported that arginase activity is mostly mitochondrial (84–98%).

In lungfishes arginase was reported to be cytosolic in liver [22].

Studies in our laboratory reported for the first time the unique

presence of a full complement of OUC enzymes in the liver of five

Indian air-breathing fresh water teleosts, including Heteropneustes

fossilis [23]. Besides OUC, the presence of both carbamoyl

phosphate synthetase (CPS) I and III activities and glutamine

synthetase (GS) activity in the mitochondria, and arginase activity
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in both mitochondria (60%) and cytosol (40%) were also reported

in the liver of H. fossilis [4]. Anderson and Walsh [24] also reported

the presence of both cytosolic and mitochondrial arginase in the

liver of a marine toadfish, Opsanus spp. They examined three

facultative ureogenic marine teleosts of the family Batrachoididae,

the gulf toadfish (Opsanus beta), the oyster toadfish (Opsanus tau) and

the plainfin midshipman (Porichthys notatus). In Opsanus beta cytosolic

arginase varies from 35–62% and mitochondrial arginase 29–44%

of the total liver arginase activity. The two arginases however,

were reported to have similar properties; both were eluted

essentially at the same position during ion exchange column

chromatography and had essentially the same electrophoretic

mobility during non-denaturing PAGE.

H. fossilis, has been reported to utilize its ureogenic potential,

showing ureotelic adaptation during hyper-ammonia stress

[25,26,27], and ureo-osmotic adaptation during hyper-osmotic

stress (Saha & Ratha unpublished). Ureotelic evolution in land

vertebrates originated much before the evolution of teleosts. These

observations suggest that a second line of ureogenic evolution

might have taken place in this ammoniotelic freshwater air-

breathing teleost, H. fossilis. In a preliminary observation it was

found that the antibodies commercially available against mam-

malian cytosolic and mitochondrial arginase did not show any

cross reactivity with either the cytosolic or mitochondrial arginase

from H. fossilis liver. The antibodies produced against purified

mitochondrial arginase (ARG II) from the liver of H. fossilis also

did not show cross reactivity with hepatic cytosolic arginase (ARG

I) [28]. It is predicted that the presence of cytosolic arginase

activity in H. fossilis is due to the presence of unique ARG I, which

was thought to be a characteristic enzyme of ureotelic vertebrates.

Therefore, an attempt was made to purify and characterize the

cytosolic arginase (ARG I) from the liver of H. fossilis, and compare

with the available data on ARG I and ARG II from other sources

to find out any evolutionary significance.

Results and Discussion

Purification of Liver Cytosolic Arginase
Cytosolic arginase (ARG I) was purified by 420 fold to

homogeneity with 55% recovery of the enzyme activity from the

liver tissue of H. fossilis after five step purification (Table 1).

Leveraging the heat stability of arginase at 55uC, the thermo-labile

proteins were removed by centrifugation after giving heat

treatment at 55uC for 10 min without any loss of enzyme activity.

Three folds purification was achieved at this step. The three

chromatography steps of Macro-prep DEAE anion exchange,

Sephadex G-100 gel filtration and arginine Sepharose 4B affinity

chromatography columns produced single peaks of enzyme

activity (figure S1) suggesting only one form of ARG I in the

cytosolic fraction of the liver of H. fossilis. In the final affinity

chromatography step, the purification fold was enhanced from

153 fold to 420 fold with the maximal specific activity of 21,335

units/mg protein. About 0.8 mg of highly purified ARG I showing

a single band on native PAGE was obtained from 607 mg of crude

cytosolic protein (Table 1 & Figure 1 A).

Native Molecular Mass
Analytical size exclusion chromatography on Sephadex G-

150 gave the molecular mass value of 7563 kDa for purified

native cytosolic ARG I (Figure 1 A). This value was slightly lower

than the molecular mass of 87–130 kDa reported for other

vertebrate arginases [5].

Antibody Validation
The purified fish liver cytosolic ARG I showed no immunore-

activity with the polyclonal antibody against human ARG I and

ARG II (Santa Cruz Biotechnology, Inc.) using western blotting

(Figure 2A and B). We also performed these experiments with

whole cell lysate from H. fossilis (data not shown) and found similar

results.

The polyclonal antibodies produced against the purified enzyme

were highly specific as characterized by double diffusion on

Ouchterlony plates (Figure 2C). The antibodies produced against

purified liver cytosolic ARG I of H. fossilis showed no cross

reactivity with mammalian ARG I and II, and H. fossilis

mitochondrial arginase as shown by enzyme immunotitration

(Figure 2D). Enzyme immunotitration technique is a rapid method

to distinguish immunologically distinct isoenzymes [29]. Interest-

ingly, the antibodies produced inhibited only 50% of the cytosolic

ARG I activity, extracted with buffer containing 150 mM KCl.

This suggested the presence of a different isoform of arginase in H.

fossilis liver cytosol. Presence of five immunologically different

forms of arginase in rat and human tissues has been reported

[30,31]. A further analysis was done to extract cytosolic arginase

activity using varied amount of KCl in the extraction buffer. The

results confirmed the presence of at least two different immuno-

logically distinct isoforms in the KCl extracted liver cytosol of

H. fossilis.

Characterization of Liver Cytosolic Arginase as Soluble
Cytosolic Isoform and KCl Released Mitochondrial Outer
Membrane Bound Isoform
A portion of cytosolic arginase activity has been reported to be

bound to the outer mitochondrial membrane and KCl was used to

extract all the cytosolic arginase activity in rat liver [32,33]. This

mitochondria bound arginase has been suggested to play a major

role in regulating the urea biosynthesis by providing substrate for

NAG, citrulline and aspartate [34]. We made an attempt to see the

pattern of the release, if any, of cytosolic ARG I from the outer

mitochondrial membrane of H. fossilis liver with increasing

concentration of KCl in buffer. The cytosolic ARG I activity

increased from 23% to 43% with increasing KCl concentration

from 0 to 200 mM (Table 2, Figure 3A). This clearly showed that

about a half of the cytosolic ARG I activity is free soluble form and

the other half of the activity bound to the outer mitochondrial

membrane, which is released by KCl. This variation was the

reason for the partial inhibition of KCl extracted cytosolic arginase

activity (ARG I) during enzyme-immunotitration with antibody

produced against purified hepatic ARG I (Figure 2C). Complete

inhibition of arginase activity was observed on enzyme-immunoti-

tration when the soluble cytosolic ARG I extracted from H. fossilis

liver tissue without KCl in homogenizing buffer was used

(Figure 3B). This result was further confirmed by western blotting

analysis. The antibodies produced against purified H. fossilis

cytosolic ARG I showed specific binding with soluble ARG I, and

no cross reactivity was observed with the KCl released mitochon-

drial outer membrane bound ARG I of H. fossilis hepatic tissue

(Figure 3C). KCl released mitochondrial bound ARG I fraction

also did not show cross reactivity with antibody produced against

mitochondrial ARG II (Figure 3D). This shows that the soluble

and mitochondrial outer membrane bound arginase fractions of

ARG I are immunologically different from each other. They can

be two different gene products, or they might have difference in

their higher order structures and/or post translational modifica-

tions. Three isoforms of arginase have been reported in Neurospora

crassa [35,36], and in rat [37] and bovine [38] liver. In N. crassa,
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two of the three isoforms were proposed to be differentially

expressed form a single locus, and both were localized in

cytoplasm. The rat and bovine liver arginases were separated on

affinity column or by chromatofocussing [37,38]. Even though

their molecular sizes were similar, they differed in charge and

antigenic properties. Such a situation may exist in this fish.

However, further studies are required to separately purify and

characterize the mitochondrial outer membrane bound isoform in

H. fossilis liver tissue. Work is under progress to find out the

presence of mitochondrial outer membrane bound arginase in

different ureogenic and nonureogenic vertebrates. The antiserum

against purified cytosolic liver ARG I of H. fossilis did not show any

cross reactivity with mammalian ARG I, ARG II, and with H.

fossilis ARG II isoenzymes (Figure 3C and 3D). No cross reactivity

indicates the species difference in immunoreactive epitopes. It may

also be due to difference in size and three dimensional structure of

arginase in fish liver.

Immunological Characterization
The purified arginase in native PAGE, and western blotting of

native gel showed a single band (Figure 1A and 4A). In SDS-

PAGE and western blotting a major band was obtained with a

molecular mass approximate to 24 kDa and a minor band at

48 kDa (Figure 1B and 4B).

Most vertebrate hepatic ARG I have been reported to be

homotrimeric in native state. However, a single band on native

PAGE and two bands of 24 and 48 kDa in SDS-PAGE, and

western blotting of the purified fish ARG I suggested that H. fossilis

liver cytosolic arginase might be either a homotrimer with the

tendency to form dimeric aggregates under standard SDS-PAGE

conditions, or a heterodimer of 24 and 48 kDa subunits. The

mitochondrial arginase purified from liver of H. fossilis was found

to be dimeric enzyme of 96 kDa subunit [28]. However, a stronger

denaturation treatment of the purified cytosolic ARG I with

200 mM DTT and boiling for 60 min at 100uC showed only

24kDa bands on western blotting (Figure 4B). The results, suggest

that the native ARG I in H. fossilis liver is a homotrimer of 24kDa

subunit as in most other vertebrates, and has a tendency to form

relatively stable dimers.

Isoelectric point of the purified H. fossilis hepatic ARG I was

found to be 8.5 (Figure 5). This value is closer to, but lesser than pI

values reported for mammalian liver arginases such as human liver

(pI 9.1), rat and dog liver (pI 9.4) [6].

Kinetic Properties
(a) Effect of pH and temperature. The purified ARG I was

active in a relatively broad pH range with maximum activity at

pH 10.5 in 25 mM sodium glycinate buffer (figure S2A). The

activity increased rather slowly from pH 6.5 to 9.5 and increased

sharply thereafter. The enzyme activity decreased sharply after

pH 10.5 going down by 50% of the optimum activity at pH 12.0.

Optimum pH of arginases from elasmobranchs and teleosts ranges

from 9.5 to 9.8, whereas the pH optimum for mammalian

arginases ranges from 9.5 to 10.5 (5). Some exceptions have also

been reported. Gasiorowska [39] have found four different

isoenzymes of arginase in rat tissues, one of which surprisingly

had a pH optimum of 7.5. Remarkably, Patil et al., [40] reported

optimum pH 11.5 for Ox erythrocyte arginase at 55uC. pH

influence protonation of certain amino acid side chains (or the

amino and carboxyl termini). Change in net charge on the enzyme

protein, leads to electrostatic attractions or repulsions between

different regions. The variation in the activity with pH suggests the

presence of an ionizable group [41] at the catalytic site. Results

shows that the final effect of pH variation is not complete

denaturation but a possible change in the arginase’s three-

dimensional shape.

The optimum temperature for maximum activity was found to

be at 55uC. Like the pattern for pH, the activity gradually

increased from 10 to 55uC but sharply decreased after 60uC. The
activity was completely lost at 70uC (figure S2B). Hepatic cytosolic

Figure 1. Determination of molecular mass by (A) gel filtration (Kav is function of the elution volume of a molecule and indicates
the ratio between the elution volume of a given molecule and the total available volume of the column), and native PAGE showing
single band of purified enzyme. (B) SDS PAGE of protein eluted from 5 step purification of cytosolic (ARG I) of H. fossilis liver. Lanes-1, crude
cytosolic fraction; 2, supernatant of heat treatment; 3, ion exchange chromatography; 4, gel filtration chromatography; 5, affinity chromatography; 6,
standard protein marker. 24 kDa and 48 kDa represent the molecular weight of monomer and dimer of purified ARG I (arginine sepharose affinity
column eluted protein) on SDS-PAGE. (Representative of three independent purification experiments).
doi:10.1371/journal.pone.0066057.g001
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arginase in mammals have been reported to be stable at 55–60uC
[42,43].

(b) Km and Vmax. The enzyme displayed Michaelis-Menten

kinetics for L-arginine as derived from initial velocity data

collected using different substrate (L-arginine) concentrations

under standard assay conditions. Substrate inhibition was also

observed at higher L-arginine concentration as reported earlier for

buffalow liver arginase [43]. The Km and Vmax values for

purified H. fossilis liver cytosolic ARG I were determined by

Lineweaver and Burk plot of the data using EZfit software. Km

was found to be 2.6560.39 mM for L-arginine and Vmax was

28.6861.23 mmole urea/h/mg protein (Figure 6A). The Km

values for mammalian arginases exhibited wide variation from 1–

20 mM for rat liver to 4–45 mM for other tissues. However,

arginase from uricotelic species has higher Km values in the range

of 100 to 200 mM [44]. In teleost fishes the Km of hepatic

arginase was found to be 9.1 mM in G. maculates [45] and

12.5 mM in Clarias batrachus [46]. However, their sub-cellular

localization is not known. In ureo-osmotic marine elasmobranch,

Squalus acanthias liver arginase is mitochondrial, and has a lower

Km value of 1.2 mM [47]. Urea synthesis in dogfish takes place

mainly for osmoregulation, where low Km value for arginine

favors formation of urea as an osmolyte. Higher Km of arginase

for arginine in uricotelic species probably helps to retain and

utilize arginine for energy metabolism. However, the Km value of

H. fossilis liver cytosolic arginase is in the range reported for

ureotelic vertebrates [48] and suggests its importance in ureogen-

esis. The variation in millimolar concentration of L-arginine may

be due to variation in assay procedures and non-physiological

conditions used [49,50].

(c) Effect of inhibitors. L-ornithine is known to be a potent

inhibitor of mammalian ARG I with the Ki value of approx-

imately 1 mM and a poor inhibitor of ARG II with Ki value more

than 10 mM [2,51]. Nv-hydroxy-L-arginine (NOHA) is an

intermediate in NO biosynthesis from arginine. It is a more

effective inhibitor of ARG II activity with approximate Ki value

1.5 mM, and a poor inhibitor of ARG I with Ki value of 10–

42 mM. L-ornithine showed non-competitive, and NOHA showed

inhibition of purified hepatic cytosolic arginase activity of H. fossilis

with Ki values of 0.5260.02 mM and 0.0860.006 mM respec-

tively (Figure 6B and 6C). The Ki value of ARG I for L-ornithine

is lower (0.52 mM) as compared to ARG II which is 2.16 mM

[28]. In mammals NOS and arginase compete for arginine as their

substrate. Arginase expectedly regulates NO synthesis by modu-

lating arginine availability for NOS [52]. The regulatory

relationship between arginase and NOS is reciprocal to some

degree, since the stable intermediate in NO biosynthesis, Nv-

hydroxy-L-arginine [53], is a modest competitive inhibitor of

arginase with Ki value of 10–42 mM [54,55]. Based on the

inhibitory properties of Nv-hydroxy-L-arginine, a number of N-

hydroxy analogues have been synthesized and evaluated as

arginase inhibitors. It is suggested that these compounds either

displace the metal-bridging solvent molecule or form a hydrogen

bond with this solvent [56]. Both hepatic ARG I and ARG II of H.

fossilis are competitively inhibited by NOHA in H. fossilis.

However, the Ki value for ARG I is higher (0.08 mM) compared

to ARG II (0.02 mM) [28]. Arginase II may also plays a role in

regulating NO biosynthesis by attenuating the levels of arginine

available to NOS in H. fossilis.

Use of isoenzyme selective inhibitors, to show the reciprocal

regulation of ARG enzymes, further confirms the cytosolic and

mitochondrial ARG isoforms in H. fossilis are not only different,

but regulated differently have different physiological functions.

Since no studies have been undertaken till date on ornithine and
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NO metabolism in fish, more detailed investigations are required

to understand this effect.

(d) Metal ion effect. As shown in Table 3, addition of Mn2+

to the enzyme incubation mixture caused more than 1.8 fold

increase in the activity of purified liver ARG I of H. fossilis. Besides

Mn+2, Co+2 also caused some activation although at a lower level

(1.5 fold). Ag+, Zn+2, Cu+2, Fe+2, Cd+2, and Fe+3 inhibited the

enzyme activity where as Ca+2, Na+, K+, Mg+2 and Ni+2 did not

show any significant effect. A common feature of arginases studied

so far, including both eukaryotic and prokaryotic origin, is the

critical catalytic requirement for divalent cations. Mn2+ is the

primary catalytic activator in most organisms. In addition to

manganese, some other bivalent metal ions have been shown to

activate arginase. The divalent cation requirement for some

arginases is reportedly satisfied by CO2+ and Ni2+ and in some

instances by Fe2+, VO2+ and Cd2+ [41,57,58,59,60]. In contrast

Ni2+ and Co2+ do not activate rat mammary gland arginase [61].

These variations might have physiological or evolutionary

significance.

Comparison of the molecular and kinetic properties of ARG I

purified from H. fossilis liver with ARG II and ARG I from other

known vertebrates have been presented in Table 4. The data

reflects that H. fossilis ARG I is very different from H. fossilis ARG

II and, other known vertebrate ARG I.

Figure 2. Western blotting analysis using (A) human ARG I polyclonal antibody raised in rabbit (B) human ARG II polyclonal
antibody raised in rabbit. Lanes-1, H. fossilis purified liver cytosolic ARG I; 2, Rat liver homogenate; 3, Rat kidney homogenate. C. Immuno-diffusion
plate. The center well contains purified cytosolic ARG I from H. fossilis liver and surrounding wells (1 to 6) contain 1:2, 1:4, 1:16, 1:32 and 1:64 and
1:128 dilutions of antiserum raised in rabbit against H. fossilis ARG I. No precipitin line was formed in well 6, therefore, the titer of the antibody is 1:64
(well 5). D. Inhibition percentage of (HFLC) H. fossilis liver cytosolic arginase (HFLM) H. fossilis liver mitochondrial arginase (RLC) rat liver cytosolic
arginase and (RKM) rat kidney mitochondrial arginase using purified H. fossilis cytosolic ARG I anti-serum. Error bars represent standard deviation of
the means of three replicates.
doi:10.1371/journal.pone.0066057.g002

Independent Evolution of Urea Cycle in Teleost
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Phylogeny
The deduced arginase amino acid sequences clustered in three

clades (Figure 7; figure S3), clade A consisted of ARG II sequences

from all the teleost fishes. Clade B consisted of ARG II of all the

Figure 3. Release of cytosolic arginase bound to outer mitochondrial membrane with increasing KCl concentration (A). Inhibition
percentage of purely soluble (-KCl) and KCl released mitochondrial outer membrane bound arginase activity using purified H. fossilis cytosolic ARG I
anti-serum (B). Error bars represent standard deviation of the means of three replicates. Western blotting analysis using C. H. fossilis ARG I polyclonal
antibody D. H. fossilis ARG II polyclonal antibody. Lanes-1, Hepatic cytosolic ARG I (soluble-cytosolic); 2, ARG I (bound to outer mitochondrial
membrane); 3, hepatic mitochondrial ARG II; (Lysates were prepared by giving stronger denaturation treatment with 200 mM DTT and boiling at
100uC for 60 minutes) 4, molecular mass marker.
doi:10.1371/journal.pone.0066057.g003

Table 2. Release of cytosolic arginase bound to outer
mitochondrial membrane with increasing KCl concentration.

KCl (mM) Cytosolic Fraction
Mitochondrial
fraction

Activity (U/mL) %age Activity Activity (U/mL)

0 116.0861.71 23.7760.23 370.9960.99

25 144.5360.99 29.7860.23 340.8362.61

50 176.3963.55 36.6460.52 304.9860.98

100 189.4861.71 38.9560.31 297.0261.71

150 203.1361.71 41.9060.18 281.6661.71

200 209.0160.82 42.8460.16 278.8160.99

Results are shown as mean 6 standard deviation of triplicates.
doi:10.1371/journal.pone.0066057.t002

Figure 4. Western blotting analysis using (A) combination of
native electrophoresis and western blotting showing single
band of cytosolic ARG I purified from the liver of H. fossilis.
Lanes-1, Purified hepatic ARG I; 2, Molecular mass marker. (B) Western
blotting showing monomer and dimers of H. fossilis ARG I. Lanes-1,
sample heated at 100uC for 60 mins in sample buffer (with 200 mM
DTT); 2, sample heated at 100uC for 10 min in sample buffer; 3,
molecular mass marker.
doi:10.1371/journal.pone.0066057.g004
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four superclasses of tetrapods. The largest clade C consisted of

ARG I sequences of teleosts, along with amphibian and

mammalian ARG I. Phylogenetic analysis suggests that H. fossilis

ARG I is populated with homologs of ARG I, the branch length

representing number of substitution per site shows that it might

have been evolved with completely different sequence.

Conclusion
Fishes have been known to have only mitochondrial arginase

activity, and cytosolic arginase is reported only in the liver of

ureotelic amphibians and mammals. However, the presence of

both cytosolic and mitochondrial arginase activity was reported for

the first time by Dkhar et al. [4] in a freshwater air-breathing

ureogenic teleost, H. fossilis. An attempt was, therefore, made using

biochemical and immunological approach to find out the

molecular and immunological properties after purification of the

isoforms from the liver of H. fossilis. The mitochondrial arginase

studied was found to be different from cytosolic isoform [28].The

results of the present study suggest two immunologically different

isoforms of arginase activity in the hepatic cytosol of H. fossilis.

One is free soluble isoform which was purified and against which

the antibodies were prepared. The other isoform is bound to the

outer membrane of the mitochondria and released with KCl. In

most of the studies, cytosolic arginase is extracted from liver with

buffer containing 150 mM KCl. Further investigation is needed to

purify and characterize this mitochondrial outer membrane bound

arginase form the liver of H. fossilis to understand whether it is a

different gene product or a post translational modified isoform.

The purified arginase is found to be a homotrimer, like most other

arginase, but unlike the mitochondrial arginase which was a

homodimer. It showed similarity in molecular and kinetic

properties with mammalian liver cytosolic arginase, but it was

immunologically different not only form the mitochondrial

counterpart but also from mammalian cytosolic and mitochondrial

arginases. Ureotelic cytosolic ARG I evolved from the ancestral

mitochondrial arginase some 450 million years ago. Teleosts also

diversified from the same ancestors, and had undergone whole

genome tetraploidization/rediploidization which resulted in great

diversity in their distribution and adaptations. The genome

duplication and tetraploidization during teleost evolution could

be the possible reason for multiple isoforms of several enzymes in

fishes. In rainbow trout and common carp a single arginase 1 and

multiple arginase 2 sequences have been reported [16,62].

Arginase 2 of these teleost fishes contains a mitochondrial

targeting sequence, similar to all other arginase 2. Differently,

arginase 1 sequence of these fishes also contains a mitochondrial

targeting sequence. The new gene(s), evolved during the whole

genome tetraploidization/rediploidization, might have undergone

structural and functional modifications to meet the demands of the

changed environment of the teleost species. However, arginase 1

of the rainbow trout and common carp is in contrast to the ARG I

of H. fossilis, that it has cytosolic arginase like mammals and

amphibians. H. fossilis is a close relative to family clariidae and a

monotypic species having a limited distribution around Indian

sub-continent. Studies on 18s ribosomal RNA sequence of

clariidae and heteropneustidae groups have suggested the prob-

Figure 5. Isoelectrofocusing. Purified liver cytosolic ARG I from H. fossilis and Sigma IEF mix 3.6–9.3 isoelectric focusing marker; (1) trypsinogen
from bovine pancreas: 9.3, (2, 3, 4) lectin from Lens culinaris (lentil): 8.8, 8.6, 8.2, (5, 6) myoglobin from equine heart: 6.8 (major), 7.2 (minor), (7)
carbonic Anhydrase Isozyme I from human erythrocytes: 6.6, (8) carbonic Anhydrase Isozyme II from bovine erythrocytes: 5.9, (9) beta-lactoglobulin A
from bovine milk: 5.1, (10) trypsin inhibitor from Glycine max (soybean): 4.6, (11) amyloglucosidase from Aspergillus niger: 3.6.
doi:10.1371/journal.pone.0066057.g005

Independent Evolution of Urea Cycle in Teleost

PLOS ONE | www.plosone.org 7 June 2013 | Volume 8 | Issue 6 | e66057



able time of their origin to about 123 million years ago [63] (figure

S4A). H. fossilis might have been the lone survivor of ancient clades

which went extinct at the K-T boundary (cretaceous-tertiary

transition period). A major extinction event had taken place during

K-T boundary due to severe volcanic activity (Deccan traps) in this

region which might have severely polluted and deoxygenated the

inland water bodies. It is, therefore, proposed that these fishes

must have evolved the air-breathing and activated the ureogenic

potential to adapt to the polluted and concentrated water bodies

[63,64] (figure S4B). Evolution of Indian freshwater air-breathing

fishes in general and H. fossilis in particular has been believed to be

100–120 MYA and ureotelic evolution leading to terrestriality in

vertebrates has taken place some 450 MYA. This wide variation

could be the probable reason for their immunological variation.

The three arginase isoenzymes might have been evolved with

completely different structural, kinetic, immunological and regu-

latory properties. However, the evolutionary pressure probably did

not continue for a very long period like the ureotelic vertebrates to

further develop their physiological and regulatory specialization in

H. fossilis. In H. fossilis the cytosolic and mitochondrial arginase

activities are due to two different proteins i.e. ARG I and II

respectively. The two isoforms elute at different positions during

ion exchange column and gel filtration chromatography and have

different electrophoretic mobility during PAGE (non-denaturing

and SDS). We also report that the two isoforms are immunolog-

ically distinct to each other and are also distinct from their

mammalian counterpart (Srivastava and Ratha, 2013, present

study). Moreover the two isoforms are differentially regulated

during various environmental stresses (unpublished observation).

ARG I protein is unique in H. fossilis, because till now no other

fresh water teleost fish is reported to have ARG I protein. Based

on the molecular and biochemical data, we proposed the scheme

of the evolution of arginase enzymes in fishes and ureotelic

vertebrates (figure S5). This needs further molecular studies to

clarify the issue.

Figure 6. Lineweaver-Burk plot showing (A) Km and Vmax for arginine of H. fossilis hepatic cytosolic ARG I and inhibition of its
activity by (B) L-ornithine, and (C) Nv-hydroxy-l-arginine (NOHA). Results are shown as mean 6 standard deviation of triplicates.
doi:10.1371/journal.pone.0066057.g006

Table 3. Effect of metal ions on purified H. fossilis hepatic
cytosolic ARG I activity.

Metal ion (1 mM) Residual activity (%) of cytosolic ARG I

None 100

Mn2+ 188.24614.69

Co2+ 145.9468.4

Ca2+ 113.45612.78

Na+ 99.7266.46

K+ 97.2068.43

Mg2+ 95.52611.85

Ni2+ 95.2462.51

Fe3+ 84.87610.35

Cd2+ 84.0361.53

Fe2+ 67.7964.55

Cu2+ 42.5860.15

Zn2+ 33.0567.23

Ag+ 24.9362.54

Results are shown as mean 6 standard deviation of triplicates.
doi:10.1371/journal.pone.0066057.t003
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Materials and Methods

Materials
Live fishes (H. fossilis) weighing 20–30 g were purchased from

the local fish market. Fishes were killed by decapitation. Liver

tissue was dissected out, washed in cold saline, blotted dry and

stored immediately at - 80uC. All the purification steps and

enzyme assays were completed within one week of tissue

collection. All chemicals used were of analytical grade and

purchased from either Sigma-Aldrich Chemical Co. or from local

suppliers. Separation media, ampholites, western blotting reagents

and protein markers used were purchased from either GE Health

Care Bioscience or Bio-Rad Laboratories. The polyclonal

antibody against human ARG I and ARG II were purchased

from Santa Cruz Biotechnology. PVDF membranes were

purchased from Millipore. Double distilled water passed through

a Milli-Q water purification system was used in all preparations.

Ethics Statement
Fishes were purchased from local fish market and killed by

decapitation. The study was approved by the Institutional Animal

Ethics Committee (IAEC) of Banaras Hindu University, Varanasi,

India. Rabbits were maintained in the approved animal house of

the Department of Zoology, Banaras Hindu University. The

animal care standards and experimental procedures were followed

by adhering to the recommendations of (IAEC).

Table 4. Properties of H. fossilis cytosolic arginase (ARG I) compared with ARG I of different vertebrates.

Organism/tissue
Native molecular
mass (kDa)

Subunit molecular
mass (kDa) Number of subunits Kinetics References

H. fossilis
liver mitochondria
(Teleost)

96 48 2 Km 5.25 mM; pH 10.5;
pI 7.5

[28]

H. fossilis
liver cytosol
(Teleost)

75 24 3 Km 2.65 mM; pH 10.5;
pI 8.5

Present study

Hoplobatrachus esculenta
(Amphibian)

160 [5]

Rattus norvegicus liver
(Mammal)

114 34.9 3 Km 6 mM; pH 9.8;
pI 9.4

Homo sapiens liver
(Mammal)

94 34.7 3 Km 5.4 mM; pH 9.9;
pI 9.1

Homo sapiens erythrocytes
(Mammal)

120 Km 9.3 mM; pH 9.7

doi:10.1371/journal.pone.0066057.t004

Figure 7. Phylogenetic tree based on neighbor-joining analysis of amino acid sequences of arginase from H. fossilis and other
organisms. Arginase sequences were aligned using Clustal W and analyzed with the MEGA version 5 (Tamura et al., 2011). The three vertebrate
phylogenetic clades are indicated by bars on the right. The GenBank accession numbers for the sequences used are indicated in parentheses.
doi:10.1371/journal.pone.0066057.g007
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Preparation of cytosolic extract
A 20% homogenate (w/v) of liver tissue was prepared in an

isolation buffer 10 mM Tris-HCl (pH 7.5) containing 300 mM

mannitol, 150 mM KCl, 1 mM ethylene diamine tetra acetic

acid (EDTA), 1 mM b-mercaptoethanol and protease inhibitor

cocktail (Sigma-Aldrich), using a Potter-Elvehjem type glass

homogenizer with a motor-driven teflon pestle. The cytosolic

fraction was separated as described earlier [4]. The supernatant

so obtained contains the solubilized cytosolic arginase, and was

used for purification. All purification steps were performed in a

cold chamber maintained at 4+1uC except for the heat

treatment step. The KCl concentration was varied from 0 to

200 mM in isolation buffer to find out the pattern of release of

cytosolic ARG I loosely bound to outer mitochondrial

membrane.

Purification of Hepatic Cytosolic Arginase
(a) Heat treatment. The cytosolic extract was maintained at

55uC in a water bath with slow constant stirring for 10 min. It was

then immediately cooled on ice. Denatured proteins were removed

by centrifugation at 10,000 g for 20 min, and the supernatant was

used for separation by ion exchange chromatography.

(b) Ion exchange chromatography. The above supernatant

was applied to a 1 x 30 cm anion exchanger (Bio-Rad Macroprep

DEAE) column equilibrated with 10 mM Tris-HCl buffer

(pH 7.5) containing 1 mM MnCl2 and 1 mM b-mercaptoethanol.

Chromatography was performed in a cold chamber using a Bio-

Rad Biologic LP automated gradient system. Column was washed

with 50 mM NaCl (3–5 column volumes or until stable UV

280 nm absorbance is achieved). A linear gradient of NaCl (50 to

250 mM) in equilibrating buffer was applied at a flow rate of

3 mL/min and 3 mL fractions were collected. The arginase

activity was eluted as a single peak at around 160 mM NaCl

concentration. The active fractions containing arginase specific

activity more than 350 units/mg protein were pooled for use in the

next step of purification.

(c) Ammonium sulfate precipitation. In a pilot experiment

it was found that 70% ammonium sulfate precipitated all the

arginase activity. The pooled DEAE eluted fractions were adjusted

to 70% saturation with gradual addition of solid ammonium

sulfate and slowly stirred for 1 h. The content was centrifuged and

the pellet containing the active enzyme was dissolved in a

minimum volume of 10 mM Tris-HCl buffer (pH 7.5) containing

2 mM MnCl2.

(d) Gel filtration. The dissolved ammonium sulfate fraction

was applied to a Sephadex G-100 (1.5 x 50 cm) column

equilibrated with 10 mM Tris-HCl buffer (pH 7.5) containing

1 mM MnCl2. The column was run at a flow rate of 18 mL/h,

and 1 mL fractions were collected. Enzyme activity was eluted as a

single peak. Seven fractions having high arginase specific activity

were pooled and subjected to affinity chromatography.

(e) Affinity chromatography. The pooled active fractions

from the Sephadex column was applied to an arginine Sepharose

4B (Amersham Biosciences) column (1 x 10 cm) previously

equilibrated with 10 mM Tris-HCl buffer (pH 7.5) containing

1 mM MnCl2. The column was washed with 30 mL of

equilibrating buffer. The adsorbed proteins were then eluted by

applying a linear gradient of 0–200 mM NaCl in equilibrating

buffer at a flow rate for 0.3 mL/min and 1 mL fractions were

collected. Three fractions with high specific activity were pooled

and used as the purified hepatic cytosolic arginase (ARG I) from

H. fossilis for further analysis.

Arginase Assay
Arginase activity was assayed according to the method of Brown

and Cohen [65] with some modifications as reported by Saha and

Ratha [23]. The reaction mixture consisting of 25 mM sodium

glycinate buffer (pH 9.5), 2.5 mM MnCl2, 25 mM L-arginine and

suitably diluted enzyme extract in total volume of 2 mL was

incubated for 10 min at 30uC. The reaction was terminated by

adding 20% perchloric acid and protein was removed by

centrifugation. The amount of urea formed was estimated in the

supernatant using standard diacetyl monoxime method (Wybenga

et al, 1971). A unit of arginase activity was defined as that amount

of enzyme, which produced one micromole of urea per hour at

30uC.

Protein Estimation
The protein concentration was determined following the

method of Lowry et al., [66] using bovine serum albumin as the

standard.

Preparation and Validation of Arginase Antiserum
Antiserum for purified hepatic cytosolic arginase from H. fossilis

was produced in a rabbit. An adult male rabbit was injected with

0.5 mg of purified arginase in complete freund’s adjuvant. The

emulsified sample was injected subcutaneously at multiple sites.

Three booster doses of antigen (0.5 mg protein in incomplete

freund’s adjuvant) were given at the interval of 17 days. Ten days

after the last booster dose, blood was collected from the ear vein of

the rabbit. The blood was allowed to clot overnight at 50C. The

serum was collected by centrifugation and stored at 280uC. The
specificity and the titre of antibodies in the serum were tested by

double immunodiffusion on Ouchterlony plates and by enzyme-

immunotitration. Ouchterlony double diffusion technique was

used to determine antibody titration. Purified ARG I was taken in

the central well and six dilutions of the antiserum were taken in the

surrounding six wells in the Ouchterlony plate. Antigen and

antibody were allowed to diffuse freely in solid agarose medium.

When they came in contact with each other a white precipitate

was formed in the zone of equivalence. The titer was visualized

when one titter has the precipitation line and next did not. After

allowing overnight diffusion the precipitin line formed was

photographed. A fixed amount of arginase activity from cytosolic

(both soluble and bound to outer membrane of mitochondria) and

mitochondrial extract of H. fossilis and rat liver was assayed with

increasing concentrations of the antiserum for enzyme-immunoti-

tration. Alteration in the enzyme activity was recorded.

Native and SDS-PAGE- Protein bands were monitored by native

PAGE (8%) under non-denaturing conditions at 4uC and SDS-

PAGE (10%) under denaturing condition according to Laemmli

et al. [67] under denaturing condition with 100 mM DTT and

boiling at 100uC for 10 min. Protein bands were visualized with

acidic silver staining following Mortz et al. [68].

Isoelectric Focusing
Isoelectrofocussing (IEF) was carried out on 5% polyacrylamide

gel containing broad pH range ampholytes (Biolyte 3–10, Bio-

Rad) in a Mini PROTEAN 2-D electrophoresis tube Cell (Bio-

Rad). Purified hepatic cytosolic arginase sample was precipitated

with 3 volumes of cold acetone and centrifuged. The protein

sediment was redissolved and precipitated once again with

acetone. The resedimented precipitate was dissolved in half a

volume of deionized water. 10 mg of protein was loaded on each

capillary gel, and focusing was carried out under constant voltage

conditions at 100V for 10 min and 500 V for 3.5 h. Focused
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capillary gels were equilibrated using DTT and iodoacetamide

solutions (Equilibration buffer I and II of Bio-Rad), positioned on a

12% acrylamide SDS-PAGE minigel (1 mm thick), and electro-

phoresis done according to standard procedures. After electro-

phoresis, resolved protein spots were visualized by acidic silver

staining [68]. A parallel gel with standard IEF marker 3.6–9.5

(Sigma) was also run and stained as above for the attribution of

isoelectric point. Two parallel runs were carried out to assess the

reproducibility.

Western Blotting
Purified arginase was separated on native PAGE (8%) or SDS–

PAGE (12%) as mentioned above and transferred to PVDF

membrane by electro-blotting. The membrane was blocked for

3 h at room temperature in TBS–T buffer (100 mM Tris– HCl

buffer pH 7.6 containing 150 mM NaCl and 0.1% Tween-20) and

5% nonfat milk. The blocked membrane was then incubated with

primary antibody (1:10,000) in TBS-T for 4 hours. After washing

thrice with TBS-T buffer, the membrane was treated with alkaline

phosphatase conjugated secondary antibody (1:2000) for 2 h. The

chemiluminescent signals, corresponding to specific antibody/

antigen reaction on the blots were visualized using ECL reagent

(GE Healthcare Biosciences), and imaged using X-ray film.

Molecular Characterization
The molecular mass of native purified enzyme was determined

by gel filtration with a Sephadex G-150 (Pharmacia) column using

four standard proteins i.e. bovine liver arginase (114 kDa), Bovine

serum albumin (67 kDa), ovalbumin (43 kDa), and chymotrypsin-

ogen A (25 kDa). Blue dextran was used to determine the void

volume. A native PAGE of purified fish ARG I was run along with

molecular mass markers. The purified enzyme and the molecular

mass markers from the native gel were transferred to the PVDF

membrane and western blotting analysis was done using antibod-

ies produced against purified H. fossilis ARG I. Subunit molecular

mass was determined by SDS-PAGE and by Western blotting as

described above. Two bands, a major band at 24 kDa and a minor

band of 48 kDa were observed on western blotting. To find out if

the 48 kDa band obtained on normal SDS PAGE and western

blotting was a true monomer or dimer, the purified enzyme

sample was given stronger denaturation treatment with 200 mM

DTT and boiling at 100uC up to 60 min and western blotting was

performed. Rainbow molecular mass marker (GE Health Care) for

SDS-PAGE and precision plus protein western C standards with

precision protein streptactin-HRP conjugate (Bio-Rad) for western

blotting were used.

Effect of pH and Temperature
(a) pH. The enzyme activity was assayed at different pH (6

to12) at intervals of 0.5 pH unit, using 25 mM potassium

phosphate buffer for pH 6.0 to 6.5, 25 mM Tris-HCl buffer for

pH 7.0 to 9.0, and 50 mM Sodium glycinate buffer for pH 9.5 to

12.0. The results were expressed as the percent of the maximum

activity obtained at the optimum pH.

(b) Temperature. The enzyme activity was assayed at

different incubation temperature ranging from 5 to 70uC, and
the results were expressed as the percent of the maximum activity

obtained at the optimum temperature.

Kinetic Studies
The activity of purified arginase was assayed at different

concentrations of L-arginine at 30uC to find out the Km and

Vmax values. The enzyme activity was also assayed as mentioned

above including several concentrations of inhibitors (L-ornithine

and Nv-hydroxy-L-arginine). The Lineweaver-Burk plot of the

data were plotted using EZfit software to find out the Km and

Vmax values and the Ki values of the inhibitors. All the

experiments were performed in triplicates.

Effect of Metal Ions on Enzyme Activity
The affinity purified hepatic cytosolic arginase was passed

through Sephadex G-25 column and eluted with 10 mM Tris-HCl

buffer (pH 7.5) containing 1 mM EDTA to remove the metal ions.

This enzyme preparation was assayed for arginase activity using

various metal ions. The ability of other metal ions to substitute for

Mn was determined by dialysing purified enzyme against EDTA

buffer, then using the dialysed enzyme in the assay reaction with

addition of 1 mM solutions containing MnCl2, CoCl2, CaCl2,

NaCl, KCl, MgCl2, NiCl2, FeSO4, CdCl2, FeCl3, CuCl2, ZnCl2 or

AgNO3. The results were expressed using the enzyme activity

without any metal ion as 100%.

All of the experiments were carried out in triplicate, and the

results were expressed as the means of the three replicates.

Standard deviations were also determined.

Sequence and Phylogenetic Analysis
Sequence data were collected from the NCBI GenBank

sequence database (File S1). To examine the phylogenetic

relationship of H. fossilis arginase with other known orthologs,

the amino acid sequences of different representative arginases

from monera, fungi, plantae, protozoa and animalia- all known

teleosts, representative amphibian, reptile, bird and mammals

were used to generate multiple sequence alignment and a

phylogenetic tree. Multiple sequence alignments were obtained

using the MUSCLE algorithm. The evolutionary history was

inferred by using the Maximum Likelihood method based on the

JTT matrix-based model [69]. The bootstrap consensus tree

inferred from 1000 replicates is taken to represent the evolutionary

history of the taxa analyzed. Branches corresponding to partitions

reproduced in less than 50% bootstrap replicates are collapsed.

The percentage of replicate trees in which the associated taxa

clustered together in the bootstrap test (1000 replicates) is shown

next to the branches [70]. Initial tree(s) for the heuristic search

were obtained automatically as follows. When the number of

common sites was ,100 or less than one fourth of the total

number of sites, the maximum parsimony method was used;

otherwise BIONJ method with MCL distance matrix was used.

The tree is drawn to scale, with branch lengths measured in the

number of substitutions per site. The analysis involved 28 amino

acid sequences. All positions containing gaps and missing data

were eliminated. There were a total of 111 positions in the final

dataset. Evolutionary analyses were conducted in MEGA5 [71].

Supporting Information

Figure S1 Elution profiles. Elution of hepatic cytosolic ARG I of

H. fossilis from (A) DEAE (B) sephadex G-100 and (C) arginine

sepharose 4B column. Protein (mg/fraction) was detected by

measuring the absorbance at 280 (N), arginase activity is expressed

in micromoles urea formed per hour (m) and the NaCl gradient is

indicated as conductivity (*). (A representative elution profile of

three independent purification experiments.)

(TIF)

Figure S2 Effect of (A) pH and (B) Temperature on the activity

of purified hepatic cytosolic ARG I from H. fossilis. Results are

shown as mean 6 standard deviation of triplicates.

(TIF)
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Figure S3 Sequence alignment of representative prokaryote and

eukaryote arginase genes. Strictly conserved residues are boxed,

bolded and darkly shaded while residues that maintain the physio-

chemical properties of a position are boxed and lightly shaded.

The sequences are identified with a four-letter code based on their

genus and species name and followed by their unique gene

indicator in parentheses. List of species included with their unique

GenBank accession number are provided in file S1.

(PDF)

Figure S4 Dated phylogenetic tree of African clariidae and

heteropneustidae (A) (adapted from Jansen et al., 2006 [63]). Time

scale shows ages in million years (My) before present. The bar

shows geographical era, periods and epiches. E, eocene; O,

oligocene; M, miocene; e, early; l, late; K/T, cretaceous/tertiary

boundary. (B) Fish lineage and genome evolution teleost fish

(adapted from, Volff, 2005 [64]).

(TIF)

Figure S5 A hypothetical scheme of evolution of arginase

isoenzymes. The coloured bars represent mitochondrial arginase

II (blue); cytosolic arginase I (textured yellow); mitochondrial

targeting sequence (MTS) (red); and modified MTS (yellow).

(TIF)

File S1 Sequence data collected from the NCBI GenBank

sequence database.

(XLS)

Acknowledgments

We are grateful for helpful communications with Dr. Himanshu K. Prasad

and two anonymous reviewers.

Author Contributions

Conceived and designed the experiments: BKR SS. Performed the

experiments: SS. Analyzed the data: SS. Contributed reagents/materi-

als/analysis tools: BKR. Wrote the paper: SS BKR.

References
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