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ABSTRACT

ISOLATION AND CHARACTERIZATION OF ARGINASE ISOZYMES

FROM BOVINE LIVER AND BRAIN

by

CHRISTINA CARR

University of New Hampshire, September 1983

A chromatographic method was developed fto Isolate arginase Isozymes
from bovine brain and |iver. The purified proteins were characterized as
to thelr native molecular weight, subunit structure, amino acid composi-
tion, hexose content, behavior on disc gel electrophoresis, and reaction
wiTh polyclonal antibodies raised against a l|iver arginase antigen. An
arginase~-specli flic messenger RNA preparation was also isolated from |lver
polysomes using Immunological techniques.

Two liver and four braln arginases were purified, having similar
native molecular weights, yet different subunit compositions, and
displaying varying affinities for the Mn2* fon that Is required for
complete enzymatic activity, The amino acid compositions of all six
proteins are closely related, although there are some noticeable
disparities, particularly with respect to alanine.

When analyzed by disc gel electrophoresis, a bovine liver or brain

arginase enzyme will appear as a diffuse band. The carbohydrate molety



of these molecules may be responsible for this pattern, but a variable
loss of Mn2t in the electric field also contributes to the diffuseness,
since the migration of each isozyme was observed to change If
separated by electrophoresis In the presence of added MnZt or EDTA.

Several distinct antigenic determinants were recognized by anti-
| iver arginase antibodies. Two of the bovine brain arginase proteins
identified in this work share one of these Immunological sites with the
liver enzyme, while the other two arginases isolated from brain tissue
hold a separate determinant in common with I+, Bovine Iiver arginase
antibodies were also observed fo cross-react with the arginase enzyme In
a mouse |lver homogenate.

An arginase enriched mRNA preparation was translated in a cell=free
system. After Immunoprecipitation and SDS electrophoresis, the
trans|ated broducfs migrated to the same positions as authentic liver

arginase isozymes.

X




CHAPTER |
INTRODUCT | ON

Intermediary metabolism represents the interaction of many related
enzymatic pathways. Hence one compound may serve as precursor to several
very different products, depending on the location of Its producf!on
within a cell, and on the metabolic needs of that cell. lsozymic forms
of an enzyme frequently exist to initiate the appropriate conversions of
such a precursor, Functionally simllar enzymes may arise during the
several stages of cell differentiation (e.g., muscle pyruvate kinase
isozymes M1 and M2, Hance et al., 1982); they may be located in discrete
cellular compartments (e.g., cytosolic and mitochondrial chicken heart
aspartate aminotransferase, Sonderegger et al., 1982); or they may
reslide In two separate tissues (e.g., liver and sallivary gland «-amylase,
Schibler et al., 1980). Similar enzymes may be found In more than one
species of animal as well (e.g., rat and cow adrenal phenylethanclamine
N-methyltransferase, Park et al., 1982). Characterlstics which serve to
distinguish these molecules from each other may result from post-trans-
fational modifications such as glycosylation, sulfation, or phosphoryla-
tion of the proteins. Alternatively, structural and/or functional devia-
tions between isozymes may result from differences In the gene, or,
theoretically, differences In the processing of the nuclear messenger RNA
precursor. Thus, Isoenzymes may originate from closely related genes

(Schibler et al., 1980; MacDonald et al., 1982); they may exist because
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of gene rearrangements accompanying cell differentiation (Early et al.,
1980; Kadowaki and Knox, 1982); or as a consequence of diverse process-
ings of a common mRNA precursor (Alt et al., 1980; Young et al., 1981a).

Any successful characterization and comparison of similar enzyme
activities found within subcellular fractlions, or located within two
dissimilar tissues requires the purification of those proteins to homo- -
geneity. However, the very fact that Isoenzymes are molecules that
differ In some degree can create difficulties when attempting to apply
the same Isolation protocol to them. For example, acetylcholinesterase
occurs In asymmetrical and globular forms In mammallan brain. These
forms exhibit well defined and different solubility properties which
call for alternate methods of extraction (Grassi et al., 1982). Problems
have also been reported durling the separation of the two dopamine@-
hydroxylaﬁes found In adrenal chromaffin granules. Although the only
major distinction between the soluble and membrane-~bound enzymes resldes
In a hydrophobic tail located on the latter protein, this &Ifference
necessitates the use of different extraction and affinity chromatography
schemes (Fischer-Colbrie et al., 1982).

A number of biochemical parameters are usually employed to evaluate
various properties of purified Isozymes: native molecular size and
subunit structure; reactivity with several substrates, cofactors, or
Inhibitors; pH optimum; relative electrophoretic mobility; carbohydrate
composition; solubility properties, and reaction with antibodies. Post-
transiatlional modificatlons of the polypeptide chain are a frequent
cause of isozymic divergence In some of these propertles. Glycosylation

Is a prime example of thls phenomenon. Because the addition of sugars to
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glycoproteins Is not under direct genetic control, but is effected by
the sequentlal action of several glycosyltransferase enzymes, heterogen=-
eity often exists In the carbohydrate portion of these proteins, and
manifests Itself as apparent differences In Isozyme charge, mass, or
conformation. Thus, when analyzed by polyacrylamide gel electrophoresis
(Sidorowicz et al., 1980), sodlum dodecy! sulfate (SDS) electrophoresis
(Rangel~Aldao et al., 1979), or two dimenslional isoelectric focusing
(Hsu and Kingsbury, 1982), Isozymes may present very dissimilar migra-
tion patterns. Removal of the attached.group(s) can restore the nascent
polypeptide charge, and hence moblility In an electric field. This Is not
always true, however, (Chu et al., 1978). Leach et al. (1980) studied
the gel chromatographic and electrophoretic behavior of glycoproteins
in SDS, and could establish no consistent correlation between carbohy-
drate confénf and migratory position. It Is therefore not easy to obtain
rellable estimations of glycoprotein molecular weight in SDS.

Although sugar reslidues have been shown to influence substrate
binding In human alkaline phosphatase (Komoda and Sakagishi, 1976) and
¥Y-glutamyltransferase (Shaw et al., 1980), carbohydrate Is not usually
required for effectlive biological activity In glycoprotein enzymes (Chu
et al., 1978; Fujlsawa et al., 1978; Olden et al., 1982). Instead, the
affixed carbohydrate frequently functions to maintain the proTeIn'ln a
stable conformation (Tashiro and Trevithick, 1977; Chu et al., 1978;
Gibson et al., 1979). Heterogeneous sugar moieties are not often the
cause of Immunological differences between Isozymes because they are not
usual ly antigenic (Shaw et al., 1980; Sidorowicz et al., 1980; Young et

al., 1981b). The enzyme glucoamylase represents an exception, however,
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since Pazur et al. (1981) produced antibodies directed against the
single ol Igosaccharlide qhaln instead of the polypeptide chain of thls
protein. Park et al. (1982) have also suggested that some of the unlque
determinants located on bovine adrena! phenylethanolamine N-methyitrans-
ferase occur because of the appended carbohydrate.

Alternative polypeptide compositions, wlith the attendant possibili-
ties for changes in the secondary, tertiary, and quaternary structures
of the proteins, contribute more conclusively to distinct molecular
properties between Isozymes. Although the two types of chicken heart
aspartate aminotransferase have similar molecular weights, thelr amino
acld sequence homology is low (46%), and their isoelectric points differ
markedly (pH 9.0 vs pH 6.7). This charge difference Is thought to be
Important for the selective Integration of the mitochondrlal enzyme into
the mtfocﬁondrla. Sonderegger et al. (1982) and Sannia et al. (1982)
have further demonstrated that the mitochondrial , but not the cyto-
sollc, isozyme Is first synthesized as a higher molecular welght
precursor.

Intfraceliular serine hydroxymethyltransferase proteins compose
another pair of Isozymes differing In molecular welght, Isoelectric
point, stability, and reactivity toward a secondary substrate (L-allo-
threonine) (Ogawa and Fujlioka, 1981).

Isoproteins Isolated from several tissues display distinctive pro-
perties also. Pancreatic and parotid «-amylase show marked differences
In electrophoretic mobility, isoelectric polnt, and reaction with anti-
bodies. Such a result Is attributed to varlations In the amino acid

composlitions of the two proteins (Sanders and Rutter, 1972).



Fully active testicular dipeptidyl carboxypeptidase Is only two-
thirds as large as the pu]monary enzyme; yet It Is catalytically and
Iimmunologically simlilar to It, In addf+lon, syntheslis of Thé testicular
Isozyme 1s developmentally controlled since I+s activity 1s observed to
rise sharply at puberty In contrast to the steady production of pulmon-
ary activity. El-Dorry et al. (1982) ehployed anti-pulmonary-dipep-
tidyl carboxypeptidase antibodies agalinst in yltro synthesized proteins
from both organs to demonstrate that the Individual sizes and regulatory
properties of the two isozymes are set at the pretranslational level.
These two functionally alike molecules are either, as Young et al.
(1981a) have suggested for mouse llver and sallvary gland «-amylases,
the result of tissue-specific differential transcription of a single
gene, or else they are the products of separate genes. Gene dupllication
need not, however, promote an equal divergence of all of the molecular
characteristics of the resulting isozymes. Alcohol dehydrogenase pro-
teins show disparate kinetic properties (Holmes et al., 1981), yet they
produce similar Immunological responses (Talbot et al., 1981).

After the exlstence of multiple isoenzymes within one or more
tissues has been established, and thelr tralits have been Investigated,
the question of their physiological role(s) may be addressed. Two dlis-
tinct forms of g-mannosidase have been Isolated from goat l|iver, differ-
Ing In thelr pH optima, substrate specificity, and carbohydrate content
(Dawson, 1982). The function of the more active acidic Isozyme In |yso-
somes Is certalin, but the role of the neutral form has not, as yet, been
determined. Glutathlone S-transferase proteins have been divided Into

two groups of related macromolecules on the bases of dissimilar kinetic



and Immunologlical properties (Mannervik and Jensson, 1982)., These en-
zymes are normally classifled as detoxificatlon proteins, but Pattinson
(1981) has suggested that they may serve as Intercellular transport
proteins as well. Arginase (L-arginine amidinohydrolase, E.C. 3.5.3.1)
Is another biological catalyst which has been assigned several roles.
Krebs and Henselelt (1932) originally documented its particlipation in’
lTver ammonia detoxlificatlon via the urea cycle. Since then, arginase
activity has been linked, at times, to the synthesis of polyamines,
and/or the amino aclds proline and glutamic acid - (Yip and Knox, 1972;
Oka and Perry, 1974; Verma and Boutwell, 1981). Terayama et al. (1982)
have recently demonstrated that the arginase in rat liver plasma mem-
branes arrests the growth of mammalian cells in culture,

Because arginase partakes In such a wide range of pathways, isozy-
mic forms 6f I+ probably exist, each displayling specialized molecular
properties (Kaysen and Strecker, 1973; Farron, 1973; Glass and Knox,
1973). Affinity for substrate and native molecular weight are features
that commonly distingulsh these several types of enzymes.

Arginase Is found primarily In the mammalian liver, although
significant amounts are present in numerous other organs which lack a
complete urea cycle such as kldney, mammary gland, thyroid, Intestine,
pancreas, submaxillary gland, eplidermis, and braln, This protein is not
confined to mammalian sources, moreover, but has been located In non-
ureotelic liver (Mora et al., 1965b), ammoniotelic |iver (Peiser and
Balinsky, 1982), earthworm gut (Reddy and Campbell, 1968), and plant
tissue (Legaz and Vicente, 1982) as well,

Since Its discovery eighty years ago (Kossel and Dakin, 1904a and



1904b), ureotellc arginase has been studied extensively. [t catalyzes

the reaction:

HzNCNHCHzCHZCHZCHCOOH;;::EHZNCNHZ + HoNCH2CH2CH2CHCOOH
NH NH, g NH,
L-arginine urea L-ornithine
Arginase Is very speclfic for Its substrate because replacement of
elther the free guanidino, or the free carboxyl group of arginine re~
sults In a noticeable loss of activity (Greenberg, 1960). Furthermorse,
the length of the carbon chain Is critical. Decreasing Its slize to four
carbon atoms (¥-guanidinobutyric acid), or Increasing it fto six carbons
(e-guanidinocaproic acid) prevents the production of urea. Substitution
of a carbon by an oxygen atom as In canavanlne (¢-amino-¥~guan!dinoxy-n~
butyric acid), on the other hand, does not Inhibit enzymatic action
entirely. Gross (1921) first observed inhibitlon of arglnase by It+s end-
product ornithine. Hunter and Downs (1945) examined arginase Inhibition
by amino aclids, and found ornithine and lysine to be compéfi+lve
inhibitors, while glycine, alanine, oc-aminobutyric acld, and norvaline
were Increasingly more effectlive noncohpeflfive Inhibltors. Greenberg
(1960) suggested that citrate buffers could repress arginase activity by'
chelating the activating lon required by arglnase (see below). Although
Archibald (1945) noted the ability of borate solutions to adversely
Influence the hydrolysis of arginine by arginase, and Greenberg (1960)
assumed that this phenomenon was related to the carbohydrate component
of the molecule, It was only recently that Pace and Landers (1981)

proved that this Inhibition was noncompetitive,

Mammallan arginase Is an ollgomeric protein (Hlrsch-Kolb and Green-



berg, 1968; Sakal and Murachi, 1969; Viel le=Breltburd and Orth, 1972)

which requires activation by a metal ifon for complete catalytic activity
(Hirsch=-Kolb gt al., 1970 and 1971). While manganese (Mn2*) |s the best
metal fon for activating argfnase, nickel and cobalt fons have been
shown occaslonally to enhance (or Inhibit) arginase action (Mohamed and
Greenberg, 1945; Campbell, 1966; Hirsch-Kolb and Greenberg, 1968; Hlrsch
et al., 1970). Mohamed and Greenberg (1945) probosed that arginase
actlvation resulted from the reversible conversion of an Inactlve 'pro-
arginase' proteln to an active arginase molecule according to the equa-
tion:
| proarginase + me+a|2+5====é arginase - metal
Greenberg (1960) suggested that the cofactor binding site becomes
accessible to the activating metal only after a structural rearrangement
of the enéyme. Using starch gel elecfrophorésls, Campbell (1966)
obtained evidence for such a transformation of rat I|iver arglinase.
Arginase actlvation occurs very slowly at room temperature. Archi-
bald (1945) reported that arglinase activity could be Increased by adding
some manganous chloride to a |lver mash, and then heating it. Activation
of arginase by Mn2* s therefore dependent on temperature, and Is optimal
at 55°C (Schimke, 1962). Hirsch-Kolb et al. (1971) conducted a serles of
nuclear magnetic resonance (NMR) studies on Mn 2+ binding to rat tiver
arginase, and determlined that four moles of metal were bound per mole of

2+

fully activated protein. Two moles of Mn were easlly removed and

restored without an irretrievable loss of'arglnase activity, but with-
drawal of the second two itons completely Inactivated the enzyme. Because

2+

the reactivation by Mn“" was discovered to be pH Independent, between pH

Vs



7-9, the authors concluded that the metal did not bind to Iigands on the
surface of the proteln, but Instead I+ nestled Into a pocket of the
molecule. They further theorlzed that the weak and tight Mn2t binding
sites were not fixed, but that after the two easily dissociated ions
left the metal - protein complex, the conformation of the enzyme changed
to facilitate a more secure binding of the remaining Tons. Hence, the

rate-1imiting step In MnZ*

activation was postulated to be a reversal of
this structural modiflication so as to allow all of the ifons required for
complete activity to return. Ralsing the temperature would Increase the
rate of this reorganization, and would explain the observed temperature
dependence of the actlvation process.

A study of rabbit liver arginase (Vielle-Breltburd and Orth, 1972)
presented a contrasting scenario, however, Here the catalytic efficliency
of the purifled enzyme was only marglnally enhanced by Incubation with
MnZt at 55°C, implylng a flrm retention of the metal throughout the
isolation scheme. Inactivation, resultling from chelation of the metal
lons, proceeded very siowly, and was completely reversed by the addition
of MnZ* to the preparation without a preincubation period. The authors
concluded that changes In protein conformation that occurred as a
consequence of activation were minimal because antibodies raised to the
natlve ol igomer recognized the ethylenediaminetetraacetic acid (EDTA)-
Inactivated form equally well. The activation process for liver argin-
ase, therefore, appears to be dependent upon Its animal source,.

The question of the possible catalytlic activity of the arginase
monomer has been addressed, and has been recently resolved. Sorof and

Kish (1969) used gel fllitration to separate soluble rat liver protelns.



Without a prior metal activation of the resulting fractions, most of the

2+ was

arginase activity eluted at a molecular welght of 120,000; when Mn
employed as activator, however, a second peak of enzyme activity (as-
sumed to be the arginase monomer) of a molecular welght of 30,000-40,000
appeared. The authors could not establish whether this smal ler species

2+, or whether it associated In the presence of Mn 2+

of arginase bound Mn
to a catalytically active ol igomeric form,

Baraficzyk-KuZma et al., (1976) also reported the separation of rat
lfver arglnase Into two forms on a Sephadex G=150 column. Monomeric
arginase was actlve after Mn2+ had been added to I+, The tetramer did
not need added Mn?* for 1ts function. The cémplefely inactivated (after
EDTA treatment) enzyme moved more rapidl!y toward the anode on polyacryl-
amide gel electrophoresis than did the native protein, and it exhibited

2+ present, When the Inactive subunit was

catalytic aéflvlfy only with Mn
renatured with MnZ* and reanalyzed by electrophoresis, 1t migrated to
the same position as the oligomer, These results Indicate that the EDTA
caused a dissoclation of the enzyme Into Inactive subunits which recom-
bined to the active, native molecule when cofactor was added. Viel le-
Breltburd and Orth (1972) provided further evidence that formation of

2+

the oligomer required Mn“', However, they reported the additional fact

that after dissociation of rabbit Ilver arginase at low pH or in SDS and

2% there exlIsted an enzyma-

2-mercaptoethanol, and reactivation with Mn
tically active molecule which possessed a smal ler sedimentation coeffi-
clent than that of the native protein, The arginase subunit was there-
fore postulated to be active upon Incubation with It+s cofactor, Mn2+.

Aguirre and Kasche (1983) Immobilized rat |lver arginase monomers by



coupling them to Sepharose beads, and determined thelr reactivation
properties. The monomer was agaln seen to catalyze the hydrolysis of
arglinine after renaturation with MnZ*, The tertlary structure of a
single subunit was concluded to be sufficlient for the expression of
enzymatic activity in oligomeric enzymes, such as rat |iver arglnase,
which appear to be composed of Identical monomers., The quaternary organ-
Ization of arginase was suggested to particlpate In the regulation of
Its activity, and To provide a favorable conformation for stable MnZ+
binding. Caravajal ef al. (1977 and 1978) reported simllar results for
human |lver arginase,

Campbel |l (1966) remarked on the apparent differences In properties
(lee, stabllity, specific activity, and electrophoretic mobility) bet-
ween varlous types of Ilver arginase, and postulated that an Incomplete
saturation of the enzyme with MnZ+ might produce several 'arglinases!',
displtaying distinctive qualities, while they were In reality
distinguishable only by an abnormal metal content. Boutin (1982) des~-
cribed such a phenomenon as 1t affected the characterization of the
arginase proteln Isolated from Iris bulbs. The purified preparation was
separated by electrophoresis on a polyacrylamide gradient gel, and
sections of the gel were tested thereafter for hydrolytic efficlency.

When assayed without MnZ*

» only a single band of protein (corresponding
to the native enzyme) exhibited arglnase activity; several bands were
active [f cofactor activation was first employed. Boutin (1982) proposed
that ollgomeric arginase was disassembled during electrophoresis when i+
lost Mn2t [n the electric fleld. Incubation of the sample at the

2+

conclusion of the electrophoretic run with Mn al lowed the dissoclated
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subunits to regaln catalytic activity by regaining their missing metal.

These type of results emphasize the need for safeguards during
purification and characterization of the enzyme(s) against the potential
production of artifactual molecules. Previous reports of the arginase
enzymes from plg liver, rabbit Iiver, and human |iver have suggested
that the multiplicity of arginase-like protelns observed during thelr
Isolation could arise from aggregation of the native molecule which
would affect Its hydrodynamic properties (Sakal and Murachi, 1969), or
from oxldation of the normal subunits which would alter thelr charge
characteristics (Sakal and Murachi, 1969; Vielle=Breitburd and Orth,
1972; Beriiter et al., 1978). Rat llver arginase Is an excellent example
of a macromolecule which, because of seemingly minor modiflcations In
the methods utilized to purlfy i+, presents Itself elther as one protein
(Schimke, 1964; Hirsch=Kolb and Greenberg, 1968; Hirsch-Kolb et al.,
1970; Herzfeld and Raper, 1976; Pelser and Ballnsky, 1982), or two
(Gaslorowska et al., 1970; Porembska et al., 1971; Porembska, 1973;
Kaysen and Strecker, 1973; Cheung and Raljman, 1981).

Hirsch-Kolb et al. (1970) compared the physico-chemical properties
of lIlver arglinase proteins from sever;l ureotelic specles. Mn2* was
unlversally essentlial for complete catalytic activity, while the molecu-
lar welghts, Mlchéells-Menfon constants, and pH optima of all of the
proteins that were studied were also similar. Nevertheless, these argin-
ases were divided iIntfo two groups on the basis of thelr variable
avldlfles.for Mn2*, and their discrete charge characteristics. Thus,
dlalysis for one day easily removed a substantial portion of the MnZ+

bound to beef, monkey, and rabbit arginases. Prolonged dialysis produced



a permanent -inactivation of these protelns., Mouse and rat arginases, In
contrast, lost Mn2* much less easlly, and the resulting decrease in
enzyme activity could be restored almost entirely by Incubatlon with
Mn2+° Baslc arginases bound to CM-cellulose at pH 7.5, while neutral or
slightly aclidic proteins would not. The latter enzymes (from beef,
rabbit, and monkey liver) were found to be less stable during purifica-
tion and analysis by lIsoelectric focusing. This Iinstability was
attributed to the looser associatlion between MnZ* and protein In the
“native enzyme-metal complex.

The behavior of arginases on the anion exchanger DEAE-cellulose has
also been investigated (Porembska et al., 1971). Two Isozymes were
resolved from liver and kidney tlssues from several speclies only If the
pH was maintained at 8.3. At other pH values, no arglnase activity would
bind, and Instead, the isozymes would co-elute in the void volume peak.
The proportion of the activity In these two form; varled between spe-~
cies. Most of the arginase activity in the livers of man, cat, dog,
rabbit, and rat did not adhere to the column (isoenzyme Ay), while a
large amount of pig, calf, horse, and ox arginase activity was retalned
(Isoenzyme Az). The two arginase isozymes from each animal In this study
probably were not produced artifactually since no Interconversion of the
two forms was observed, that Is when one of Then1(A1) was rechromato-
graphed, a single peak of enzyme was eluted from the column at its
original position.,

The Interaction of a protein with an lon-exchange column Is a
reflection of its molecular charge. The charge of an enzyme also Influ-

ences [ts mobility during disc gel electrophoresis. Basic arginases from



rat (Schimke, 1964; Hirsch-Kolb and Greenberg, 1968) and mouse (Stewart
and Caron, 1977) |lver have been shown to move toward the cathode.
Neutral enzymes from pig (Sakal and Murachi, 1969), rabbit (Vielle-
Breltburd and Orth, 1972), beef (Harell and Sokolovsky, 1972), and
monkey (Terasaki et al., 1980) were shown to migrate to the anode.
Determination of the Isoelectric point (pI) of several mammallian argin-
ases conflrmed their division Into two discrete classes of protein. The
pI of the basic rat and dog arginase enzymes Is 9.4. Neutral (acidic)
arginase protelns have a pl ranging from pH 5.9 (beef) to pH 7.5 (monkey).
Separation of arginases Into two classes on the basis of thelr
antigenic properties Is not as easily accomplished. Sheep anti-rabbit
arginase antibodies partially cross-react with the rat enzyme (Vielle-
Breltburd and Orth, 1972), while rabbit anti-rat arglnase antiserum
reacts with the arginase protein from man, dog, monkey, cow, cat, pig,
and ox (Mora et al., 1965b), and rabbit anti-human arginase antibodies
preclpifafe'monkey arginase (Terasakl et al., 1980). Alterations In
the primordial protein which have modlfied the charge characteristics of
Its descendants have therefore not affected its antigenic determinants
as slgnificantly. This observation of the cross-reactivity of arglnases
between speclies Is comparable +to studles of the antigenicity of myoglo-
bin, a proteln In which all of the antigenic determinants are known tfo
reside In a continuous, conformationally distinct, portion of Its sur-
face. The antibodles to sperm-whale myoglobin produced In six different
animals wll!l recognize only these sites, and will cross-react and auto-
react equally well with myoglobins from many sources (Twining et al.,

1980).



Subcellular fractionation by centrifugation In sucrose solutions
demonstrates that arginase activity Is distributed between nucleus
(40%), cytosol (4-7%), microsomes (28-37%), and mitochondria (19-24%)
(Mora et al., 1965a; Gaslorowska et al., 1970). Repeated washing wlith
salt has been shown to release 70% of the activity originally assoclated
with microsomes (Mora et al., 1965a), and 90% of the Initfal mitochon-
drial activity (Cheung and Ral jman, 1981), This would explalin the re-
ports (Rosenthal et al., 1956; Schimke, 1962; Porembska gt al., 1971)
that most of the arginase of rat |lver tissue Is scluble upon homogeni-
zatlon In electrolytic buffer. Crude mitochondrial and microsomal argin-
ase preparations (prior to salt treatment) are dl§+lngu!shable by their
differential activation by MnZ*: the former fraction Is unaffected by
preincubation with cofactor, while the activity of the latter prepara-
t1on Increases 60% (Cheung and Ral jman, 1981). Both enzymes are more
active at pH 9.5 than at pH 7.4, The arginase protelns which remalin
firmly bound to organelles even after several salt rinses are consldered
to perform a necessary cellular function elther In the excretion of urea
(microsomal arginase), or In the transport of ornithine Into mitochon-
dria (mitochondrial arginase).

Relatively little Is known about arginase proteins in other than
liver tissue, and the detalled studles that do exist have dwelt almost
exclusively on rat and mouse organs. There Is much more arginase actliv-
ity In ilver tissue as compared to other tissues., For example, rat brain
(Gaslorowska et al., 1970; Herzfeld and Raper, 1976), mouse brain
(Stewart and Caron, 1977), and rat thyrold (Matsuzaki et al., 1981) havé‘

one thousand times less arginase actlvity than the |lver, whereas lac-



tating rat mammary gland (Yip and Knox, 1972) has one-fourth of the
Iiver activity. Arginase enzymes from other organs share some general
molecular propertlies with the liver protein. For example, kidney, braln,
and submaxiilary gland arginases have been shown fo be of the same
molecular welght as the |iver enzyme (Gaslorowska et al., 1970). Rat
mammary gland (Glass and Knox, 1973) and rat thyrold (Matsuzaki et al.,
1981) arglinases requlre heat activation with Mn2+, while, on the other
hand, thls procedure Is not essentlal for rat kidney arglinase activity
(Kaysen and Strecker, 1973), The activity of particutate, but not
soluble, mouse epidermal arginase rises by 50% following Incubation with
MnZ* at 55°C (Verma and Boutwell, 1981).

The fundamentally different nature of the |lver proteins becomes
apparent when the analysis Is on a more sophisticated basis. The two
kidney arginase lsozymes in man, cat, rat, rabbit, horse, ox, calf, and
pig can be separated from the comparable liver protelins by chromato~-
graphy on DEAE-cel lulose at pH 8.3 (Porembska et al., 1971). Mos+ (88~
97%) of the kidney arginase activity (In contrast to the [lver activity)
was retained on the column, and was reported to adhere strongly o
subcellular fractions as well. The (minor Az) liver and (major A,)
kidney Isozymes which bound to the anlon exchanger were different
protelns because they were eluted by different conditions of salt.

Arginase from four rat tissues (liver, kidney, submaxillary gland,
and brain), when fractionated on DEAE-cellulose, always presented itself
as two peaks of activity (Gaslorowska et al., 1970). Peak || (retarded
by the DEAE~cellulose) lost much of Its activity durlng storage for

several days at -10°C, whereas the activity In the void volume peak



(peak |) was quite stable to this treatment. The Ky value determined
for all of these crude prepara+|9ns was the same. The electrophoretic
mobilities and antigenic properties of arginase proteins from rat liver
and submaxli|lary gland were allke, and distinguished these enzymes from
the arglinases iIn rat kidney, Intestine, pancreas, and mammary gland
(Kaysen and Strecker, 1973; Glass and Knox, 1973; Redd! et al., 1975;
Herzfeld and Raper, 1976).

Data such as the above have provided a molecular foundation for the
hypothesis that the arginase activity in organs without a true urea
cycle Is furnished by Isozymes of arginase which are likely to partici-
pate In a metabolic pathway other than ammonia detoxification. The
probability of a second role for arginase Is well illustrated by Its
presence in the brain, a tissue where ammonia Is removed largely as
glutamine (Berl et al., 1962). Sporn et al. (1959) initially offered
evidence of arginase action In this organ by observing the synthesis of
urea from radiocactive arginine injected Into |iving rat bralins. Ratner
et al. (1960) tested homogenates directly, and confirmed the existence
of arginase protein in the brains of rat, steer, monkey, man, and guinea
pig. The activity of the enzyme varied among the animals examined: the
speciflic activity of the rat preparation was five times greater than
that of the steer. Homogenates assayed wlthout exogenously added MnZt
expressed 5% of the full activity determined after prelncubation with
this metal. Rat brain arginase was ten times less active at pH 7.5 than
at pH 9.5.

Arginase activity Is not distributed uniformly fthroughout rat brain:

cerebellum has twice the activity of cerebral cortex (Sadasivudu and



Rao, 1976). Its assignment in cerebellum may be to furnish ornithine as
the precursor to glutamic acid whléh Is needed fof controlled brain
functlion.

Differential centrifugation in sucrose showed that most of the ox
(Gaslorowska et al., 1969) and rat (Gaslorowska et al., 1970) braln
arginase activity Is assoclated with mitochondria. DEAE-cel lulose chrom-
atography at pH 8,3 permitted the separation of the two forms of argin-
ase In these brains., Those Isozymes that bound to the DEAE-cel lulose did
so more firmly than the corresponding rat |iver proteln, and therefore
were probably different from It. The two semi-purified ox braln argin-
ases had the same Km'value, but different stabilitles (the void volume
peak which represented 30% of the recovered activity was Inactivated by
heat much faster than the other, retained, isozyme). Stewart and Caron
(1977) reported that mouse braln contains two arglinases which are very
stable to heat treatment, and have similar Michaelis-Menton constants
for arginine. These enzymes are unlike the single mouse !iver arginase
proteln,

Arginase enzymes from brain tissue have not, as yet, been completely
purifled and characterized. The Investigation detalled hereln was under-
taken to accomplish this for the arglinases In bovine brain, and to
compare some of thelr molecular properties with those of bovine liver
proteins isolated concurrently. Preliminary evidence indicates that
bovine braln and Iiver arginases are dilfferent molecules (Stewart and
Caron, 1977). A homogeneous bovine llver arginase has been analyzed
(Harel| and Sokolovsky, 1972; Kuchel et al., 1975). This protein Is

similar to the well studied rat enzyme (Schimke, 1964; Hirsch-Kolb and
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Greenberg, 1968) in molecular welght, Svedberg constent, partial spec-

ific volume, Mn2*

composition when fully activated, and hexcse content,
It differs from the rat liver arginase In electrophoretic mobility on
polyacrylamide gels, Isoelectric point, speciflc activity, and stability
after prolonged dlalysis.

The latter stages of the purification protocol used by Harell and
Soko | ovsky (1972) could not be reproduced satisfactorily in the current
study, and instead another purlfication method was developed which
ylelded two different homogeneous | iver Isozymes and four distinct
braln arginases. These enzymes were named on the basis of thelr behavior
during the I1solation scheme: (L) denoted a llver arginase and (B) a
braln arginase; 1 or 2 deslignated nonadherence or adherence,
respectively, to a DEAE-cellulose column; A or B described the order of
elution from a column of Octyl Sepharose. Thus, for example, B1A was the
braln Isozyme which came through In the void volume peak of a DEAE~
cellulose column and eluted first from an chyl Sepharose column.
Several physico-chemical properties of these bovine arginase proteins
were determined, Including native molecular weight, subunit size,
affinity for MnZ*, electrophoretic mobility, and pH optimum. The Ilver
protein L1B, which corresponded to the arginase described by Harell and
Sokolovsky (1972), was used to produce antibodies in rabbits, and
immunological similarities between the purified liver and brain arginase
Isozymes were ascertained. The final step In the study consisted of the
Isolation of the liver arginase messenger RNA from polysomes by immuno-

logical techniques.



CHAPTER Il

MATERIALS AND METHODS

Materlals

Bovine |lvers were obtalned from the J.T. Trelagan Co., Cambridge,
Massachusetts. The fresh tissue was frozen and stored at -20°C.

Mature bovine bralins were obtained from Pel-Freez Blologlicals,
Rogers, Arkansas and stored at -20°C.

New Zealand White rabbits were purchased from Locke Hill Farms,
Barrington, New Hampshire. Food (Agway, Inc.) and water were provided
ad 1ibitum.

All cﬁemlcals were reagent grade or the best grade commerclally
avallable. All buffers were prepared with water purifled by reverse
osmosis, delonization and filter steritization (Milll Q, Millipore

Corp., Bedford, Massachusetts).

Arginase Assay
The method of Riiegg and Russel| (1980) was employed to assay for
arginase activity. Dowex 50W-X8 (200-400 mesh, H+ form) was purchased
from Blo~Rad Laboratories, Rlchmond, Callfornla. It was washed with 1 M
HC! (5 x wet welght of resin), flltered through a Buchner funnel to
remove the acid, and then washed ekfenslvely with water., The resin was
stored as a 1:1 (w/v) suspension In water. Substrate, L-(guanldo-14C)

arginine was obtained from New England Nuclear, Boston, Massachusetts,
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and stored at -20°C. It was purifled by placing a 10 uCl aliquot on a
1.0 ml column of Dowex (see above), followed by 6 ml of water, and then
6 ml of 2 M HCI. The (140) arginine was eluted with 12 ml of 6 M HCI,
then dried on a rotary evaporator, andlfhe residue dissolved In 1 M
arginine (Baker) (which had been adjusted to pH 9.7 with 6 M HC1) such
that 25 pl of this solution contalned approximately 40,000 dpm. Buffer |
was composed of 750 mM glycine, 0.02% thymol blue, adjus*l'ed to pH 9.7
with 4 M NaOH., Buffer 2 consisted of 250 mM acetic acid, 7 M urea, 10 mM
arginine, 0.001% methyl red adjusted to pH 4.5 with 4 M NaOH. The
solution used to dilute the enzyme to an approprliate concentration was
10 mM Trls-HCI, 10 mM MnCl,, 2 mg/m| BSA, pH 7.4,

Each reaction mixture contalned the following components In a final
volume of 200 ul: 25 ul buffer 1; 25 ul (140) arginine (see above);

150 pl water. Liver and/or braln preparations or dilutions thereof
were activated at 55°C for ten min. After a ten min prelincubation of
the reaction mixture at 37°C, 50 ul of the activated enzyme solution
was added to It. Control values were obtained by using 50 ul of the
enzyme dllution buffer In place of the protein. The initfal concentra-
tions the components were: 100 mM arginine; 40,000 dpm (140 arginine;
75 mM glycine; 2 mM MnCl,; 0.002% thymol blue, pH 9.7.

The reaction was allowed to proceed for 30 mln at 37°C in a shaking
water bath, and it was terminated by the additlon of 0.75 m| of buffer
2. A 0.4 ml portion of the Dowex resin suspension }(see above), which was
rapidly stirred during pipetting, was added to eac.h tube. The capped
tubes were mixed on a Vortex-Genle mixer and centrlfuged at 1600 rpm for

1 min. An allquot (0.7 ml) of the resin supernatant was placed In a
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scintlllatlion vial containing 10 ml 6f elther Scinti-Verse ™ (Fisher)
or Scint AT™ (Packard) scintillation cocktall. Radloactivity was deter-
mined In a Nuclear Chicago Mark Il Ifquid scintillation counter, and,
using the external standard method, the cpm values were converted to dpm
values.

Units of arglinase (a unit Is defined as the amount of enzyme that

produces 1 pmole urea/min at 37°C) were obtained from the equation:

2(b=c)
axt

m X

where m = 25 umole of arginine

total dpm of (14c) arginine In each assay mix

a=

b = dpm in 0.7 ml of resin supernatant of test sample
¢ = dpm In 0.7 ml of resin supernatant of control

t+ = time of ITncubation (min)

Proteln concentration was measured by the method of Warburg and

Christian (1942) oé Bradford (1976).

Purification of Liver and Braln Arginases

All puriflication procedures were carried out at 4°C unless
otherwlse noted. A protein determination and an arglinase assay were
performed at each stage of the protocol wlth the exception of the
ammonlum suiffate and acetone precipltation steps. The purification
procedure Is diagrammed In Fig. 1. The early stages of the Isolation of
arginase from |lver tissue (steps 1-4) were patterned after the method

of Harell and Sokolovsky (1972).




Fig. 1.

Scheme for purlflcatlion of bovine |iver

and braln arglnases
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EXTRACTION
4
STEP A. AMMONIUM SULFATE PRECIPITATION
(BRAIN ONLY)

ACETONE PRECIPITATION

l

HEAT TREATMENT

DEAE-CELLULOSE CHROMATOGRAPHY

CM-CELLULOSE CHROMATOGRAPHY

GEL FILTRATION ON SEPHADEX G-150
(2 times)

OCTYL SEPHAROSE CHROMATOGRAPHY
(2 t1mes)
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Step 1. Extraction of Starting Material

Portions of bovine liver or braln were partially thawed, cut Into
small pleces, and homogenized with a Polytron homogenizer (Brinkman
Instruments, Westbury, New York) In 0.01 M Tris~HCI| + 0.1 M KCI, pH 7.5
confalning 0.05 M MnCl, (3 mi/g wet welght). The homogenate was
centrifuged at 13,200 x g for 15 min In a Sorvail RC2=B centrifuge.
Lipid material was removed from the supernatant by flltration through

glass woo!, and the pH of the solution adjusted to 7.5 with 1 M NaOH,

Step A. Ammonium Sulfate Precipitatlon-Braln Only

The brain extract was made 45% saturated in ammonlum sulfate
(Baker). It was then refrigerated for 20-25 min prlor to centrlfugation at
13,200 x g for 15 min. The supernatant was made 70% saturated In
ammonium sulfate, stirred for 20 min, and centrlfuged as above. The
pellet was dissolved In 0.01 M Tris-HCI, pH 7.5 + 0.001 M MnCl, (10% of
the original volume) and dialyzed against 1 liter of this buffer with

3 buffer changes.

Step 2. Precipitation with Acefone

The lliver extract (step 1) or the dialyzed product of the ammonlum
sul fate preclpl+a+lén of the braln extract (step A) was mixed wlth 1.5
vol. of -20°C acetone. The acetone was added slowly with constant
stirring so that the temperature did not exceed 10-12°C. The mixture was
stirred for 10 min at 6-8°C, and then centrlfuged at 13,200 x g for 15

min. The pellet was homogenized In 0,01 M Tris~HCI, pH 7.5, containling
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0.001 M MnCl, on a Polytron homogenizer (the volume corresponded to 0.5
vol of the dialyzed ammonium sulfate solution In the case of the braln
preparation, and It equaled 0.7 vol of the origlnal welght of the tissue
In the case of the Illver preparation). Any undissolved material was
removed by centrifugation (13,200 x g, 10 min)., The supernatant was
dlalyzed against 0.01 M Tris=HCI, pH 7.5 (10-15 vols) with 2 changes of
buffer to remove traces of acetone. The pH of the dlalyzed

preparation was adjusted to pH 7.5 as needed.

Step 3. Heat Treatment

The solution obtained from step 2 was heated for 20 min In a 60°C
water bath. |t was then cooled In an Ice bath with constant stirring to
4°C, and centrifuged for 10 min at 13,200 x g to remove the precipltated
materlal. The supernatant was concentrated to approximately 10 ml
(brain), or 25 ml (llver) under N, (30 psl) using a PM-30 Diaflow

pressure ultrafiltration membrane (Amicon), and frozen at -20°C.,

Step 4. Chromatography on DEAE-Cellulose

A.legL.ZBInlpbrflons<yf+he material from the preceding step
were thawed, dlalyzed against 1 |iter of 0.05 M Tris-HCI, pH 7.8 with 1
change of buffer, and appllied to a 3 x 53 cm DEAE-cellulose column
(Schlelicher & Schuell, DEAE-20) which had been equilibrated with the
above dlalysis buffer. A pump was used to maintalin a flow rate of 25
mi/hr during sample appllication and elutlion. 10 ml fractions were
col lected, and those contalning enzyme activity were pooled (Pool 1) and

frozen at =20°C.
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.b. Brain. 100 ml aliquots of the preparation obtained In step 3
‘were thawed, and loaded onto a 3 x 50 ¢cm DEAE-cellulose column, pre-
equllibrated with 0,01 M Tris=-HCI, pH 7.5. Flow rate and fraction size
were the same as for the |iver samples. The column was washed with
equilibration buffer until the absorbance at 280 nm decreased to 0.1, at
which time a gradient elution system was Initiated consisting of:

300 ml 0.0t M Tris=HCI, pH 7.5 |
+ 300 ml 0.01 M Tris=-HC! + 0,15 M KCI, pH 7.5
The pool of active enzyme which was eluted with the equilibration buffer
(Pool 1) was concentrated to 20 mi, and frozen at -20°C. Enzyme
fractions eluted with the salt gradient were pooled (Poo! 2), dialyzed
against 2 |iters of equilibration buffer with 1 change, concentrated to

10-15 ml, and frozen.

Step 5. Chromatography on CM=Cellulose

Portions of material from step 4 (100 m| for the braln preparations
and 130-140 ml of the ilver solution) were thawed, and dlalyzed agalnst
1.5 liters of 0.01 M Tris=-HCl, pH 7.0 (2 changes). The pH of the final
dialyzed solution was adJusted to 7.0, and the sample was centri]fuged at
17,300 x g for 15 min. The supernatant was app]led to a 3 x 53 cm
column of CM-cellulose (Whafmén, CF11) which had been equilibrated with
0,01 M Tris=HCI, pH 7.0. A flow rate of 25 m!/hr was kept constant with
a pump, and 10 ml fractions were collected. Enzymatically actlive
fractions, eluted with the equilibration buffer, were concentrated to
5-10 ml, and frozen at -20°C. Contamlnating proteins which bound to the

column were removed with a buffer consisting of 0.01 M Tris=~HClI
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+ 0.5 M KCI, pH 7.0.

Step 6. Gel Fliltration on Sephadex G=150

The enzyme solution from the last procedure was +hawéd and made
0.05 M 1n NaCl by the addition of solld NaCl (Baker). |t was then loaded
onto a 3 x 54 cm Sephadex G-150 column (Pharmacia) In 0.01 M Tris-HCI| +
0.05 M NaCl, pH 7.5. 3 ml aliquots were collected at a flow rate of 18
ml/hr. Fractions containing enzyme were pooled, concentrated to 5-6 mi,
and reapplied to the Sephadex G-150 column. Actlve fractions from this
second run were also pooled, and concentrated to 5-6 m!| before being
dlalyzed against 1 |iter of 10 mM potassium phosphate + 0.2 mM
dithiothreitol (DTT), pH 7.0 (buffer A) with 2 changes of dlalyslis

buffer.

Step 7. Hydrophobic Chromatography on Octy! Sepharose

A 0.7 x 13 cm column of Octyl Sepharose (Pharmacia) was
equillbrated with 10 mM potassium phosphate + 0.2 mM DTT, pH 7.0 which
was 40% saturated with ammonium sulfate at 20°C (buffer B). The dlialyzed
G-150 sample was made 40% saturated In ammonium sulfate by addition of
the solld, and the resulting solution was centrifuged at 17,300 x g for
10 min to remove any undissolved material. The supernatant was placed on
the column at a flow rate of 25 mi/hr, and 3 ml fractions were
collected. The column was washed with buffer B until the absorbance at
280 nm fell to 0.1. A linear gradient elutlion system was then Initliated

which consisted of:
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6 column vol buffer B
+ 6 column vol buffer C
Buffer C was composed of 80% ethylene glyco!l in buffer A, Finally the
column was washed with 3=4 column vol of buffer C. Gradlient composition
was determined by measuring the conductivity of every 10th fraction on a
YS! Model 31 conductivity bridge, and comparing their values to those of
a set of solutions of known composition. Fractions having enzyme
activity were pooled, and dialyzed agalnst 2 |Iters of buffer A for 9-10
hr with 2 buffer changes. The pools were subsequently concentrated fo 3-
6 ml, reappllied to a (new) 0.7 x 6.5 cm Octyl Sepharose column, and
eluted as above. The actlive fractions from this second run were dlalyzed
agalnst buffer A for 9 hr, followed by concentration to 3-5 ml. The
pools were then assayed for enzyme actlvity and protein content before

belng frozen at =-20°C.

Characterizatlon of the Enzymes
A. Disc Gel Electrophoresis

Disc gel elec+rophoreéls of the liver and braln arglinase
preparations after Octyl Sepharose chromatography was performed
according to the method of Davls (1964) on 5% acrylamide gels. The
standard anodic gel system that stacks at pH 8.9 and runs at pH 9.5 was
used. Separating gels were Initially run for at least one hour In a
contlnuous buffer system (a 1:8 dilution of Tris-HCI buffer) to
eliminate oxldatlve contaminants of gel polymer!za+loﬁ. Tubes of 13 cm

In length and 5 mm In Inslde diameter were used, and these contalned 4.7



30

cm of separating gel and 0.9 cm of stacking gel.

Dupliicate gels of L1B and B1B arglnase were run at a constant
current of 4 mA/gel. Approximately 30 pg of proteln was loaded onto
each gel. The migratlion pattern of arginase was determined by staining
one of each palr of gels for protein with 0.5% Buffalo Black 'NBR, and by
enzyme assay of slices from the other unstained gel. After electrophor-
esls fhesé latter gels were cut Into 2 mm slices, each slice was placed
.In a capped plastic tube holding 0.2 ml of the enzyme assay mixture,
crushed Into small pleces with a glass rod, and incubated at 37°C for 30
min (liver) or 240 min (brain). Samples were processed thereafter
according to the standard assay protocol. Gels were photographed wlith
Polarold Type 55 P/N fllm using a Polarold MP-3 Land camera, and scanned

at 620 nm on a Joyce Loebl Chromoscan.,
B. Subunit Molecular Weight Determination

1) One Dimensiopal SDS Gel Electrophoresis in Tube Gels. Purf-
fled llver and brain fractions were fractionated by electrophoresis In
7.5% polyacrylamide gels containing SDS according to the method of Weber
and Osborn (1969) using 15 cm high fubes with an inside dlameter of 5
mm., Samples and standards were denatured at 100°C for 15 min in the
presence of SDS:2-mercaptoethano! (2%:2% In water). 6-9 pg of sample
protein was app!led per gel. Electrophoresis was conducted at a constant
current of 8 mA/gel for about 6 hr. The gels were stalned for 2 hr at
foom temperature In 0.25% Coomassie brilllant blue R, destalned electro-
phoretically 2 times for 25 min In 7.5% acetic acld:5% methanol, and

left In a diffusion destalner (in 7% acetlic acld) until al! background
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staining was removed. A callbration curve for the gels was constructed
from the refative mobilities of the following standard protelns: phos-
phorylase b (94,000), bovine serum albumin (BSA) (67,000), ovalbumlin
(43,000), carbonic anhydrase (30,000), +rypsin Inhibitor (20,100), and

o¢-lactalbumin (14,400).

2) Two Dimensional Gel Electrophoresis of L1B and L1A Arginase.

The purlified liver pools were separated In two dimensions using the
procedure of O'Farrell (1975)., A 3 pg amount of protein. was first
sub jected to Isoelectric focusing (pH 3.,5-10) for 6400 V-hr, The second
dimension separation was In a 10% acrylamide slab gel contalining 0.1%
SDS. Electrophoresis was performed at 20 mA/ gel for approximately 3 hr
until the bromophenol blue tracking dye had migrated to about 5 mm from
the bottom of the slab gel. The gel was fixed for 1 hr In
methanol:acetic aclid:water (5:1:1), and stalned overnight In Coomassle
blue. Destalning was accomplished in ethanol:acetic acid:water (3:1:6).
Standard proteins used to determine the molecular weight of the arginase
subunits were: phosphorylase b (94,000), BSA (67,000), ovalbumin
(43,000), carbonic anhydrase (30,000), trypsin Inhibitor (20,100), and

o« - lactalbumin (14,400).

C, Determination of S Value for the Intact L1B Enzyme
By Analytical Ultracentrifugation

Sedimentation velocity of the L1B enzyme (3 mg/ml) was performed In
a Beckman Model E analytical ultracentrifuge using an AN=D rotor and

Schlieren optics. The centrifugation was at 52,640 rpm and 20°C.
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D. Molecular Weight Determination by Gel Eiltration
On Sephadex G=150 Column

The molecular weights of liver and brain preparations were esti-
mated according to the method of Andrews (1964). 1 ml (contalning 0.16-
2.0 mg of proteln) of each flnal octy! sepharose fractlon was applied to
a 1.5 x 98 cm Sephadex G=150 column which had been equilibrated in 0,01
M Tris-HCI + 0.25 M NaCl, pH 7.5. 2 m] fractions were collected at a
flow rate of 18 miI/hr. The elutlion position of the proteins was moni-
tored by absorbance at 235 nm, while the elution of 2-mercaptoethanol
was read at 280 nm. Fractions were also assayed for enzyme actlvity
using the standard assay procedure, Callbration of the column was accom-
plished by measuring the elution position of the following proteins:
aldolase (158,000), phosphorylase b (94,000), bovine serum albumin
(67,000), ovalbumin (43,000), soybean trypsin Inhibitor (20,100),
myoglobin (16,900), and ribonuclease A (13,700)., Blue Dextran 2000
(>108) and 2-mercaptoethanol (78) were employed to establish the column

vold volume and total bed volume, respectively.

E. Hexose Content

Samples of the purified liver and brain proteins were assayed for
hexose content according to the procedure of Trevelyan and Harrison
(1952). Briefly, 5 m! of anthrone reagent (0.2 g anfhrdne In 100 m| of
12.85 M H,804) was placed In test tubes In an Ice bath, and then 1 ml of
the sample was gently layered on top. After all samples had been

applled, the tubes were capped, mixed by swirling, boiled for 10 min,
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and then Immedlately placed In a cold water bath for at least 2 min,
Absorbance was measured at 620 nm, and a standard curve was génerafed

from a serles of galactose standards (10-100 pg).

E. Amino Acid Composition Analysis

A Beckman model 118CL amino acid analyzer was used to determine the
amino acld composition of purlfled llver and braln arglnases. Allquots
of each sample (80 pg of |lver arglnase and 60-70 pg of brain arginase)
were placed In hydrolysls tubes and vacuum desiccated overnight.
Samples were hydrolyzed [n yvacuo at 110°C in 1.0 ml of 5.7 M HCI plus
one drop of 0.5 M hydrazine, for 24, 48,and 72 hr (liver) or 24 hr
(brain). At the end of the hydrolysis period, the preparations were
drled, and then dissolved In 0.2 N sodium citrate, pH 2.2 contalning
0.5% thiodiglyco!l and 0.1% phenol.

To determine tryptophan content, |iver proteins were hydrolyzed for
24 hr at 110°C in the presence of 0.3 ml of 4 N methanesul fonic aclid
containing 0.2% 3-(2-aminoethy!) Indole., After hydrolysis, the samples
were neutralized by adding 0.3 m! of 3.5 N NaOH, and they were then
injected Into the amino acid analyzer.

Hal f-cystine was measured In |iver samples as cystelc acld
following performic acld oxldation using the protocol of Moore (1963).

The compositional homology of the samples was evaluated using the
parameter SA Q deflned by Marchalonls and Weltman (1971).

SAQ= &;X;, |- X, ?
i,k = Identify the two proteins belng compared

Xj - number of type j amino acld reslidues/100 residues



34

Antibody Production and Immunochemical Analysls
Rabbit Immunization

Two rabbits were Immunized with purified LI1B arglinase. The
InJectlion protocol was as follows: 100 ug of protein in 1 ml of Octyl
Sepharose buffer A was emulsifled with 1 ml Freund's complete adjuvant
(Miles Laboratories, Inc.); 0.6 ml of emulsion was Injected Into each
rear thigh musclie, and 0.1-0.2 m| was InJected Intradermally to 5-6
spots on the back; 10 pg suspensions In Freund's Incomplete adjuvant:
were Iinjected as before on the 14+h, 39th, 81st, and 104+h day. Rabblits
were bied by ear vein periodically to follow the progress of antibody
production, and a final bleeding was taken by cardlac puncture one week
after the flnal booster. Blood was allowed to coagulate at room
temperature for 2 hr, and then overnight at 4°C; serum was poured off

and stored at -20°C unt!! purlfled.
Analysis of Antlserum

The production of rabbit anti-bovine-LiB arginase antibodies as a
result of Immunization was Investigated on micro double Immunodiffusion
plates (Hyland, pattern C)., Plates were kept for 3 hr at room
temperature, followed by overnight Incubation at 4°C. Visuallzation of
the precipitin lines was enhanced by using the followling procedure:
plates were soaked in several changes of 0.9% NaCl, pH 7.7, stalned with
Coomassle brillllant blue R, and destalned in 7.5% acetlc acld:

5% methanol. Speclificity of the purified (see below) antibodles was tested

agalnst puriflied preparations of bovine liver and bralin arglinase, as
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well as agalnst murine brain and |iver homogenates.

Immunogiobulln I1gG Purification

Immunoglobulins were separated from other rabbit serum protelns by
addition of ammonium sul fate to 40% saturation. The solution was left at
4°C for 30 min, centrifuged at 17,300 x g for 15 min, and the resulting
pellet was dissolved in 0.0175 M potassium phosphate, pH 6.8 (buffer A)
(12 m1/10 ml of starting serum vol). The solution was dlaiyzed
overnight against 4 liters of buffer A. It was next centrifuged at
17,300 x g for 15 min, and the supernatant was applied to a 1.0 x 25 cm
DEAE-Sephacel (Pharmacla) column which had been equilibrated with buffer
A. This lon=-exchange materlal was used to separate the several
Immunoglobulin classes (IgG, IgA, IgM) from each other. 5 ml fractions
were collected at a flow rate of 40 m!/hr. The column was washed with
buffer A untl! the absorbance at 280 nm was 0.1; elution was then begun
with 0.08 M potassium phosphate, pH 6.6 (buffer B), followed by a final
elution with 0.3 M potassium phosphate, pH 6.5 (buffer C). The three
protein pools were concentrated by precipltation with ammoﬁlum sul fate
as above; the resulting pellets were dissolved In a minimum volume of
buffer A (1 m!/70 ml of eluted pool), and then dlalyzed overnlight
agalinst buffer A before being tested for anti-bovine-L1B arglinase

actlivity on Immunodiffusion plates.
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Removal of Ribonuclease from 1gG Fraction of Antiserum

The protocol used was that of Palacios et al. (1972). The IgG
fraction Isolated on the DEAE~-Sephacel column was dlalyzed agalinst 4
|iters of 10 mM sodium phosphate + 15 mM NaCl, pH 7.2 (buffer D), Its
protfein content determined (Warburg and Christian, 1942), and
concentrated as needed to 40-50 mg/ml. The sample was then placed on a -
sterlle 1.5 x 4.5 cm column of DEAE~cellulose overlald by the same
volume of sférlle CM-cellulose. Both of the Ion—exchangérs were
equllibrated In buffer D. The sample was eluted with equllibration
buffer, and 3 ml fractions were collected. Fractlions with the highest
absorbance at 280 nm were combined, a protein assay was performed, and

1 ml altquots were frozen at -80°C in stertle Eppendorf tubes.

Quantitative Immunoprecipitation of LIB Arginase

L1B arglinase was titrated against rabbit IgG by the methodology of
Snodgrass et 5L.(1978). 25 pl of antibody or control buffer were
Incubated with fincreasing volumes of the Ilver protein (0.355 mg/ml) and
enough enzyme assay buffer to bring the fotal volume of the solution to
0.2 mi. Samples were képf at 37°C for 45 min, and then overnight at 4°C.
Centrifugation at 27,000 x g for 30 min was used to separate the
precipitable immune complexes from the free excess antigen. The

supernatant was fested In the usual manner for enzyme activity.
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Jﬁg@ngnmghamsigmaﬂmgiumtﬂrginmmm
Ribonuc|ease (RNase) Precautions

All glass and plasticware were soaked In 0.1% diethylpyrocarbonate
(DEPC) (Sigma) for 20 min, and baked overnight at 120°C to Inhiblt RNase
activity. Eppendorf tubes used to collect fractions were autoclaved
prior to use. Buffers were prepared In glass dIstilled, delonized water,

and they were autoclaved prior to use.

Step 1. Polysome Isolation

Bovine liver polysomes were Isolated using the magnesium
precipitation method of Palmiter (1974), 60 g portions of frozen bovine
liver were cut Into small pleces, rinsed 2 times wlth phosphate buffered
salline, and homogenized (0.3 g/1.0 m| buffer) In 25 mM Tris-HCI, 25 mM
NaCl, 5 mM MgCl,, pH 7.4, containing 2% Triton X-100, 0.2 mg/ml heparin
(Sigma), and 1 pg/ml cyclohexblmlde. The homogenate was centrlfuged at
27,000 x g for 30 sec, and 0.1 vol of 1 M MgCl, was added with swirling
to the resulting supernatant. After Incubation for 1-1.5 hr at 4°C, a 2x
vol of the ribonucleoprotein solution was layered over a 1x vol of 1 M
sucrose In 25 mM Tris~HCI, 25 mM NaCl, 5 mM MgClz, pH 7.5, contalnling
0.5% Triton X-100, 0.1 mg/m| heparin, and 1 pg/ml cycloheximide, and
this preparation was centrifuged at 27,000 x g for 15 min, The
supernatant was removed by aspiration, and the glassy-yellow pelliet was
resuspended by gentle homogenization In 20 ml polyribosome buffer (25 mM
Tris=HC!, 150 mM NaCl, 5 mM MgCIz, pH 7.6, contalning 0.1% nonldet P-40

(Stgma), 1 pg/ml cyclohexImide, and 0.2 mg/ml heparin). The polysome
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supernatant (S1) recovered after centrifugation of the suspension at
34,800 x g for 10 min was held aslde, and the pellet was rehomogenlized
and recentrifuged. Supernatant (S2) from the second centrifigation step

was combined with S1. The pellet was dlscarded.

Step 2. Immune lIsolation of Arglinase-Synthesizing Polyribosomes and
Elution of Specific mRNA

Arginase-syntheslzing polysomes were separated from the polysomes
Isolated In the previous step according to the methodology of Shapliro
and Young (1981). S1 and S2 were centrifuged at 34,800 x g for 10 min o
remove any aggregated polysomes. RNase free IgG from rabbit #2 was also
centrifuged prior to use. A 0.6 m|l volume of 1gG (3.1 mg/ml) was added
to 37.5 m| of polyribosomes. The mixture was left at room temperature
for 1 hr, and then overnight at 4°C before application to a Protein A
Sepharose (Pharmacia) column (0.7 x 11.1 cm) equilibrated In polyribo-
some buffer, Flow rate was 4~5 mi/hr. The column was washed overnight
with buffer (85 ml). mRNA from specifically bound polysomes was eluted
with 11=-12 m| of 25 mM Tris-HCI, pH 7.6, contalning 20 mM EDTA,

0.2 mg/ml| heparin. Flow rate during elution was 10 ml/hr. Fractions of
1 ml were collected, and those containing the highest absorbance at

260 nm were pooled.

Step 3, Purification of Polyadenylated RNA

The mRNA pool removed from the Protein A column was heated at 65°C
for 5 min, quick cooled on Ice, and brought back to room temperature. |+

was adjusted o 10 mM Tris-HCI, 500 mM NaCl and 0.1% SDS and loaded onto
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a 1 ml Pasteur pipet column of olligo-dT cellulose (Sigma) equllibrated
at room temperature with 10 mM Tris-HC!, pH 7.6, containing 500 mM NaCl,
0.1% SDS, 1 thEDTA. Flow rate was 9.5 rﬁl/hr. The column was washed wlith
13 ml of equilibration buffer, and the bound RNA was eluted with 9 ml of
the same buffer lacking NaCl, Fractions showling the greatest absorbance
at 260 nm were comblned, brought to 0.2 M potasslium acetate, and pre-
clpitated with 2.5 vol of 95% ethanol. After ovurnlght storage at -20°C,
the RNA was centrifuged at 17,300 x g for 20 min, the supernatant
was decanted, and the pellet was washed 3 times wlith 175 ul of 70%
ethanol. The pellet was drled In a deslccator, brought up In 20 p! of

sterlle water, and transferred to an Eppendorf tube for storage at -80°C.

Cell-Free Translation of Liver mRNA

Polyadenylated RNA was translated using a nuclease treated |ysate
prepared from rabbi+t reticuiocytes (New England Nuclear) according to
the protocol of Petham and Jackson (1976). (°°S)-methlionine (1170
uCi/mmol) and RNA In a total volume of 10 pul were Incubated at 379C for
90 min. Control translations were run using water In place of the mRNA
preparation. Reactions were termlnated by the addition of 40 pl of
electrophoresis treatment buffer (62,5 mM Tris-HCI|, pH 6.8, 0.2% SDS,
104 glycerol, 5% 2-mercaptoethanol!), followed by denaturation at 100°C

for 15 min.

Immune Preclpltation of Translated Products

New!y syntheslized protelns were also prepared for Immune

preclpitation after the S0 min transiation perfod by adding 10 pl L1B
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arginase (0.355 mg/mi) and 25 ul of elther rabbit #1 I1gG (24.1 mg/ml),
or rabbilt #2 IgG (7.6 mg/ml) to them. These mixtures were Incubated at
37°C fo.r 45 min, then left overnight at 4°C. After a 30 min centri-
fugation step In a microfuge, the supernatant was poured off, and
the Immune precipitate was washed 3 times with 0.9%9 NaCl, pH 7.7.
Electrophoresis treatment buffer (50 pl) was added, and the protein

mixture was bolled for 15 min.

Electrophoresis and Fluorography of Iranslated Products

Electrophoresls of transliated proteins was accompllished as described
by Laemmli (1970) on a 7.5% acrylamide slab gel containing 0.1% SDS. The
gel was stalned overnight In Coomassle blue, and destalned In 7% acetic
acld:5% methanol. |+ was soaked In several changes of water to remove
the aclid and methanol, and then It was Incubated In 1 M salicylic acid
for 30 min to enhance fluorography. The ge!l was mounted on a piece of
3MM paper (Whatman), and dried in a Hoeffer slab gel dryer. Kodak XAR=5
fllm was exposed at -80°C for 90 hr. Standard protelns used to determine
the size of the translated proteins were: phosphorylase b (94,000), BSA

(67,000), ovalbumin (43,000), and carbonlc anhydrase (30,000).




CHAPTER 111
RESULTS

Standard Assay

The arginase enzyme activity assay was based on the formation of
14C urea from L-(guanldo-14C) arginine (Riegg and Russell, 1980). To
obtaln accurate values of enzyme activity at each stage of the purifica-
t+ion protocol, appropriate dilutions of the sample had to be made. This
need arose because of the well documented Inhibition of the reaction by
the other end product, ornithine (Hunter and Downs, 1945; Glass and
Knox, 1973; Pace and Landers, 1981). This Is Iilusfrafed in Fig. 2 which
shows the effect on '4C urea production of incubating a fixed concentra-
tion of substrate with Increasing amounts of partially purifled bovine
liver arginase. A |inear response occurred only for the first 5-6% of
hydrolyslis.

Using a commerclal preparation of calf [lver arginase, Riegg and
Russel| (1980) found that the 10 min treatment at 55°C caused a 5% loss
of activity. In the present work, Just the opposite result was observed:
activity was enhanced 3.5-fold by the heat activation step. There has
been disagreement as to the efficacy of this procedure, depending on
tissue and animal source (Schimke, 1962; Glass and Knox, 1973; Herzfeld

and Raper, 1976).
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Fig. 2. Arginase enzyme activity with respect to protein
concentration of a partially purifled bovine liver
preparation starting with 41,866 dpm of 14C-arglnlne

In the assay mix.
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Purlfication of Bovine Liver and Braln Arglnases

In a typical extraction, 300-350 g of frozen bovine Iiver or braln
tissue was extracted. The arginase specific activity In liver samples
ranged from 1,96-3.74 units/mg protein (mean was 2.79), while that In
the brain samples was between 0.010 and 0.033 units/mg proteln (mean was
0.026). The wide range of activities arises from differences in enzyme
actlivities between animals (multiple bovine bralins and Iivers-were
needed, see Tables 1 and 2).

During the first attempts at purification of the brain enzyme,
samples were tested for activity and protein content after the ammonlum
sul fate and acetone precipitation steps. The ammonium sulfate precipita=
tion step generally led to a 3-fold rise In specific activity while the
use of acetone alded the purification only minimally. In contrast,
treatment of |lver samples with acetone Increased the specific activity
3=4-fold. Later, as the need to apply the purlfication scheme to larger
quantities of tissue became apparent, allqub+s were no longer assayed
for proteln and arginase activity after these steps., Thus In Tables 1
and 2A, . values are shown only for the extraction and heat procedures.
The purity of the enzyme had Increased 13.0-fold and 15.8-fold, respec-
tively, for liver and brain samples after heat treatment.

After dialysls, the heat treated preparation was app!ied to a DEAE-
cellulose column., Figs. 3A and 3B Illustrate the A,gq and arginase
activity of the eluant from these columns, Liver arginase activity did
not bind to a DEAE-cellulose column at pH 7.8, while braln arginase

yielded two peaks of activity when eluted from the column: pool Bl (the



Fig. 3. Elution profiles of bovine |iver and brain
arginase preparations from DEAE-cel lulose column,
(A). 25 ml of dialyzed bovine |iver sample after heat
treatment was put qnfo a DEAE-cel lulose column (3 x 53 cm).
The column was eluted with 0.05 M Tris-HCI, pH 7.8 at a flow
rate of 25 mli/hr and 10 ml fractions were collected.

Aogp (—=); unlts/ml arginase (- - -).

(B). 100 mi of heat treated bovine braln sample was
loaded onto a DEAE-cel lulose column (3 x 50 cm). The column was
washed with 400 ml of 0.01 M Tris-HCl, pH 7.5, followed by a
| Inear gradient between 0 and 0.15 M KCI in Tris buffer., Flow
rate and fraction size were as In 3A. Aygq (==);

units/ml arginase (= = =),
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fraction of acflvlfy that is comparable to the lliver arginase activity
In that i+ did not bind to DEAE~cellulose) and pool B2 which eluted
between 0.025-0.085 M KCi. The recovery of |liver enzyme units loaded
onto this flrst fon exchange column ranged from 31-63%. Comparable
results for the brain were: 13-41% in pool B1 and 18-48% in pool B2, The
application of |iver material to DEAE-cellulose equilibrated In 10 mM
Tris-HCl, pH 7.5 instead of 50 mM Tris-HCI, pH 7.8 caused a major
portion of the arglnase activity to be retained on the column. This
activity could be removed wlth high salt, but because this strategy did
not yield as great a purification of the enzyme as the elution system
described In Methods, It was not retalned as an Isolation protocol.

After dialysls, the pool(s) collected from the DEAE-cellulose
column was loaded onto a catlon exchange column of CM=-cellulose. Fig. 4
contains the elution profile of a |iver preparation. Placement of either
braln pool onto this column gave an elution profile similar to the |iver
sample. Some puriflcation was achieved In this step, as seen In Tables
1, 2B, and 2C, because contaminating proteins did bind to the CM-cel lu-
lose, and could be subsequently removed with high salt (0.5 M KCI, data
not shown). The fractions contalning arginase actlivity were pooled,
concentrated and stored at -20°C.

The concentrated enzyme solution from the CM-cellulose column (5=
10 ml) was thawed and puf onto a Sephadex G=150 column (3 x 54 cm). Fig.
5 Illustrates the A,gy and arginase activity elution patterns after one
round of gel flltration. The center of the liver arginase activity peak
(Fig. 5A) was at fraction 57. Reapplication of active fractlons to the

column yielded enzyme activity locallzed at the leading edge of the



Fig. 4. Elution profile of bovine |iver arginase
on CM-cellulose column.
130 ml of the dialyzed pool from the DEAE-
cellulose column were placed on a CM=cellulose column
(3 x 53 cm). The sample was washed through the column with
0.01'M Tris-HCI, pH 7.0 at a flow rate of 25 ml/hr and 10 ml
fractions were collected. Aygqg (=—);

units/ml arginase (- = =),
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Fig. 5. Elutlon profiles of bovine Iliver and brain arginase
poois on Sephadex G=150 column
The several preparations recovered from a CM-cellulose

column were, after conceniration using PM-=-30 Diaflow pressure
ultrafiltration, applied to a Sephadex G=150 column (3 x 54 cm).
The column was eluted with 0.01 M Tris-HC! + 0.05 M NaCl, pH 7.5
at a flow rate of 18 mli/hr, and 3 ml fractions were collected.
Aogg (==); units/ml arginase (- - -).
A. 5 ml of bovine liver pool L1.
B. 6.5 ml of bovine brain pool B1,

C. 4.7 ml of bovine brain pool B2,
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buffer front (data not shown).

The elution profile for brain pool B! on Sephadex G-150 Is shown in
Flg. 5B. Arglnase activity was found between the first two proteln peaks
(the greatest activity was noted at fraction 53), On the second run
t+hrough the gel matrix, arginase eluted as one peak centered again at
_fraction 53 (data not shown).

Fig. 5C shows the elution pattern of braln pool B2 after one pass
through the G=150 column: the single peak of arglinase activity was
centered at fraction 52 between the weak shoulder and the major proteln
band. Reapplication of pool B2 to the Sephadex (data not shown) produced
similar profiles of Aygy and enzyme material, although the greatest
arginase activity was found at fraction 56.

A 140-180 mg amount of protein from the Sephadex G-150 column was
placed on a hydrophobic column of Octyl Sepharose. Flg. 6 shows the
resulting A280 and arginase activities of the eluant. Liver arginase
eluted as a broad, Ill-deflned peak (Flg. 6A). Nevertheless, the enzyme
activity was divided Into two pools (designated L1A and L1B) which were
concentrated after a dlalysis step which removed the ethylene glycol
that Interferes wlith concentration. Pool L1B was made 40% saturated in
ammonium sul fate, and then was reapplied to a second, smaller column of
Octyl Sepharose. The A,gy and enzyme activity profiles from .this column
run are presented In Flg. 7A. Although arginase was broadly distributed
throughout the elution profile, only one pool, agaln called L1B, was
processed for analyslis as detalled In Methods. |1+ eluted between appro-
ximately 52-80% ethylene glycol.

In a preliminary experiment, a small portion of pool L1B (from



Flg. 6. Elution profiles of bovine liver and brain arginase
pools on the first Octyl Sepharose column.
The dialyzed preparations recovered from two runs on

G-150 were made 40% safufa+ed in ammonlum sul fate, and were
loaded onto an Octyl Sepharose column. The column was washed with
10 mM potassium phosphate, pH 7.0, 0.2 mM DTT, 40% saturated with
ammonlum sulfate. Elution was accomplished by a Iinear gradient
of decreasing ammonium sulfate and Increasing ethylene glycol
concentration (final concentrations 0% and 80%, respectively),
folléwed by 3-4 column volumes of 80% ethylene glycol In buffer.
Flow rate was 25 ml/hr, and 3 m| fractions were collected.
Argg (=13 units/ml arglinase (~ - =); % ethylene glycol (...).
,A.'140 mg pool L1 was placed on a 1 x 30 cm column,
B. 142 mg pool B1 was placed on a 0.7 x 13 cm column.

C. 184 mg pool B2 was placed on a 0.7 x 13 cm column,
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Fig. 7. Elution profiles of bovine l1ver and brafn arglnase
pools on second Octyl Sepharose column.
Liver and braln pools collected from the first Octyl

Sepharose column were loaded onto a second Octyl Sepharose
column (0.7 x 13 cm (liver)) or (0.7 x 6.5 cm (brain)). Elution
was the same as In figure 6. 2 m|l fractlions were collected at a
flow.rafe of 25 ml/hr. Aygy (=); units/ml arglnase (- - -);
estimated ¥ ethylene glycol (...).
A. 12 mg liver pool L1B
B. 13 mg brain pool B1A
C. 6 mg brain pool B1B
D. 6.5 mg brain pool B2A

E. 4.3 mg brain pool B2B



uo}}oDI 4

W
L8 ]
&) sl
nN
L3 ]
[V
(¢ ]
A A
N H
A A A o (o]
€= units/ml
[ A 'y a N ] L 2 a ____a Y D ' A A 2 —t
N N ) o N FS ) [+ ) L5 O @
o o O o o O O ©O o o o o o

o
—

9 % ethylene glycol




57

Octyl Sepharose run 1) was tested for its abillty to bind to a Matrex
Gel PBA-30 (Amicon) cqlumn. This gel contalns m-aminophenyl boronic acid
covalently coupled to agarose which Interacts with cis~diol containing
molecules such as carbohydrates and glycoproteins. The arginase in the
ITver sample bound to the gel, and was released by 25 mM mannitol as a
single peak of activity and protein. This result Implies the presence of
cls=-diol groups onarginase which compete for binding to the PBA with
mannitol, Alternatively, attachment may arise from hydrophobic or fonic
Interactions between certain amino acids In the protein and the phenyl
rings bound to the gel matrix. The Interaction, whatever Its nature, Is
weak and easily broken., The utility of this method as a late step In the
purification of arginase was not pursued, but probably should be
Investigated In greater depth because the elution conditions are not as
severe as those required by hydrophobic chromatography on Octyl
Sepharose.

Fig. 6B illustrates the result of applying brain pool B1 to Octyl
Sepharose., Some arginase activity appeared iIn the flow-through peak, but
the majority of It was recovered among the gradient fractions as two
clearly defined species whose peaks were located at fractions 30 and 40,
respectively. Pool B1A reappllied to an Octyl Sepharose column (Fig. 7B)
showed one large protein peak which contained the arginase activity as
well. It was eluted from the Octyl Sepharose in 10-33% of ethylene
glycol. When pool B1B was put back onto the hydrophobic column (Fig.7C),
Aogp material and enzyme activity did not correspond. The existence of
two distinct areas of arginase activity, as was the case In Fig. 6B,

Indicated that complete separation of the two isozymes was not effected
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by a single application of the brain material to the column., The use of
43-74% ethylene glycol In buffer could elute the ma Jor area of enzyme
activity (poo! Bi1B).

The placement and subsequent removal of pool B2 from Octyl
Sepharose Is seen in Fig. 6C. Two peaks of arginase activity were seen
as wlth brain B1, but the resolution Into two separate species was not
as sharp. Pool B2A (which lay midway between the two actlivity peaks and
so presumably contalned material from both) and pool B2B were separately
reloaded onto a second Octyl Sepharose column. The results of their
elution from these columns appear In Figs. 7D and 7E, and are comparable
to those-of B1A and B1B (Figs. 7B and 7C), Pooi B2A came off between 15-
29% ethylene glycol, while pool B2B eluted in 45-70% ethylene glycol.

All preparations Isolated after the second Octyl Sepharose step
were labeled as 'purifled' and maintained at -20°C unti| analyzed. Some
loss of activity was noted after several moniihs storage.

Table 1 presents the results of the bovine liver arginase
purification protocol starting from 1.5 kg wet welght. The purification
of enzyme L1B was about 300-fold with a 0.7% recovery of starting
arglnase activity. A second isozyme, pool L1A, was purified 26-fold at a
recovery of 0.25%.

Tables 2A, 2B, and 2C show the purification of bovine braln
arginases (see lIntroduction for a complete description of the arginase
nomenclature used In this study) from more than 22 kg of tissue. The
pools corresponding to L1B (as shown by thelr simllar elution from Octy!
Sepharose), named B1B and B2B, were recovered at a yleld of 0.6% and

0.5%, respectively. The purification for both of these preparations was
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TABLE 1 PURIFICATION OF ARGINASES FROM BOVINE LIVER (1)

Procedure ml Total Total unit/mg Yield Fold
mg units A Purlflcation
(2) x 10°
Extraction. 4625 1.67 x 10°  4.65 2.79 100
Heat 125 5925 2.15 36.26 46.2 13.0
DEAE-cellulose 273 1262 1.06 83,91 22.8 30,1
CM=-cellulose 17.3 598 0.86 143,17 18.4 51.3
Sephadex G-150 7.5 51.5 0.20 389.23 4,3 139.5
after 2 runs
Octyl Sepharose
after 2 runs
L1A 2.0 16 0.011  73.41 0.25 26.3
L1B 4,1 3.99 0.033 833.54 0.70 298.7

(1) Starting material was 1530 g frozen bovine |Iver

(2) Proteln determined by Warburg and Christian (1942) method for all
procedures except octyl sepharose chromatography. Protein assayed In
that step by Bradford (1976) reagent.



TABLE 2A INITIAL STEPS IN PURIFICATION OF ARGINASES
FROM BOVINE BRAIN (1)
Procedure ml Total Total unit/mg Yield Fold
mg units 4 ~Purificatlon
(2)
Extraction 65000 338500 9013 0.026 100
(3)
Heat 606 13900 5774 0.410 64.1 15.8
DEAE-cel lulose
Pool 1 116.5 1739 1462 0.84 16.2 32.3
Pool 2 72.8 2289 2106 0.92 23.4 35.4

(1) Starting material was épprox!mafely 22,5 kg frozen bovine bralin,

Each brain weighs 350-400 g.

(2) Proteln determined by Warburg and Christlan (1942) method.

(3) Values shown for thls step are averages obtalned after assayling 5-7

different brain extracts.




TABLE 2B CONTINUED PURIFICATION OF BOVINE BRAIN 1 ARGINASE
“AFTER DEAE-CELLULOSE

Procedure ml Total Total unit/mg Yleld Fold
mg units % Purification
CM-ceIIuIdse 6.5 653 1056.3 1.62 11.7 62.3
(1)
Sephadex G=150 5.1 266 732 2.75 8.1 105.8

after 2 runs
(1)

Octyl Sepharose
after 2 runs (2)
Poo! B1A 3.2

4 328.5
Pool B1B 2.6 6

2405

(1) Proteln determined by Warburg and Christian (1942) inethod.

(2) Proteln determined by Bradford (1976) method.



TABLE 2C CONTINUED PURIFICATION OF BOVINE BRAIN 2 ARGINASE
AFTER DEAE-CELLULOSE

Procedure mi Total Total unit/mg Yileld Fold
mg units y A Purification
CM=-cellulose 9.2 1537 1342 0.87 14.9 33.6
(1)
Sephadex G-150
after 2 runs 5.2 184 728 3.95 8.1 151.9
(1)
Octy! Sepharose
after 2 runs (2)
Poo! B2A 2.6 0.95 15.1 15.85 0.2 609.6
Pool B2B 2.3 0.59 44.5 75.29 0.5 2896

(1) Proteln determined by Warburg and Christian (1942) method.

(2) Protein determined by Bradford (1976) method.
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greater than 2000~fold. Poois B1A and B2A (which are comparable to LI1A
by the criterion of elution position from a hydrophobic coluﬁn) were
purifled 320-fold and 610~fold, respectively, and thelr respective
ylelds were approximately 0.4% and 0.2%.

Because the Isolation scheme gave low recoveries of enzyme, the
purity analysls of the Isolated proteins was difficult. All of the
methods descrlbed in Methods were employed to characterize L1B arginase,
but only some of them were applied to L1A and the several brain

arglnases.

Characterization of the Enzymes
Actlivation Properties

The pH optimum of both L1A and L1B arginase was pH 10.0. These two
preparations, as well as the braln arginases that were purified In this
study, were 14-20 times more actlive at pH 9.5 than at pH 7.0. Diluted
samples of L1B and L1A (at a concentration of 0.25 pg/m! and 3.0 pg/ml,

2+ and

respectively) were tested for activation by exogeneously added Mn
Co?*, MnZ* Increased the activity of L1A 3~fold, and 1+ enhanced the
activity of L1B 1.6~fold. CoZt appeared to have a minor inhibitory

effect on the activity of both samples (data not shown).

A, Disc Gel Electrophoresis

The liver and braln arginase preparations isolated after two rounds
of hydrophobic chromatography on Octyl Sepharose were analyzed by poly-

acrylamide disc ge! electrophoresis. 5% acrylamide was used because I+



allowed arginase to migrate to a mldposrflon In the gel.

Electrophoresis was performed as described In Methods. Although none of
the pools except B1A showed a well-defined sharp disc of proteln

(see below for a discussion of thls problem), pre-electirophoresis of the
separating ge! to remove oxldative contaminants was found to sharpen the
broad band of stalnable material, and so pre-electrophoresis was
routinely performed before applying sampl!es to the top of the stacking
gel.

Disc gels were removed from thelr tubes, and elther stained with
Buffalo Black, or Immediately sliced Into 2 mm pieces which were assayed
individually for enzyme actlvity as reported in Methods.

Flg. 8 shows the stalned gels obtained with 5% acrylamide at pH
9.5. An examination of gels 1-3 (L1B, B1B, B2B, respectively) reveals
wide expanses of Iightly stalned protein. The center of each of these
areas was l|ocated approxIimately 2.1 cm from the origin. This s a mis-
leading comparison, however, as is apparent from the densl+ome+er scans
shown In Fig. 9. The gel containing L1B arginase (Fig. 9A) has a single
symmetrical band of proteln and enzyﬁe activity, as does that containing
B2B protein (Fig. 9C). The most Intensely stalned protein In B1B (Fig.
9B) migrates to the same location as L1B, and In addition, thls prepar-
ation has a shoulder of protein on the lagging edge of the proteln peak.
This Is a conslstent result with arginase B1B. These data may Indicate
some differences In slize and/or charge between arginase enzymes In the
two tissues. While the migration of arglinase B2B through the polyacryl-
amide gel is grossly similar to that of the other two preparations, It

does differ in that some of the stalned material Is closer to the anode
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Fig. 8. Disc gel electrophoresis of purified brain and |liver
arglnases.

Approximately 30 pg of each pool from the second Octyl
Sepharose column was loaded onto a 5% acrylamide gel, pH 9.5.
Gels are shown with the orligin at the top, the dye front at the
bottom. Full details for electrophoresis are given In Methods.
From left to right: (1) L1B; (2) B1B; (3) B2B; (4) L1A;

(5) B1A; (6) B2A.
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Fig. 9. Comparison of densitometry scans at 620 nm of
5% acrylamide disc gels of L1B and B1B arglnase
with the enzyme activity profile.

Duplicate gels of 5% acrylamide, pH 9.5 were loaded
with 30 pg of t+he appropriate protein pool. Affer
electrophoresis, one gel from each palr was stalned for protein,
and fhe other was assayed for arginase activity. The gel Is
shown with the origin to the left, the dye front to the right.
Full detalls for electrophoresis and arginase assay are glven
In Methods.

A. LIB
B. B1B

C. B2B (densitometry scan only)
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(Figs. 8 and 9). This fact correlates with [+s behavior on DEAE-
cellulose. B2B arginase binds to the DEAE~-cel lulose whereas the other
two arglinases do not, and so the B2B profein must be more negatively
charged. |
Figs. 9A and 9B show the results of assaying the sliced gels of
L1B and B1B for arglinase activity. Thére Is an excellent correspondance
between the staining pattern and the enzymaflc'ac+IVI+y proflile. The
shoulder of slower migrating protein materlal in the braln preparation
contains a slignificant amount of arginase activity, perhaps Indlcative
of a greater heterogeneity in the charge and/or slize of the actlve
.enzyme mofecules. The 10-fold higher activity of the liver slices should
be noted as well because it agrees with the data In Tables 1 and 2B
showing the greater specific activity of the pqufled liver fraction.
Analysls of gels 4-6 Iin Fig. 8 reveals that the same kind of
relationships exist between the migration patterns of L1A, B1A, and B2A
as between those of L1B, B1B, and B2B. There are slower migrating pro-
telns In the B1A preparation than are found In L1A, There was a very
slight Indicatlion of proteins banding as sharp, compact discs In the
arglnase L1A sample at 1.8 c¢m and 2.1 cm from the origin. Because
arglnase characterlstically presents Itself after disc gel electrophor-
esls as a homogeneous, but diffuse band (Schimke, 1964; Hirsch-Kolb and
Greenberg, 1968), the exlIstence of these sharp bands may Indicate con-
tamination of the L1A arginase (hdwever, see below for a further
discusslon of thls unusual appearance oflllver arglinase during electro-
phoresis). As might be predicted, B2A, overall, has some components

which run more quickly fhan the other two samples.
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A comparison between Isozymes distingulishable by thelr hydrophobic
Interactions with Octyl Sepharose (Fig.8: compare gels | and 4; 2 and 5;
3 and 6) reveals no striking differences., A general trend toward greater
anodic migration was observed, however, for those preparations which
bind more firmly to the hydrophobic support.

Stalning of the gels with Coomasslie brilliant b[ue R In
methanol:acetlic acid, or trichloroacetic acid did not sharpen the
bandlng‘pa*Tern of the samples.

Because protelns are separated on disc gel electrophoresis on the
bases of dlfferences In molecular weight and/or charge, the diffuse
bands observed for arglnase (Fig. 8) might arise from the overlap In
migration of a number of proteins whose size and charge differed only
minimally., The fact that most of the procedures used In the purification
of arglnase relled for thelr success on differentlals In proteln charge

and slze supports this explanation., The loss of Mn2*

from the enzyme
durlné electrophoresis might also alter the proteln's charge
characteristics, causing a single native polypeptide to appear as a

diffuse band. Such an effect has been reported for iris bulb arglinase
(Boutin, 1982), Té determine whether the same phenomenon applies to
bovine liver and brain arglnase proteins, 5% acrylamide gels were run as
before, except that all of the gel and buffer solutions were first made
1 mM in EDTA or 1 mM In manganous chloride. Enzyme pools were also made
10 mM in these compounds, and they were Incubated at 37°C for 15 min

before electrophoresis to ensure the removal or addition of sufficlent

metal to saturate the cofactor binding sites (Aguirre and Kasche, 1983).

The outcome appears in Fig. 10. Inclusion of MnZt led to a consistent



Fig. 10. Disc gel electrophoresis of purified brain and
liver arglinases run In the presence of
1 mM EDTA or 1 mM MnCl,.
ApproxImately 30 pg of each pool from the second
Octyl Sepharose column was loaded onto a 5% acrylamide gel,
pH 9.5. The first ge! In each palr (A) contalned 1 mM EDTA,
and the second gel (B) contalned 1 mM MnCl,. The gels are
shown with the origin at the top, the dye front at the bottom.
From left to right: (1A & B) L1B; (2A & B) L1A; (3A & B) B1A;

(4A & B) B1B; (5A & B) B2A; (6A & B) B2B.

=
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sharpening of the profefn band (ccmpare Fig. 8 and gel B in each pair of
gels In FIg. 10). This resuit was most pronounced for pool B1A. Use of
EDTA, In contrast, caused a broadening of the protein band. Chelation of
the arglnase cofactor also resulted in the aggregation of L1A and B1A
proteln at the origin of the gel (Fig. 10, gels 2A and 3A). This effect
was not as noticeable for the B1B and B2A arginases, and [t probably did
not occur with the L1B and B2B preparations. A further consequence of
EDTA treatment was the release of a highly charged protein which
migrated +to a position Just above the dye front. This sharp, discold
band was very prominent In B1B arginase (Fig. 10, gel 4A), but It was
present In the other preparations as well. EDTA had a unique Influence
on the electrophoretic migration of the B1B pool In that a distlinct
component which moved to within 1 cm of the dye front was apparent In
this sample alone. These experiments Indicate that the removal of metal
lons does modify the behavior of arginase during electrophoreslis, and
therefore electrophoresis should routinely be run In the presence of
Mn2+.

Pools L1A and L1B were also subjected to electrophoresls on disc
gels which contained 6 M urea. Each of them appeared as a narrow,
although diffuse band of |ightly stained material. They must be diff-
erent profe!ﬁs, however, because L1A migrated 7 mm from the origin of
the gel, and L1B moved 15 mm from the origin (data not shown). This
reinforces the information determined during the purification of the
|iver Isozymes where it was demonstrated (Fig. 6A) that the two proteins
could be removed from Octyl Sepharose using different amounts of

ethylene glycol,
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Because of the lack of sharp, disc=-llke bands on electrophoresis of
the denatured and natlve protein (even In the presence of added Mn2+),
both the L1B and B1B arglnases were analyzed by electrophoresis at
pH 2.3, Harell and Sckolovsky (1972) reported that acld treatment of
bovine llver arginase at pH2.6 causes dissoclation Into I+s subunits.
Although electrophoresis at pH 2.3 should substantiatethisresult,
this methodology was not successful. Broad bands were again observed.
The composition of +he enzyme from thetwotlissueslisdifferent,
nonetheless, because the liver proteln moved to the midpoint of the gel

while the brain preparation remained close to the origin (data not

shown)
B. Subunit Molecular Welght Determination

1). OneDimensional SDS Gel Electrophoresis. The several pools of
liver and brain arginase from Octyl Sepharose fractionation were separ-
ated by electrophoresis on 7.5% acrylamide gels contalning SDS (SDS=-
PAGE) In order to determine the number and molecular weights of their
subunits, Electrophoresis was conducted as described in Methods. Fig. 11
shows the result of the analysls, A single band was observed for each of
the |iver preparations, while the brain samples contalned multiple
proteins.

A standard curve was made using the relative mobilitlies of the
proteins In the Pharmacia mixture, and thls curve [s presented In Fig.
12, The molecular weights (M) of the subunit(s) for each breparafion
estimated by this method are found in Table 3. The less hydrophoblic

liver and braln pools (pools L1A, B1A, B2A) have the same Mr' B1A has a




Filg. 11, SDS-polyacrylamide gel electrophoresis of
|iver and brain arglnases.
5-10 pg of sample protein was applied to a 7.5%
SDS polyacrylamide gel. Gels are shown with the origin at the
top, the dye front at the bottom. Full detalls for
electrophoresis are glven In Methods. From left to right:
(1) L1B; (2) B1B; (3) B2B; (4) L1A; (5) B1A; (6) B2A;
(7) low molecular weight standard mixture (Pharmaclia). See

legend to Fig. 12 for the composition of the standard mix.

/3
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Fig. 12. Callbration curve for SDS-polyacrylamide
gel electrophoresis.
The standards Included the following protelns:
phosphorylase b (p, 94,000), bovine serum albumin (a, 67,000},
ovalbumin (o, 43,000), carbonic anhydrase (c, 30,000),

trypsin inhibitor (+, 20,100), and «-lactalbumin (I, 14,400).
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TABLE 3

COMPARISON OF SUBUNIT MOLECULAR WEIGHTS OF BOVINE
ARGINASE |SOZYMES DETERMINED BY SDS POLYACRYLAMIDE
ELECTROPHORESI S

Enzyme Source Octy! Sepharose Octy! Sepharose
Pool A Pool! B
Liver L1 49,900 37,800
Brain Bt 61,100 69,300
50,600 49,400
Braln B2 49,400 79,100

70,300
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second larger subunit as well (Fig. 11, gel 5). This represents elther a
contaminant, or a distinctive subunit composition for this particular
Isozyme.

The more hydrophobic brain arginases (pools B1B and B2B) do not
share a common slized subunit with the comparable Ilver enzyme (pool
L1B). B1B and B2B appear to be at least 80-85% pure on the baslis of
densltometry scans. They are composed of *two subunits that are
distinctly larger than the single L1B subunit (69,300 and 49,400 for B1B

vs L1B 37,800; 79,100 and 70,300 for B2B vs 37,800 in L1B).

2) Iwo Dimensional Gel Electrophoresis of L1B and L1A. The result
of fractlonating the L1B arglinase by two dimensional electrophoresis
where !soelecfrlc focusing was the first dimension appears In Fig. 13A.
There are two major spots whose Mr was determined to be 37,800, In
agreement with the value obtalned on one dimensional SDS gels (Table 3).
The migration of the more basic spot In SDS was marginally slower than
that of the other molecule, possibly Indicating a slightly greater
molecular weight. Fig. 13B shows a simlilar two d!menslonal separation of
the L1A proteln. Three separate spots are observed. A trall of baslic
materlal Is also seen to the left of the first spot. These proteins have
a M. of 51,300 which corresponds to the value obtalned on one dimen-
sional SDS gels (Table 3). In data not shown, two dimensional separation
of B1B arglnase also resclved each subunit (Table 3) into at least two
spots. Separation by Isoelectric point showed the larger M. subunit to
be a distinctly more basic proteln than the other subunit.

2+

The influence of Mn on the two dimenslional separation of the



Fig. 13. Two dimensional separation of L1B and L1A
arglnases.

3 pg of sample proteln was separated by electro-
phoresis In Twé dimenslons, The direction of migration In SDS
was from top to bottom, and the separation by pH was from left
to right (basic to acidic pH).A complete description of the
electrophoretic conditions Is given in Methods.

A. L1B

B. L1A
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I Tver preparations was also Investigated. Protein samples, gel solu=-
tions, and buffers for the first dimenslional separation were all made 1
mM in elther EDTA or Mn2+, and electrophoresis was run thereafter as
.described In Methods. Separation In SDS was accomplished without the
addition of EDTA or Mn2*, Fig. 14 reflects the effect of adding Mn?* +o
L1B and L1A, while Fig. 15 shows the Influence of EDTA on thelr mobl |-
ities. As was true for the native gel electrophoretic results (Figs. 8
and 10), the addition of EDTA or Mn2*t changed the overall spot pattern
of L1B only slightly (compare Fig. 13A with Figs. 14A and 15A). EDTA may
create some minor broadening of the spots, but the experiment would need
to be repeated to confirm this result. Manganese or the lack thereof has
a declided effect on the charge of the L1A subunit(s). Aithough a trall
of baslic material stil| remains after Mn2* 1s added to L1A, the major
spot focuses closer to the anode, and the other two spots that were
orlginally observed are present in only trace amounts (compare Figs. 13B
and 14B), EDTA treatment, In contrast+, abol!shés the trail (Flg. 15B).
Three well-defined spots are instead visible In a ratio of roughly
3:2:1.

I+ Is difficult to precisely determine the Isoelectric polnt of a
protein using the O arrell (1975) methodology, but the L1B subunit(s)
appears to be slightly more acidic than the major (in terms of Intensity
of staining with Coomassie blue) L1A subunit.

These experiments conflirm the evidence from the one dimensional
analysis In SDS that L1A and L1B are pure proteins. The M_ of L1B was
consistently calculated to be 37,200, and the Mr of L1A was found to be

50,500. This analysis furthermore proves that L1A arginase loses Mn2¥



Fig. 14. Two dimensional separation of L1B and L1A
arginases In the presence of 1 mM MnCi,.

6 ng of sample protein was separated by Isoelectric
focusing In the presence of 1 mM MnCl,. Fractionation in SDS
was accompllished as descrlbed in Methods. The direction of
migration In both dimensions was as In Fig. 13,

A. L1B

B. L1A
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Fig. 15. Twé dimensional separation of L1B and L1A
arglnases In the presence of 1 mMM EDTA.

6 pg of sample protein was separated by Isoelectric
focusing In the presence of 1 mM EDTA. Fractlonation In SDS
was accomplished as described In Methods. The direction of
migration In both dimensions was as In Flg. 13.

A. L1B

B. L1A
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much more easily than L1B arglinase. To preclude anomalous findings, Mn2*

should therefore always be [ncluded during the purification and
characterization of bovine liver arglinases.

The number of different subunits In each sample Is still not
certain. The three spots shown for L1A may represent truly different
protelns, or they be the same subunit which has lost variable quantities
of metal lon. The consistent appearance of two Spofs In the L1B sample
strongly Implies that this proteln Is composed of two diverse subunits,
However . substantiation of this conclusion must awalt analysis of the
preparation under a wider range of conditlons which can clearly
distinguish between potential sources of charge dlversity such'as amlno
acid substitutions, carbohydrate additions, and metal lon retention or

loss.

C. Determination of S Yalue for the Intact L1B Enzyme
By Analytical Ultracentrlfugation

A sedimentation coefficlent ‘Szo,w’ of 6,0 S at a proteln
concentration of 3 mg/ml| was obfalﬁed from a sedimentation velocity
experiment using én analytical ultracentrifuge. A single Schiieren peak
was observed. The S value was calculated by monltoring the distance
between the protein boundary and the center of rotation as a function of
sedImentation t+ime (Flg. 16), and by using the formula

In x = sagf

where x = distance from the center of rotation
to the Schlleren peak
s = sedimentation coefficient (sec)




Flg. 16. Callbration curve for determination of the
sedImentation coeffliclent of L1B arglnase.
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The observed sedimentation coefflclent was corrected to the value

obtalned In water at 20°C (Sp0,u)

D. Molecular Weight Determination by Gel Flltration
Qnas_enbadﬂxﬁzliﬂm

The molecular welights of the two llver arginases and several brain
enzymes were estimated by gel filtration on a column of Sephacryl $-200
(Pharmacla) or Altex Spheroge! TSK-3000. These gels ylelded anomalous
results. L1B was eluted from a column of Sephacryl $-200 (1.5 x 95 cm)
as a single symmetrical peak whose A235 and enzyme activity profiles
matched exactly (data not shown). The molecular weight of +his protein
was estimated to be 97,700 which Is 10-20% lower than any published
flgures. A simllar application of L1A to the $~200 column gave a M of
93,400. These low estimates of molecular weight may have been caused by
the adsorption of the proteins onto the gel. Sephacryl $~200 has been
reported to act as a catlon exchanger at pH 8, but the use of 0.2 M NaCl
In the buffer Iessgns this effect (Belew et al., 1978). Thls explanation
Is not applicable to bovine |lver arglnases for two reasons: 1) 0.2 M
NaC! was Included In the elutlion buffer, and 2) at the pH at which the
experIment was run (pH 7), liver arginase does not bind to cation
exchangers (l.e., step 5 of the purification scheme, chromatography on
CM-cellulose). Some other feature(s) of liver arginases must induce
thelr abnormal retention on S$=~200, The sugar attached to arginase (see

following section) is such a potential source of error In molecular
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welght determlination by gel filtration (Andrews, 1965; Smith and Winkler,
1967; Leach et al., 1980).

Because of the problems assoclated with the use of S-200, the
molecular weights of the brain arginases were not examined by this
method. Instead both llver and braln arglinases were analyzed on a high
performance |iquid chromatography (HPLC) gel excluslon column. The
molecular weights calculated for the samples using this technique were
conslistently low. The HPLC column separation of braln arginases gave
multiple proteln peaks. However when these peaks were analyzed for
arginase activity and subunit composition on SDS gels, they were found
not only to be enzymatically active, but also to have approximately the
same subunit sizes orliglinally determined. Clearly the proteins were
being retained on the column for abnormally long periods of time.

Arginase preparations were next run In buffer containing a high
salt concentration (0.5 M vs 0.25 M KCl) to prevent this binding. The
Increase In salt did not substantlially diminish the elution time of a
|iver preparation (L1B). I+ also did not alter the pattern of elution of
the standard protelins. Because arglinase Is capable of strong hydrophobic
Interactions, It was possible that the enzyme was Interacting In this
manner with the hydroxylaféd polyether of the column. To preclude thls
problem, 60% ethylene glycol was Included in the eluant buffer in place
of salt. However, this caused a build up of column back pressure which
necessitated a 50% reductlion in elution flow rate so as to prevent the
build up of too great a pressure. In addlitlon, the elution characteris-
tics of the standard proteins became anomalous: ferritin (440,000)

eluted with Blue Dextran (>106), while ovalbumin (43,000) migrated with
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aldolase (158,000), Use of 40% ethylene glycol relieved the pressure
problem, but it failed fo eliminate the abnormal elution of the
standards. Although sensitive and rapid, analytical gel exclusion chrom=-
atography Is an unsatisfactory method for estimating fthe molecular size
of proteins such as arglinase.

The molecular welght and Stokes' radius calibration curves‘for the
Sephadex G-150 column eventually adopted for these determirations are
presented In Figs. 17 and 18. The parameters determined for |liver and
brain arginases from these experiments are |isted In Table 4. In each
case, the more hydrophobic enzyme (pool B) was larger, although this
difference was more pronounced for the |lver profelné. There was an
excel lent concurrence between protein and enzyme actlivity for L1B argin-
ase as eluted from the G-150 column. This exact colncldence did not
occur for B1B arglinase: the peak of enzyme activity was at a somewhat
higher M_ than that for proteln. To ascertaln whether this result
effected an Increase In purlflcation of the enzyme, active enzyme frac-
tions were pooled, dlalyzed to remove salt, concentrated, and analyzed
by SDS-PAGE. There was only one subunit present in this B1B arginase
pool which had a Mr of 68,200. This was comparable to the value of
69,300 shown In Table 3, In contrast, when assayed for enzyme activity,
this pool had a noticeably lowered specific activity of 12.8 unit/mg
compared to the 62.53 unit/mg listed In Table 2B, When L1A and B1A
arginases were eluted from G-150, thelr proteln and enzyme activity
profiles were consistently out of step with each other. A substantial
amount of the protein material In these preparatlions (of lower Mr}

eluted after the active enzyme fractions. This result also repeatedly




Fig. 17. Calibratlon curve for molecular weight
determination of I|iver and brain arginase
Isozymes by gel filtration on a Sephadex
G-150 column,
The protein standards Included the following:
aldolase (a, 158,000), phosphorylase b (p, 94,000),
bovine serum albumin (b, 67,000), ovalbumin (o, 43,000),
trypsin Inhibitor (t+, 20,100), myoglobin (m, 16,900),

ribonuclease A (r, 13,700).
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Fig. 18. Calibration curve for Stokes' radlus determination
of |Ilver and braln arginase Isozymes by gel
filtration on a Sephadex G-150 column.

The protein standards consisted of: aldolase (a, 48.1);

albumin (b, 35.5), ovalbumin (o, 30.,5), trypsin inhibitor

(+, 20.8), ribonuclease A (r,16.4).
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TABLE 4

MOLECULAR WEIGHT AND STOKES' RADIUS OF LIVER

AND BRAIN ARGINASES DETERMINED .ON SEPHADEX G-150

Pooll Molecular Weight Stokes' Radlus
(Rg)
Liver
L1A 105,600 . 41.4
L1B 119,600 43.2
Brain
B1A 110,400 41.7

B1B 114,300 42.5
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occurred when L1A was chromatographed on Sephacryl S-200., SDS-PAGE was
run on the actlve L1A and B1A enzymes recovered from the G-150 column.
No change In the electrophoretic patterns of the samples was observed

relative to those shown In Fig. 11,
E. Hexose Content

Liver and braln preparations were tested for thelr carbohydrate
composition using the anthrone reagent which reacts with diols to pro-
duce a green-blue color. The curve generated using galactose as a
standard 1s shown In Fig., 19. L1B arginase contalned 1-2% carbohydrate
by welght, as did the B1B protein. Sugar was not detected In L1A argin-
ase, whlle 1t represented only 0.2-0.5¢ of the B1A protein. These estl-
mates are not quantitatively rellable because the absorbances observed
were near the lower detection lImit+ of the spectrophotometer., Restric-—
tions on the quantity of protein avallable for this analyslis prevented a
conflirmation of the findings. In addition, because the specific carbohy-
drate(s) attached to the protein Is unknown, the system may not have
been optimized. For example, mannose standards produce only 80% of the
absorbance at 620 nm of galactose solutions. Glycoprotelns often contaln
a significant number of attached mannose reslidues. |f arginase belongs
to this class of proteins, then i+s actual carbohydrate molety may be

larger than reported here.



Fig. 19. Calibration curve for estimation of carbohydrate
composition of Iiver and braln arglnases.

Increasing amounts of a galactose standard

solution (100 pg/ml) were used.
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E. Amino Acid Compositional Analysls

Table 5 |ists the amino acid compositions of the L1A and L1B
arglinases. These calculations are based on the natlive enzyme slzes
presented in Table 4. Both of these protelns contaln more acidic than
baslc amino acids, although L1A has a greater excess of acldic resldues.
This finding Is at varlance with thelr behavior In 6 M urea disc gels:
L1B Is less negatively charged in such an environment, yet It mligrates
further toward the anode. The unknown contribution of asparagine and
glutamine residues may account for the discrepancy.

Table 6 presents amino acld composlitional data for all of the
arginase enzymes Isolated from bovine braln and |lver tissues. The data
are glven as number of amino acld residues/100 residues. The degree of
homology beeren‘The proteins was analyzed by applying the statistical
method of Marchalonis and Weltman (1971) to the data (Table 7). Values
of SA Qareall less than 75, ranging from 4-72. This reflects a high
degree of reiatedness. L1B and B2B arginases are the most dissimilar
of the arglnases as Judged by the larger S A Q values calculated for
these two proteins.

The amino acld data In Table 6 were also analyzed to establish the
cellular location of the proteins, l.e. soluble or membrane-bound. The
parameters required for this determination (Barrantes, 1975) are listed
In Table 8. In no case did an arginase enzyme mée+ the expectations of
an Integral membrane protein. All of the arginases, except L1B, fell
within the ranges allowed for a soluble or peripheral membrane protein.

The Ry ratio for L1B (0.883) clearly placed it within the non-membrane



TABLE 5

AMINO ACID COMPOSITION OF BOVINE LIVER ARGINASES

Amino Acid Residues/mole Proteln
L1A L1B
nearest nearest
Integer Integer

Aspartic Acld 106.0 106 89.6 80
Threonine (1) 39.8 40 72.7 73
Serine (1) 63.8 64 78.2 78
Glutamic Acld 96.8 97 96.5 97
Prollne 40.1 40 69.1 69
Glyclne 81.5 82 111.1 11
Alanine 100.7 101 66.1 66
Half Cystine (2) 12.1 12 12.5 13
Vallne 74,7 75 86.7 87
Methionine 9.8 10 21.9 22
Isoleucine (3) 62.1 62 68.1 68
Leucine (3) 87.7 88 115.2 115
Tyrosline 26.3 26 35.6 36
Phenylalanine 36.9 37 37.0 37
HistldIine 14,5 15 22.1 22
Lysine 72.2 72 77.2 77
Arginine 42.2 42 39.1 39
Tryptophan (4) 5.6 6 5.3 5
Total 972.8 975 1104.0 1105

(1) Extrapolated to zero time
(2) Determined as cystelc acld
(3) Extrapolated to Infinite hydrolysis t+ime

(4) Determined after hydrolysis with methanesul fonic
acid and 3(2-aminoethyl)indole




TABLE 6

A COMPARISON OF THE AMINO ACID COMPOSITION

OF BOVINE LIVER AND BRAIN ARGINASES

Amino Acild Residues/100 resldues
Liver (1) Brain (2)
L1A L1B B1A B1B B2A B2B

Aspartic Acld 11.0 8.2 11.1 11.0 10.2 10.8
Threonine 4,1 6.7 4.3 4,7 5.0 4.4
Serine 6.6 7.2 5.4 5.7 5.0 4.4
Glutamic Acld 10.1 8.8 10.3 10.4 10.0 12.6
Proline 4.1 6.3 4.5 4.8 5.6 5.8
Glycine 8.4 10.2 8.4 9.1 9.2 7.6
Alanine 10.5 6.0 9.4 10,1 9.4 10,2
Hal f=cystine 1.1 1.0 0.8 0.9 0.8 0.3
Val ine 7.8 7.9 8.1 6.8 8.3 6.7
Methionine 1.0 2.0 1.9 1.7 1.7 1.8
Isoleuclne 6.4 6.3 6.0 6.2 6.0 5.3
Leuclne 9.1 10.5 8.8 8.3 8.6 8.8
Tyrosine 2.7 3.3 2.4 2.6 2.5 1.8
Phenylalanine 3.8 3.4 4.1 3.9 3.8 3.8
Histidine 1.5 2.0 2.1 1.8 2.1 2.3
Lysine 7.5 7.0 7.9 7.9 7.9 9.1
Arginine 4.4 3.5 4.5 4.4 4,2 4.4

(1) Based on native enzyme composition In Table 5

(2) Based on values obtalned after a single
24 hr hydrolysls,




L1A

L1B

B1A

B2A

B1B

Calculations are based on values In Table 6. Half-cystine
values were not used In these calculations

TABLE 7

AN ESTIMATE OF BOVINE LIVER

AND

L1B

49.79

BRAIN ARGINASE RELATEDNESS

(sa Q)
B1A B2A
4.76 9.87

43.85 32.28

3.7

B1B

4.84

45,47

3.54

5.05

B2B

22.00

72.07

13.76

16.19

13.34

EAVRY)
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TABLE 8

PARAMETERS NECESSARY FOR
CLASSIFICATION OF PROTEIN AS
SOLUBLE OR MEMBRANE BOUND

Protein Hydrophilic Hydrophobic Rz
Reslidues Resldues

(1) (2) (3)
L1A. 34,5 30.8 1.120
L1B 29.5 33.4 0.883
B1A - 35.9 31.3 1.147
B1B 35.5 29.5 1.203
B2A 34.4 30.9 1.113
B2B 39.2 28.2 1.390

(1) Hydrophilic resldues = Lys+Arg+His+Acx+GIx/100 resldues

| 1e+Tyr+Phe+Leu+Val+Met/100
resldues

(2) Hydrophobic resldues
(3) Rg = Hydrophilic/hydrophobic

Calculations are based on values listed In Table 6
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class. B2B proteln may be peripherally attached to a membrane because
the Rz ratlo estimated for It lay closer to that of the average
peripheral protein than to that of the average ﬁon—membrane proteln
(Barrantes, 1975).

The elution profile of the amlno aclds frequently showed the
presence of another (non amino acld) ninhydrin-positive component, elu-
ting shortly after ammonia. The ldentification of this extra (sometimes
very large) peak was not attempted, but might be of Interest in later

work.

Antibody Production and Immunochemical Analysis
lmmunoglobullin 1gG Purlification

After the homogenelty of L1B arginase had been established, a total
of 140 pg was Injected Tnto each of two rabbits as detalled In Methods.
Serum recovered after cardiac puncture of the animals was purifled tfo
obtain the Immunoglobulin fraction. Immunoglobulins were precipitated
from serum with 40% ammonium sulfate, and séparafed Into classes by
applylng them to a DEAE-Sephace! column. Three pools were made,
concentrated by ammonium sulfate preclipitation, and tested on micro
double Immunodiffusion plates for reaction with the L1B arglinase
antigen. Only the Immunoglobulln 1gG fraction reacted. This fraction was

employed In all subsequent Immunochemical analyses,
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Quantitative Immunoprecipitation of L1B Arginase

The abfility of a glven amount of purified Immunoglobulin to Inhibit
enzyme activity was evaluated by Incubating It with L1B proteln. The
results appear In Fig. 20. Antibodlies obtalned from both animals were
capable of Inhibiting at least 88% of the arginase activity. The Inhibi-
tion was greater +han that calculated, however, because excess arglnase
was present In control 5upernafan+s to the extent that product inhibi-
tion by ornithine prevented an accurate assessment of the enzymatic
activity origlinally present. A more representative titration curve of
enzyme Inhibition by Immunogloblns would necessitate starting with
lesser quantitlies of enzyme. Fig. 20 nevertheless does [l|lustrate diff-
erences In affinlty of the two IgG fractions for arginase. On a g/g
baslis fhreé times as much 1gG from rabbit #1 (Fig. 20A) was required tfo

Inhibi+ 70% of the avallable arglnase activity.

Analysis of Structural Similarities Between Arginases By Double

Immunodiffusion Plates

Immunoglobulin I1gG fractions Isolated from sera of two rabbits
were tested for thelr speclificlity by Incubation In micro double
Immunodiffusion plates with the purified bovine Iiver and braln arginase
preparations. The results of the experiment are to be found In Figs. 21
and 22. Serum removed from the rabbits prior to Immunization showed no
precipitin ITne on Iimmunodiffusion plates (data not shown). Posslible
cross-reactivity of the Immunoglobullns with arginase from another

specles was determined by including mouse iiver and brain homogenates in



Fig. 20. Quantitative Immunoprecipitation of L1B enzyme
activity by rabbit anti-L1B [gG.

Inhibition of arginase activity by anti~L1B arglinase
IgG was performed as described in Methods. (e—e) % Inhibition;
(x=x=x) arginase activity using 36,000 dpm of 14C-arginlne
per assay.
A. 0.60 mg rabbit #1 1gG was Incubated with L1B arglnase

B. 0.19 mg rabbit+ #2 1gG was Incubated with L1B arglinase
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Fig. 21. Comparison of specificity between immunoglobulins
from rabbit #1 and #2 on a micro Immunodiffusion
plate.

The protein concentrations of bovine brain and |lver
samples were 0.26-0.36 mg/ml; mouse |lver protein concentration
was 6 mg/ml.

A. The center well contained rabbi+ #1 IgG at a concentration of
24,1 mg/ml. The outer wells contalned, clockwise from top:

L1B; B1B; B2B; mouse brain homogenate; mouse |iver homogenate,

B. The center well contalned rabbit #2 IgG at a concentration
of 7.6 mg/ml. The outer wells were as in A,
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Rabbit 2 1gG

Rabbit 1 1gG
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Fig. 22. Comparison of speclficity between Immunoglobulins
from rabbits #1 and #2 on a micro Immunodiffusion
plate,

The antigen concentrations were as In Fig. 21.
The center well contalned rabbit #2 1gG at a 7.6 mg/ml
concentration., The outer wells held, clockwise from top:
L1B; L1A; B1A; B2B; Bi1B.

The center well in B-D contalned rabbit #1 I1gG at
7.3 mg/ml.

The outer wells were, clockwise from top: L1B; B1B;
B2B; semi-pure B2B; L1A. '

Clockwise from top, the outer wells contalined: L1B;
B1B; B2A; B1A; LI1A,

The top outer well held L1B; the other well contained L1A,
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Rabbit 2 IgG

B C D
Rabbit 1 IgG



the assay (Fig. 21). Neither [gG réacfed with a mouse brain homogenate.
While the 1gG from rabbi+ #1 did form a precipitin IIne with a mouse
| iver preparation, the IgG from rabbit #2 did not (Fig. 21). The IgG
from rabbi+ #2 also did not precipitate B1A (Fig. 22A).

The polyclonal nature of the antibodies produced in this experiment
was revealed after a close examination of the precipitin lines seen In
Figs. 21 and 22. The predomlinant lgG family recognlized simllar
determinants located on L1A, L1B, B1B, and B2B arglinases. A second class
of antibody reacted with determinants shared by L1B, B1B, L1A, B1A, and
B2A proteins., A final type of IgG molecule detected a specificlty found

on L1B arglinase, mouse liver arginase, and possibly L1A arginase.

Electrophoresis and Fluorography of Translated Products

Polyadeﬁylafed RNA specifically enriched for the arginase messen-
ger(s) was Isolated from bovine liver polysomes as described in Methods.
A portion of +he.prepara+lon was translated In a reticulocyte lysate
system, and the translated products were separated by SDS-PAGE. Flg. 23
shows the result. A polypeptide having the same M_ as authentic L1B was
Immune preclpitated from the total proteins transiated from the mRNA
preparation. This protein was not evident in the control Immunoprecipli-
tate (compare lanes 5 and 1, Fig. 23). Another polypeptide of lower M_
(29,800) was also unlquely translated from the [iver mRNA, This protein
s probably the transiation product of a prematurely terminated L1B
arginase messenger. The L1A messenger may have been isclated from the
polysomes as well because a protein of 50,400 Mr was Immune preclpitated

from the total polypeptides synthesized from the sample mRNA. Lane 7



Flg. 23. Electrophoretic analysis of mRNA-dependent
rabbit reticulocyte lysate translation products.

Electrophoresis of 35S-Iabeled proteins was performed
in a 7.5% polyacrylamide slab gel In the presence of 6.1% sDs.
Fluorography of the dried slab gel was performed with Kodak
XAR=5 film, From left to right:
(1) total control transiation products; (2) control
translation products Immune precipitated with rabbit #1 1gG;
(3) control translation products Immune preciplitated with
rabbit #2 1gG; (4) total translation products of purifled
arginase-specific mRNA; (5) arginase-speclfic mRNA translation
products Immune preclipitated with rabbit #1 IgG; (6) arginase-
speclfic mRNA translation products Immune precipltated with
rabblt+ #2 1gG; (7) total translation products of a second
isolation of arginase specific mRNA. The left lane contains
marker protelins for molecular welght estimation. The arrow

Indicates the migration poslition of authentic LIB arginase.
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(Fig. 23) shows the result of an unsuccessful attempt to purlfy the L1B
messenger. None of the polypeptides migrated to the location predicted

for L1B.



CHAPTER [V
DISCUSSION

Although all mammalian arginase enzymes catalyze the sahe reac-
tion, that Is, the conversion of arginine to urea and ornithine, these
proteins differ in a number of molecular properties such as speciflic
activity, isoelectric point, stability during dlalysls and activation by
MnZ*, The dlversity In these characteristics is usually noted when
arginase Is Isolated from different animals (Hirsch-Kolb et al., 1970;
Porembska gt al., 1971), but discrete traits are also observed among the
enzymes extracted from seQeral tissues of the same animal (e.g. rat
(Gas!orowska et al., 1970; Reddi et al., 1975; Herzfeld and Raper,
1976); mouse (Stewart and Caron, 1977); and humans (Beruter et al.,
1978)). Different properties may even be seen In the several arginase
proteins which are located within a single tissue (Herzfeld and Raper,
1976; Stewart and Caron, 1977; Cheung and Raljman, 1981),

The multiple arginase enzymes, which may be lIsozymes, present In
any one animal or tissue should perform distinctive roles, depending on
the variable metabollc demands of the organ of concern., For example, one
arginase Isozyme may exist to complete the conversion of toxic ammonia
Into urea in tissues undergoling raplid amino acld catabolism, while a
second Isozyme may be requlired during protein synthesis to furnish
ornithine as the precursor to proline and glutamic acld. The most abun-

dant and most studied arginase Is located In liver tissue where It
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functlions primarily to compiete the detoxification of ammonia by Incor-
porating 1t Into urea (Krebs and Henselelit, 1932), Submaxl|lary gland
arginase - unllke the arglinase(s) found In other organs - is similar to
the |lver enzyme with respect to Its electrophoretic mobility and Immun-
ological reactivity, and so the role ascribed to |iver arginase might
reasonably be assigned to this protein as well. However, the submaxil!-
ary gland has an Incomplete urea cycle since it lacks ornithine frans-
carbamoylase (Herzfeld and Raper, 1976), The arginase present in this
tissue (and by extension the liver enzyme as well) must therefore be
Iinvolved in some other aspect of ornithine catabolism (Herzfeld and
Raper, 1976). Indeed, because a substantial Increase In I|lver arginase
activity was observed during lactation in the rat, Folley and Greenbaum
(1947) concluded that liver arginase must have a second metabollic role.
Yip and Knox (1972) suggested that some of the arginase protein In the
liver could be required for proline and/or glutamic acid production.
Such a function Is postulated for at least some of the arginase activity
located in mammary gland (Yip and Knox, 1972), kidney (Kaysen and
Strecker, 1973), braln (Sadasivudu and Rao, 1976), and epidermis (Verma
and Boutwell, 1981). The arginase protein found In Iymphocytes (Klein
and Morris, 1978), and thyrold (Matsuzakl et al., 1981) Is thought to
contribute to the synthesis of polyamines, as may a portlion of the
arginase actlvity associated with mammary gland (Oka and Perry, 1974),
and epldermis (Verma and Boutwell, 1981).

The exlistence of two bovine liver arginases with different physico-
chemical properties Indicates that each of these proteins probabiy

operates In different metabolic pathways. The L1B arglnase characterlzed



in this study Is surely the urea cycle enzyme, while the L1A proteln
may be comparable to the mitochondrial arginase of rat |lver, described
by Cheung and Ral jman (1981), which helps to move ornithine Into the
mitochondrial matrix. The presence of four arginases In bovine brain
tissue may, at flrst, appear to be excessive, particulariy because the
braln has an Incomplete urea cycle (Ratner et al., 1960; Stewart and
Caron, 1977), and so should not require arginase, at least for ammonia
detoxificatlon. Sadasivudu and Rao (1976) have suggested a dlifferent
role for brain arginase, that of promoting glutamic acid production, to
explalin its location within this organ, The multiplicity of enzymes
exhibiting arglinase activity In the current study implies, perhaps, more
than one function for this protein In brain tissue. Based entirely on
the similarity In several of their properties, B1B and B2B may be essen-
tial components of one pathway, while B1A and B2A may be participants In
a second serles of reactions. The abillty to distinguish an apparent
difference in charge between B1B and B2B, or B1A and B2A, by placement
on a DEAE-cellulose column, could be a reflectlon of their residence In
different brain cell types (e.g. glial and neuronal cells) which demand
slightly different molecular properties for efficlent arginase activity.
Isolation of arginase from braln cells separated by type would be
Instructive In this regard.

One question arlising from the repeated observation of well-deflned
di fferences In the molecular properties of arginase Isozymes concerns
thelir genetic origins. Are these Isoprotelns processed from the same
mRNA precursor, or are they the products of separate genes? The arglnase

proteins found In I|iver and erythrocytes are assumed to be specifled by




‘a single gene locus, yet differences In thelir regulation have been

reported for several Macaca fascicularls monkeys (Terasakl et al.,
1980), since normal arglnase activity could be detected in the livers of
these monkeys, whereas no arglinase actlivity could be found In thelr red
blood cells. Terasaki et al. (1980) proposed several hypotheses to
explain these findings, but were unable to favor one theory over the
others on the basis of the avallablie data.

Stewart (1981) described a 45% increase In the activity of the two
arginases found In the brains of genetically spastic mice as compared to
those activities determined for the corresponding enzymes located in
normal mouse brains., Because a partial analysis of the 'normal' and
'spastic' brain arginase properties revealed no differences in their
molecular characteristics, It was concluded that an alteration In a
regulatory element, rather than In the proteins themselves, was respon-
sible for the observed rise iIn activity. A similar modification In the
regulation of the lfver arglnase protein In spastic mice was not
observed since the enzyme activities In the livers of normal and spastic
mice were the same, There Is no current theory as o the genes codling
for mouse liver and braln érginases, thus these observations could
reflect elther a tissue-specific regulation of a single mRNA precursor,
or the differential regulation of duplicate genes.

Schimke (1962; 1964) studied the |lver arginase protein Isolated
from groups of rats fed different diets, and determined that the
Increase In activity assoclated with a high caselin dlet corresponded to
the presence of more arginase protein, rather than an alteration In the

specific propertles of the enzyme itself. The adaptation of arginase
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activity to diet was achieved through suitable modifications In the
rates of both the synthesls and the degradation of the protein (Schimke,
1964).

Aperia et al. (1979) studied the arginase protein in rat kidney,
and found that, in contrast to the llver arginase examined by Schimke
(1962), arglnase activity rises when the animal is fed a protein-
deprlve& diet. An adaptation of the activity of arglnase to an environ-
mental change was agaln proposed, in this case (because urea Is known to
be necessary for the formation of concentrated urine) allowling the
animal to conserve water during starvation. Since, Ilke many tissues,
kidney contalns two arginase activities (Gasiorowska et al., 1970;
Porembska et al., 1971; Herzfeld and Raper, 1976), it would be instruc-
tlve to know whether both enzymes show altered activity following pro-
telin deprivation., Snellman et al. (1979) demonstrated a differential
distribution of modifled arginase activity in the rat kidney: the In-
crease In activity on a low protein diet was greatest in the kidney
cortex.

The discrete regulation of the two kidney arginase proteins and the
one llver arginase enzyme which was described In these studles could be
explained on the basls of separate regulators of a single gene, but the
exlstence of two arglinase genes Is as likely an explanation for the
data, and Indeed, Spector et al. (1980) héve presented prelimlinary
evidence for the presence of two arginase genes iIn man. One of these
genes Is expressed In liver and kidney, and a second, an Induclble gene,
Is expressed only in the kidney. Inductlon of the second arginase pro=-

teln, with declidedly different molecular properties than the



noninducible enzyme, has also been demonstrated in plant tissue (Legaz
and Vicente, 1982).

Several liver arginases from ureofelic animals have been purlfied
to homogeneity In the last twenty years. The Initial isolation proce-
dures commonly Involve acetone precipitation, ammonium sulfate precipi-
tatlon, and heat treatment of the homogenate. These protocols are
followed by an lon-exchange chromatography step on DEAE-cel lulose or CM-
cellulose. Depending on the animal source of the enzyme, the purifica-
Tion sbheme~may require gel flltration chromatography or Iscelectric
focusing as a final step.

The adsorption of arginase protein to an ion-exchange column dif-
fers between specles, For example, the rat (Schimke,1964; Hirsch-Kolb
and Greenberg, 1968), human (Bascur et al., 1966), and mouse (Stewart
and Caron, 1977) |lver arginases bind to CM-cellulose, whereas the
enzymes from rabbit (Vielle-Breitburd and Orth, 1972) and bovine
(Stewart and Caron, 1977) tissues do not bind. The behavior of arginases
on an anion exchanger (DEAE~cellulose) Is also disparate : rat (Schimke,
1964), bovine (Harell and Sokolovsky, 1972), and mouse (Stewart and
Caron, 1977) arglinases are not retalned, but the rabbit (Vielle-
Breltburd and Orth, 1972), and human (Beriter et al., 1978) protelns are
bound. In the current study, bovine llver arginases did not become
attached to either DEAE~cellulose (Fig. 3) or CM-cellulose (Fig. 4).

Some of the apparent diverslity In the charge characteristics of
these enzymes arlises from the experimental conditlions themselves. The
cholce of pH has been found to be critical for the successful binding of

some arginase Isozymes to DEAE-cellulose (Porembska et al., 1971), and



the use of sulfhydryl reagents has been shown to prevent the appearance
of multiple pig (Sakal and Murachl, 1969) and rabbit (Vielle-Breitburd
and Orth, 1972) arginases on an lon-exchanger. The behavlor of rat
kldney arginase on DEAE~-cel lulose has been observed to depend on the
previous use or non-use of acetone (Kaysen and Strecker, 1973), Beruter
et al. (1978) reported an alteration In the electrophoretic pattern of
purified human liver arginase as a consequence of Its incubation with
Mn2* at 37°C and pH 8.0.

Bovine liver arglinase shares several physicochemical properties
wlTh the enzyme In rabbit, horse, ox, monkey, and pig tissues (Hirsch-
Kolb et al., 1970; Porembska et al., 1971). However, nelther Harell and
Sokolovsky (1972) nor Kuchel et al. (1975), during previous Isolations
of bovine liver arginase, reported any of the problems of aggregation or
oxldation which were demonstrated for the pig (Sakal and Murachi, 1969)
and rabbit (Vielle-Breitburd and Orth, 1972) proteins. These difficul-
tles were not encountered In the current study either., There was no
Indication of a separation of the enzyme activity info several peaks
until hydrophobic chromatography was performed (compare Figs. 3-5 with
Fig. 6). Although brain arginase activity was an exceptlion to this rule
In that It did elute from a DEAE-cellulose column as two well separated
peaks, a preliminary study showed that the addition of Z2-mercaptoethanol
to the eluting buffers had no effect on this two peak pattern. This
sul fhydryl compound was, therefore, not routinely used. Two braln argin-
ase activities from ox (Gasiorowska et al., 1969), and mouse (Stewart
and Caron, 1977) tissues have also been shown to elute from DEAE-cel lu-

lose columns.




Following the suggestion of Kuche!l et al. (1975), a Sephadex gel
was routinely used during gel flltration of the Ilver énd brain
preparations (step 6 of the purification scheme) in place 6f the Bio=Gel
P-150 employed by Harell and Sokolovsky (1972), Thls dextran materlal
did Indeed achieve a better purification of the enzyme than was obtalned
In several preliminary runs on P=150 (data not shown).

The major llver arginase Isczyme (L1B) was purified to a specific
activity of 833 unit/mg (Table 1), In agreement with the results of
Grassman et al. (1958), Harel | and Sokolovsky (1972), and Kuchel et al.
(1975). The specific actlvity of the second |lver protein (L1A) was one
tenth that of L1B, as weré the specific activities of the more
hydrophobic braln pools, B1B and B2B (Tables 2B and 2C). Braln pools BtA
and B2A were very Inactive compared to L1B, having specific activities
of 8.54 unlt/mg and 15.85 unit/mg, respectlively. These data Iimply that
these other arglinases are dlfferent proteins from L1B.

Glven the disparlity In the actlvities of arginase proteins
separable only by hydrophobic chromatography, and the knowledge that the
arglnase enzyme from many sources (e.g. rat kldney, human |lver, rabbit
liver, pig liver) Is easily transformed by the experimental conditions
themselves, It Is reasonable to propose that the less hydrophobic
enzymes (L1A, B1A, B2A) were artifactually made from their more active
counterparts (L1B, B1B, B2B, respectively). However, the later charact-
erization of the bovine liver and brain arginases purified in this
Investigation proved that this was not so, since these proteins differed
in a number of physicochemical criteria, not all of which would be

predicted to be altered to the same extent by the elution conditions




Imposed on the enzymes by thelr application to Octyl Sepharose columns,
A single pH optimum for both the L1B and the L1A arglinase proteins
was determined, In contrast to the study of Robbins and Shields (1956)
on seml~pure bovine |lver arginase, 1n which two optima at pH 7.0 and pH
9.2 were demonstrated. Greenberg (1960) reported that the pH optimum of
arginase depended on the metal used for Its activation: Mn2* activated
arglnase had an optimum at pH 10, whereas the CoZ* and Ni12* activated
enzyme was most efficlient at pH 7. Furthermore, the CoZ* activated

2% activated arginase. An

proteln was sald fo be less stable that the Mn
attempt was made to establish whether L1A was the Co?* activated
arginase. Both L1B and L1A proteln were assayed at pH 7 and pH 9.5
following activation with CoZ*, Neither of these arginases was more
active at pH 7 than 1t had been when activated with Mn2+, and, in fact,
L1A and L1B activities were decreased at both pH values In the presence
of Co?t in place of the usual Mn2t,

All of the Isolated braln arginases were many times more active at
pH 9.5 than at pH 7.0. This conflicts with the |iterature on semi-pure
ox (Gasliorowska gt al., 1969) and rat (Gaslorowska et al., 1970) braln
arglinases which reported two optima for these proteins, and a relative
ratio of activity at pH 9.5:pH 7.0 of only 8:5. Differences between
specles or distinctions in assay protocol may account for the
discrepancy In the results,

The amino acid compositions of the L1B and L1A proteins which are
presented In Table 5 may provide a molecular foundation for

understanding thelr dlscriminate behavior on an Octyl Sepharose column

(Figs. 6A and 7A), L1B arglinase contalns more of the hydrophobic amino




aclds proline, Ieucfne, va[lne, and methionine than doeé the L1A
molecule. The presence of large numbers of these amino acids In L1B may,
then, account for Its strong attachment to the hydrophobic support.

Aithough only one hydrolysis time point was taken for all of the
braln lsozymes purlfied In this study, the same type of compositional
relationshlp appears to exlst between the B1B and B1A proteins: B1B has
more hydrophobic reslidues than does B1A. The correlation between the
compositions of B2A and B2B, and thelr elution from Octyl Sepharose, In
contrast, Is not as well-deflned. Furthermore, it may not be correct to
relate the strong binding of arginases to Octyl Sepharose solely to
thelr amino acld compositions. Other experiments need to be conducted to
dellneate the binding forces between arginase proteins and Octyl
Sepharose.

The hydrophobliclity of a protein is often an indication that it Is
a per{pherat or Integral membrane proteln. Therefore, it would be
reasonable to assume that L1B arglnase, being more hydrophobic than L1A
(on the basis of adhesion fo Octyl Sepharose), Is likely to be attached
In some way to a cellular membrane., The values In Table 8,.+oge+her with
the data presented In Barrantes (1975), belle such a theory. Until
something Is known of the actual amino acid sequence of the L1B protelin,
and Its attendant tertiary and quaternary structures, the exact location
of this enzyme within the cell cannot accurately be predicted from amino
acld data alone. In additlion, no special extraction methods were
required to solubilize this protein, Implylng, at best, a weak binding
to a membrane.

What does seem to be consistently clear from the Information in




Tables 7 and 8, however, Is that the L1A, B1A, B1B, and B2A arglnases
are closely related to each other, irrespective of which compartment of
the cel| they reside In. The L1B and B2B arginases are noticeably dis~-
tinct from them and from each other, yet fhese-fwo enzymes remain,
relatively speaking, closely related to the other arginases described In
this study. Interestingly enough, when the statistical method of
Marchaionls and Weltman (1971) Is used to determine the degree of relaf;
edness of L1A to the bovine liver arginase Isolated by Harell and
Sokolovsky (1972), the value Is 51.63. This figure may Indicate that the
Harell and Sokolovsky enzyme bears the same relationship to L1A that L1B
does, since the corfespondlng number for these two proteins Is 49,79
(Table 7). When L1B Is compared to the Harell and Sokolovsky proteln,
the S 4 Q value 1s 11.72, chiefly because of differences in their threo-
nine, serine, and Iyslne contents, Such alterations In the amino acid
composition of the two enzymes may be responsible for the current iack
of success In reproducing the earlier bovine Iiver arginase Isolation
scheme.

The high degree of relatedness between four of the arginases purl-
fled In thls Investigation suggests that they could have a similar
subunit structure. The data In Table 3 tend to verify this hypothesis:
L1A, B1A, B1B, and B2A arginases seem to share a subunit having a M
value of about 50,000, Table 3 also provides additional evidence that
L1B and B2B are proteins distinct from the other bovine arglnases. Each
of these enzymes has a unique subunit whose M_ value Is 37,800 (L1B), or
79,100 (B2B). B1A alone has a subunit of Mr 61,100 which could, concelv-

ably, be a breakdown product of the 70,000 Mr subunit that B1B and B2B




arginase appear to have In common. The True'ex+en+ of the similarity
between brain and |lver arginase subunits can be evaluated most success-
fully by sequencing the appropriate proteins., Severe |imitatlons on the
avallabllity of sufficient amounts of each protein prevent the realiza-
tion of such a scheme at the present time.

Some Information on the structural’ properties of the protelns can
also be derived from Iimmunological tests. Figs. 21 and 22 reveal that
L1B holds one Immunological determinant (#1) in common with the L1A,
B1A, B2A, and B1B arginases, while It shéres a second, separate deter-
minant (#2) with the B1B, B2B and L1A proteins. A portion of the L1B
molecule Is also similar to a determinant (#3) on mouse |iver arglnase,
Indicating partial similarity between arginase molecules found In diffe-
rent specles.

The exact location of these antigenic moleties within each molecule
Is, at present, unknown, but It Is tempting to speculate that the first
named specificlty (#1) is Iécafed on the 50,000 M_ subunit that all of
the concerned enzymes appear to contain, and that the other structure
(#2) resides on the 70,000 M. subunit that B1B and B2B both seem o
have. In such a scenario, the B1A subunit of 61,100 M. could be derlved

from the 70,000 M_ subunit by proteolysis, or by a differential

processing of the mRNA precursor. This modificatlon of the subunit would
remove the amino acids which allow the B1B and B2B arginases to bind
firmly to Octy! Sepharose as well as deleting determinant #2 from the
B1A molecule., However, since the 50,000 Mr L1A enzyme also seems to
share determinant #2 In common with B1B and B2B, It might be postulated

that the 50,000, 60,000, and 70,000 M_ liver and braln arginase subunits
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are all ultimately derived from the 79,100 M_ proteln seen in the B2B

preparation, and that this molecule Itself Is a dimer of the 37,800 M-

subunit of L1B arginase. Such a hierarchy of subunits could account for

. the fact that all of these preparations are cross-reacting with antibo-

dies ralsed to the L1B arginase molecule. As before, however, confirma-
tion of the theory awalts the primary sequence determination of all of
the bovine enzymes.

A preliminary estimation of the oligomeric structure of the BI1A,
B1B, L1A and L1B arginase protelns can be attempted by combining the
information presented In Tables 3 and 4. Thus, L1A may be a dlmerlc
molecule composed of two Identical monomers, while B1B and B1A may be
dimers formed from dissimilar subunits. The L1B enzyme has a native
molecular weight of 119,600 which agrees with the values reported by
Harel | and Sokolovsky (1972) and Kuchel et al. (1975)., Given a subuni+t
of 37,800 M., as estimated by SDS-PAGE, thlis Implies a (trimeric)
structure for the protein, simllar to that of the rabbit enzyme (Vielle-
Breltburd and Orth, 1972), Trimeric proteins are not very common.:
Indeed, desplite the values determined for the rabbit arginase (a native
M. of 110,000 and a subunit M. of 36,500), Vielle-Breitburd and Or+th
(1972) suggested that the enzyme was actually a tetramer {[ike rat
arglnase (Hirsch-Kolb and Greenberé, 1968) . |

The oligomeric structure of a protein Is suggested from a
knowledge of I+s hydrodynamic properties (natlve molecular weight) and
its reiative mobility In an electric fleld (subunlt size). Both of these
techniques are subject to error (see Introduction and Results for more

complete discussions of these problems). One way to discover which of
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the two measurements Is more |lkely to contribute to misleading values
Is to employ a second Independent measurement of the parameter in
question. Researchers frequently calculate the native size of a proteln
by determining its sedimentation coefficient at high centrifugal speeds.
The arglnase |iterature consistently describes a gel filtration M_
estimate of 110,000-120,000, and a corresponding sedimentation
coefficient of 5.7 S - 6.1 S. The values determined herein for L1B fall
well within these ranges, and imply that these measurements are the
correct ones,

The Stokes' radius of a protein Is also often determined because It
Is actually the effectlve hydrodynamic radlus of a macromolecule rather
than the molecular weight itself that defines 1ts elution position from
a Sephadex column (Smith and Winkler, 1967). If the parfiaj speciflc
volume of a proteln Is known (and It can be calculated from amino acid
data), the molecular weight estimated from a gel filtration calibration
curve (e.g. Fig. 17) can be checked by combining Stokes' radius and
sedimentation coefflicient data. When such a determination was made for
the L1B enzyme, Its molecular welight was found to be 117,600, Again, the
hydrodynamic Information on LlB'Is consistent. In this regard, I+ should
be noted that the partial specific volume of L1B is calculated to be
0.745 m!/g (In agreement with Harell and Sokolovsky, 1972). This value
is characteristic of a globular protein with little attached
carbohydrate, and so It confirms the reported low hexose content for
this enzyme,

Values In the literature for the arginase subunit Mr vary greatly:

the rat liver monomer has been reported to be 26,000 (Pelser and



Balinsky, 1982) and 30,000 (Hirsch-Kolb and Greenberg, 1968; Baraﬁbzyk-
KuZma giigl,, 1976); the rat liver plasma membrane arginase which Inhi-
bits +he growth of cells In culture has a Mr of 40,000 (Kawakama and
Terayama, 1981); the human |iver monomer is 35,000 (Bertuter et al.,
1978); and the rabbit liver subunit is 36,500 (Vielle-Breltburd and
Orth, 1972). In ammoniotelic Xenopus laevis |liver, the arginase monomer
has a Mr of 18,000 (Peiser and Balinsky, 1982), and In earthworm gut,
the native enzyme Is a monomer whose size Is 27,000 (Reddy and Campbell,
1968). The disparity In these values Indicates that any error In judging
the oligomeric structure of L1B may arise from the SDS-PAGE measurement.

As dlscussed In the Introduction, glycoproteins behave anomalously
In SDS. This Is particularly apparent afvlow percentages of acrylamide
(Gahmberg'and Anderson, 1982). Since L1B is a glycoprotein (1-2% by
welght) (Harell and Sokolovsky (1972) reported a similar content for
thelr preparation of bovine |lver arginase), its carbohydrate moiety may
be responsible for a slower migration through the acrylamide than Is
actually mandated by I+s size. This retention would cause the subunit
slze to be overestimated, and the subunit number to be underestimated.
Possible problems of this nature may be averted by running a glycopro-
tein sample on SDS-PAGE in several buffer systems, under Bofh reduced
and unreduced conditions (Poduslo, 1981). In this study of bovine liver
arglinases, however, the effect of carbohydrate con protein mobility
through an SDS acrylamide gel has been assessed by analyzing the Immune
precipitated translation products of arginase=-speciflc mRNAs by electro-
phoresis so as to be able to compare their migrations to those of

authentic liver arginase proteins, |f sugar residues do contribute to



the sluggish migration of L1B, then, because carbohydrates cannot be
added to newly synthesized proteins In a reticulocyte lysate transiation
'system, the de novo syntheslized enzyme should move closer to the anode
than Thé arginase profeln purified from bovine l|iver. The results shoﬁn
In Fig. 23 Indicate this does not occur because a band with a mobility
expected for the L1B protein appears In lane 5. The migration of L1A Is
not influenced by post-transliational modifications either, because a
50,000 M, band appears In lane 5 (Fig. 23) as well.

Single amlino aclid substitutlions have been demonstrated to affect
mobility In SDS (deJong et al., 1978). For example, replacement of
threonine or alanine by proline decreases migration, as does replacement
of leucine and alanine by glutamine and threonine, respectively. Thus,
differences in the charge or hydrophobicity of proteins may influence
thelr electrophoretic mobility. Makino and Nikl (1977) reported on a
protein whose M_ value determined by SDS-PAGE was greater than
predicted. The authors suggested that an unusual interaction of the
hydrophobic region of the protein with SDS was responsible for the
atypical migration observed. Since L1B Is capable of strong interactions
with Octyl Sepharose, it is conceivable that a similar process Is
occurring as this enzyme complexes with SDS. An examination of the data
In Table 6 indicates that, overall, L1B contains more threonine, gly-
cine, leucine, and proline than the other bovine arginase proteins,
while it has less aspartic aclid, glutamic acid, and alanine. The lack of
alanine is particularly striking. Perhaps somewhere within this Informa-
tion lies a key to understanding the behavior of L1B on SDS~-PAGE, as

well as an explanation for the apparent diversity In the size of the



arglinase éubunlf.

Single polnt mutations in the (liver) gene may have contributed o
this dlivergence In propertles because changing a nucleotide In the codon
of one of the above mentioned amino acids wlll convert It iInto another.
For example, 1f the alanine codon, GCU, Is changed to ACU, the amino
acid threonine will be put into the polypeptide chaln instead of ala~
nine. Depending on the location and the role of this new amino acfd
within the proteln, such a substitution could concelvably modify the
processing of the molecule such that a longer, but still functional,
arginase subunit would be made. Sequencing of the bovine arginase
gene(s) may resolve thls polint,

The electrophoretic migration of bovine l|iver and braln arginases
on disc gels is presented In Fig. 8. Because the native molecular
welghts of these proteins are very similar (Table 4), the diffuse
staining patterns which are observed must arise from charge differences
between the molecules within each preparation. The two dimensional
separation of L1B and L1A arglinases (Fig. 13) confirms thls concliusion
slncelfhe net charge of the uniformly sized subunit in each sample is
dispersed over a range of values. |

One widely recognlized source of charge heterogeneity between
simllar molecules Is thelr varlable carbohydrate content (Sanders and
Rutter, 1972; Sidorowicz et al., 1980; Baumann and Held, 1981; Car|sson
and Stigbrand, 1982)., At least two of the bovine arglinase preparations
(L1B and B1B) contaln a detectable sugar component, and therefore this
molety may partially be responsible for the lack of a sharp banding

pattern which Is conslistently observed during analysis by disc gel



electrophoresis.

The Influence of carbohydrate on the electrophoretic migration of
these enzymes might be determined by altering the sugar, but not the
amino acld, content of the polypeptide. Such a modification of the
enzymes could be accomplished by Incubating the preparations with sugar
cleaving enzymes |ike @ -mannosidase or neuraminidase which would remove
mannose or sIalIé acld residues, respectively. |f carbohydrate does
affect mobility, then the protein staining pattern should be changed by
this treatment. Because the exact composition of the sugars afféched to
arginase proteins Is unknown, a variety of glycosidases should be
employed in such an experiment to ensure that at least one or more pf
the carbohydrate residues Is removed. Without a wide sampling of
cleaving enzymes, a negative result could mean simply that an
Ineffectlve enzyme had been chosen for the experiment.

Another potential source of arginase charge heterogeneity was
actually Investigated In this study. As can be seen by comparing Fig. 10
with Fig. 8, and Figs. 14 and 15 with Fig. 13, the MnZ* content of the
proteins contributes significantly to thelr charges. The loss of MnZ+
during electrophoresis is well documented (Hirsch~Kolb et al., 1971;
Boutin, 1982), so that this finding for bovine arginases [s not
surprising. What should be noted about these experiments, however, Is
the fact that they reveal differences In the binding ofan2+ to arginase
pro+efns. L1B holds onto the metal quite firmly because I+s staining
pattern éffer disc gel electrophoresis Is not influenced to any extent
by the Inclusion of Mn2t or EDTA in the gel. The two dimensional

separation of L1B proteln under a variety of conditlons does not change



noticeably either. In contrast, the electrophoretic mobility of L1A
depends strongly on Its metal content (compare Figs. 13B, 14B, 15B), as
does the migration of the brain arginase proteins (Figs. 8 and 10).
Clearly, some singular feature of the L1B enzyme (e.g. a unique
conformation, a particular amino acld composition, etc.) prevents a
significant loss of its MnZ* actlvator during analysis,

The greater stabillty of LIB simplifies Its physicochemlcal charac-
terization, and may also explain the colncident eluflion of Its protein
and activity proflles from gel filtration columns as opposed to the
noncoinclidence observed in the patterns of the other bovine arginases
tested. Gel flltration Is known to remove Mn2* from arglinase (Hirsch-
Kolb et al., 1970; 1971). The S=200 and the G-150 columns used In this
study were not eluted with Mn2+-con+ainlng buffer, so that it Is likely
that some metal was lost from the preparations as they ran through these
columns. The consequence of a lowered Mn2t content should be a decrease
In The catalytic efflciency of the enzymes, but because the column
fractions were always assayed In buffer that contained Mn2+, some enzyme
activity could be detected. The lack of concurrent protein and activity
proflles for the L1A, B1A, and B1B pools applied to gel flltration
columns might, theoretically, be caused by an Irréversible loss of metal
lon In those fractions eluting at the lagging edge of the protein peak.
Such a loss would prevent the expression of enzyme activity In these
aliquots although the arginase molecules are, In fact, present,

The unusual elution pattern observed when brain arginase prepara-
tions are loaded onto a HPLC column may also be a Mn2* effect. Under

conditions of high pressure, these proteins may both combine Into macro-



molecular aggregates and dlssoclate Into subunlts. Such an effect occurs
when these enzymes are subjected to electrophoresls In the presence of
EDTA (Fig. 10). Although possibly inactive In these several confligura-
tlons, If tested In Mn2+-contalning assay buffer, the multiple proteln
peaks apparent in each sample may (and Indeed, do) express arglnase
activlity. This theory should be verlfied by observing the effect on the
elution proflle of adding Mn2* t+o the eluant. Alternatively, samples
could be run as before, and then they could be assayed In buffer which
lacked Mn2t so as to determine which of the peaks Is the active form of
the enzyme,

In summary, this research has consisted of a Investigation of the
physlicochemlical properties of the arginase protelns found In bovine
ITver and brain tissues. A purification scheme has been devised which
yields homogeneous preparations of two distinct llver arglnases. Four
separate, relatively pure (at least 80-85% pure as Judged by SDS-PAGE),
brain arginase proteins have also been Isolated. All of these protelns
require Mn2t for activation, and they share a pH optimum at pH 10. Thelr
electrophoretic mobilitles during dlsc gel electrophoresis are simllar,
as are thelr native molecular weights. The overall amino acld composli-
tions of bovine arglinases are allike, but there are notliceable
differences which probably account for the diversity In the stablllty
and the hydrophobiclity of the several proteins. The subunit sizes and
ollgomerlic structures also vary between arglinase lsozymes.

Future studies should be almed at the relatlionship between the
amino acld composition and the functlonal properties of these arglinase

Isozymes. Also genetic studles should be undertaken, using a cDNA probe,




to determline the number of arglinase genes within the bovine genome, and

the regulation of thelr expression.
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