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Human type II arginase: sequence analysis and tissue-specific expression
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Abstract

A full-length cDNA encoding type II arginase was isolated from a human kidney cDNA library and its sequence compared to
those of vertebrate type I arginases as well as to arginases of bacteria, fungi and plants. The predicted sequence of human type II
arginase is 58% identical to the sequence of human type I arginase but is 71% identical to the sequence of Xenopus type II
arginase, suggesting that duplication of the arginase gene occurred before mammals and amphibians diverged. Seven residues
known to be essential for activity were found to be conserved in all arginases. Type II arginase mRNA was detected in virtually
all human and mouse RNA samples tested whereas type I arginase mRNA was found only in liver. At least five mRNA species
hybridizing to type II arginase cDNA were found in the human RNA samples whereas only a single type II arginase mRNA
species was found in the mouse. This raises the possibility that the multiple type II arginase mRNAs in humans arise from
differential RNA processing or usage of alternative promoters. © 1997 Elsevier Science B.V.
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1. Introduction type II arginase may play a role in regulating the
synthesis of nitric oxide, proline, glutamate and poly-
amines (for reviews, see Jenkinson et al., 1996; Morris,At least two isoforms of mammalian arginase (EC
1996). Thus, the availability of a cloned type II arginase3.5.3.1) exist, both of which catalyze the hydrolysis of
cDNA would provide a powerful tool for investigatingarginine to ornithine and urea (reviewed in Jenkinson
the structure and physiologic functions of this enzymeet al., 1996). However, these isoforms (types I and II )
in mammals.differ in tissue distribution, immunologic reactivity,

The only sequences reported for mammalian arginasesphysiologic function and certain enzymatic properties
are those of the type I isoform (Haraguchi et al., 1987;(e.g., Herzfeld and Raper, 1976; Spector et al., 1983;
Kawamoto et al., 1987). Mammalian type I arginasesJenkinson et al., 1996). Moreover, the two arginase
are sufficiently different from type II arginases that theyisoforms are localized in different subcellular compart-
are not immunologically cross-reactive (Herzfeld andments, with the type I isoform located in the cytosol
Raper, 1976; Spector et al., 1983, 1994) and attemptsand the type II isoform located in mitochondria
to achieve cross-hybridization using the type I arginase(Jenkinson et al., 1996). The physiologic function of
cDNA at reduced stringencies have not been successfultype I arginase, which is highly expressed in liver as a
(unpublished results). Recently, however, the first cDNAcomponent of the urea cycle, has been known for much
clones encoding type II arginase were isolated fromof this century. In contrast, the physiologic role(s) of
Xenopus laevis (Patterson and Shi, 1994). Preliminary

type II arginase is still poorly understood. Because the experiments in this laboratory showed that the Xenopus
substrate arginine as well as the products ornithine and cDNA encoding type II arginase cross-hybridized with
urea are each involved in a variety of distinct physiologic an apparently homologous mRNA in rat kidney RNA,
processes, the function of type II arginase expression indicating that the Xenopus cDNA could be used to
very likely varies among different tissues. For example, identity a mammalian homolog. Thus, the objectives of

this study were to isolate and characterize a human type
II arginase cDNA, to determine its relationship to type

* Corresponding author. Tel. : +1 412 6489338; Fax: +1 412 6241401;
I arginases by sequence comparison, and to comparee-mail: sid@hoffman.mgen.pitt.edu
the expression of type I and II arginases in human and
mouse tissues.Abbreviations: bp, base pair(s); kb, kilobase(s) or 1000 bp.
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Fig. 1. Amino acid sequence of human type II arginase and comparison with other arginases. Letters on black background and capital letters below
alignment represent residues conserved in all arginases; lower case letters below alignment represent residues conserved in at least 12 of 15 arginases;
asterisks above alignments identify residues conserved in all species except for Arabidopsis. Methods: A full-length type II arginase cDNA clone
was isolated by screening a SUPERSCRIPT human kidney cDNA library (Life Technologies, Inc.) with 32P-labeled arg-2 cDNA of Xenopus laevis
(Patterson and Shi, 1994). Filter hybridizations were carried out using the conditions of Amasino (1986), except that reduced-stringency hybridiza-
tions and post-hybridization washes were carried out at 37°C and 43°C, respectively. Both strands of cloned cDNA were sequenced on an ABI
PRISM Model 377 DNA Sequencer according to the manufacturer’s protocols. The cDNA sequence for human type II arginase has been deposited
in GenBank with accession No. U82256. Protein sequences of multiple arginases were initially aligned using the program CLUSTAL W (Thompson
et al., 1994); alignments in conserved regions were optimized by using the program SAGA (Notredame and Higgins, 1996). Using the recently
published crystal structure of rat type I arginase ( Kanyo et al., 1996) as a guide, the alignment was finally adjusted manually in order to obtain
an optimal alignment. Final alignment format was prepared by Genedoc (http://www.cris.com/~Ketchup/genedoc.shtml ). Published arginase
sequences used for comparison were from Xenopus laevis (type II; clone arg-2; Patterson and Shi, 1994), Xenopus laevis (type I; Xu et al., 1993),
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Fig. 2. Distribution of type I and II arginase mRNAs in human and mouse tissues. Northern blots (Clontech Laboratories, Inc.) containing
approximately 2 mg of poly A+ RNA from various human or mouse tissues were probed sequentially with human type II arginase cDNA (upper
panel ) and rat type I arginase cDNA (Kawamoto et al., 1987) ( lower panel ). The blots were stripped between probings. The faint dots at the top
of the upper panels indicate the origin of each lane and the mobilities of RNA size markers are indicated on the left. Key to lanes in left panel:
(1) heart, (2) brain, (3) placenta, (4) lung, (5) liver, (6) skeletal muscle, (7) kidney, (8) pancreas. Key to lanes in right panel: (1) heart, (2) brain,
(3) spleen, (4) lung, (5) liver, (6) skeletal muscle, (7) kidney, (8) testis.

2. Results and discussion leucine and serine residues. Human type II arginase is
more closely related to Xenopus type II arginase (71%
identity) than to human type I arginase (58% identity).2.1. Analysis of arginase sequences
This supports a previous suggestion (Patterson and Shi,
1994) that the two arginases are the consequence of aThe 1936-bp cDNA encoding human type II arginase

contains 16 bp of 5∞ untranslated sequence, a 1062-bp gene duplication event that occurred before mammals
and amphibians diverged. Twenty-five residues are abso-open reading frame, 788 bp of 3∞ untranslated sequence

and a 70-bp polyA tract. The open reading frame lutely conserved among fifteen arginases from a wide
variety of species (Fig. 1), including three histidines andencodes a peptide of 354 amino acids which is 32

residues longer than human type I arginase, due to the four aspartates shown to be important for catalysis and
stability of the binuclear metal center (Cavalli et al.,presence of additional residues at both the N and C

termini of type II arginase (Fig. 1). The additional 1994; Kanyo et al., 1996). The functions of the remain-
ing conserved residues have yet to be determined. If theN-terminal residues are probably involved in the mito-

chondrial localization of type II arginase, in contrast to Arabidopsis arginase sequence is excluded from the
comparison, however, an additional 13 residues aretype I arginase which is cytosolic. Like other mito-

chondrial matrix proteins (Hendrick et al., 1989; von conserved among all the remaining arginases (Fig. 1).
The total number of conserved residues identified in theHeijne et al., 1989), the N terminus of human type II

arginase lacks acidic residues and has several arginine, present alignment is less than the 43 conserved residues

human (type I; Haraguchi et al., 1987), rat (type I; Kawamoto et al., 1987), Rana catesbeiana (type I; Iwase et al., 1995), Saccharomyces cerevisiae
(Sumrada and Cooper, 1984), Schizosaccharomyces pombe (arginase 1; van Huffel et al., 1994), Bacillus subtilis (Gardan et al., 1995), Bacillus
caldovelox (Bewley et al., 1996), Agrobacterium tumefaciens plasmid (Schrell et al., 1989), Brucella abortus (GenBank accession No. U57319),
Neurospora crassa (SwissProt database, accession Argi_Neucr), Coccidiodes immitis (Pan et al., 1995), Arabidopsis thaliana ( Krumpelman et al.,
1995).
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identified in a recent analysis of arginase sequences during mammalian development, in different tissues and
in disease states.(Bewley et al., 1996), probably reflecting the fact that

the present analysis included a larger number of arginase After this manuscript was submitted, another group
reported the isolation of a cDNA clone with a codingsequences representing a broader range of species than

in the previous report. sequence for human type II agrinase identical to that
described here (Gotoh et al., 1996).

2.2. Tissue-specific expression of type I and type II
arginase genes

AcknowledgementType II arginase mRNA is present in virtually all
human and mouse tissues tested (Fig. 2). The pattern

We are grateful to Dr. Yun-Bo Shi for generouslyof type II arginase mRNA expression contrasts sharply
providing the Xenopus arg-2 cDNA clone. We especiallywith that of type I arginase mRNA, which is represented
thank John Perozich for performing the protein sequenceby a single mRNA species and is expressed abundantly
alignment. Protein sequence analyses were carried outin liver, with little or no expression in other tissues.
through the resources of the Pittsburgh SupercomputingSurprisingly, at least five mRNA species hybridizing to
Center. This work was supported in part by NIH granttype II arginase cDNA are found in the human RNA
GM 50897.samples whereas only a single type II arginase mRNA

species is found in the mouse. This raises the possibility
that the multiple type II arginase mRNAs in humans
arise from differential RNA processing or usage of

References
alternative promoters. Although all human type II argi-
nase mRNAs are of sufficient length to encode full-

Amasino, R.M., 1986. Acceleration of nucleic acid hybridization rate
length type II arginase, the functional significance of the by polyethylene glycol. Anal. Biochem. 152, 304–307.
multiple mRNAs remains to be determined. Both type Bewley, M.C., Lott, J.S., Baker, E.N., Patchett, M.L., 1996. The clon-

ing, expression and crystallisation of a thermostable arginase. FEBSI and II arginase mRNAs were found in the liver RNA
Lett. 386, 215–218.samples. So far as we are aware, this is the first clear

Cavalli, R.C., Burke, C.J., Kawamoto, S., Soprano, D.R., Ash, D.E.,evidence that both arginase isoforms can be expressed
1994. Mutagenesis of rat liver arginase expressed in Escherichia coli:

in liver. Although the identity of the hepatic cells role of conserved histidines. Biochemistry 33, 10652–10657.
expressing type II arginase is not known, it is likely that Gardan, R., Rapaport, G., Debarbouille, M., 1995. Expression of the

rocDEF operon in arginine catabolism in Bacillus subtilis. J. Mol.the type II arginase mRNA in this sample represents
Biol. 249, 843–856.expression in nonparenchymal cells.

Gotoh, T., Sonoki, T., Nagasaki, A., Terada, K., Takiguchi, M., Mori,Although skeletal muscle has arginase activity
M., 1996. Molecular cloning of cDNA for nonhepatic mitochondrial

(Pardridge et al., 1982), it is surprising that the abun- arginase (arginase II ) and comparison of its induction with nitric
dance of type II arginase mRNAs in human skeletal oxide synthase in a murine macrophage-like cell line. FEBS Lett.

395, 119–122.muscle is as great as in human kidney, which is usually
Haraguchi, Y., Takiguchi, M., Amaya, Y., Kawamoto, S., Matsuda,considered to be one of the sites of greatest type II

I., Mori, M., 1987. Molecular cloning and nucleotide sequence ofarginase activity. This differs significantly from the
cDNA for human liver arginase. Proc. Natl. Acad. Sci. USA 84, 412.

mouse, where there is little or no type II arginase mRNA Hendrick, J.P., Hodges, P.E., Rosenberg, L.E., 1989. Survey of amino-
in skeletal muscle. Whether this represents a species terminal proteolytic cleavage sites in mitochondrial precursor pro-

teins: leader peptides cleaved by two matrix proteases share a three-difference or merely differences in the type of muscle
amino acid motif. Proc. Natl. Acad. Sci. USA 86, 4056–4060.sampled for the two species is not known. There is a

Herzfeld, A., Raper, S.M., 1976. The heterogeneity of arginases in rathigh level of type II arginase expression in mouse testes,
tissues. Biochem. J. 153, 469–478.

possibly to provide substrate for the synthesis of polya- Iwase, K., Yamauchi, K., Ishikawa, K., 1995. Cloning of cDNAs
mines required for spermatogenesis. encoding argininosuccinate lyase and arginase from Rana catesbei-

ana liver and regulation of their mRNAs during spontaneous and
thyroid hormone-induced metamorphosis. Biochim. Biophys. Acta
1260, 139–146.3. Concluding remarks

Jenkinson, C.P., Grody, W.W., Cederbaum, S.D., 1996. Comparative
properties of arginases. Comp. Biochem. Physiol. 114B, 107–132.

Sequences of the type II arginases, combined with the Kanyo, Z.F., Scolnick, L.R., Ash, D.E., Christianson, D.W., 1996.
Structure of a unique binuclear manganese cluster in arginase.recently determined tertiary structure of the rat type I
Nature 383, 554–557.arginase ( Kanyo et al., 1996), will be useful in determin-

Kawamoto, S., Amaya, Y., Murakami, K., Tokunaga, F., Iwanaga,ing the basis for the differences in enzymatic properties
S., Kobayashi, K., Saheki, T., Kimura, S., Mori, M., 1987. Complete

between the type I and II arginases. The cDNA encoding nucleotide sequence of cDNA and deduced amino acid sequence of
the human type II arginase also will be essential for rat liver arginase. J. Biol. Chem. 262, 6280–6283.

Krumpelman, P.M., Freyermuth, S.K., Cannon, J.F., Fink, G.R.,elucidating the physiologic functions of type II arginase



161S.M. Morris, Jr. et al. / Gene 193 (1997) 157–161

Polacco, J.C., 1995. Nucleotide sequence of Arabidopsis thaliana specificity of arginase in tissue culture and whole animals. Int. J.
Dev. Neurosci. 12, 337–342.arginase expressed in yeast. Plant Physiol. 107, 1479–1480.

Morris Jr., S.M., 1996. Arginine synthesis, metabolism, and transport: Spector, E.B., Rice, S.C.H., Cederbaum, S.D., 1983. Immunologic
studies of arginase in tissues of normal human adult and arginase-regulators of nitric oxide synthesis. In: Laskin, J.D., Laskin, D.L.

(Eds.), Cellular and Molecular Biology of Nitric Oxide. Marcel deficient patients. Pediatric Res. 17, 941–944.
Sumrada, R.A., Cooper, T.G., 1984. Nucleotide sequence of theDekker, New York, NY (in press).

Notredame, C., Higgins, D.G., 1996. SAGA: sequence alignment by Saccharomyces cerevisiae arginase gene (CAR 1) and its transcrip-
tion under various physiological conditions. J. Bacteriol. 160,genetic algorithm. Nucleic Acids Res. 24, 1515–1524.

Pan, S., Zhang, M., Cole, G.T., 1995. Isolation and characterization 1078–1087.
Thompson, J.D., Higgins, D.G., Gibson, T.J., 1994. CLUSTAL W:of the arginase-encoding gene (arg) from Coccidiodes immitis. Gene

154, 115–118. improving the sensitivity of progressive multiple sequence alignment
through sequence weighting, position-specific gap penalties andPardridge, W.M., Duducgian-Vartavarian, L., Casanello-Ertl, D.,

Jones, M.R., Kopple, J.D., 1982. Arginine metabolism and urea weight matrix choice. Nucleic Acids Res. 22, 4673–4680.
van Huffel, C., Dubois, E., Messenguy, F., 1994. Cloning and sequen-synthesis in cultured rat skeletal muscle cells. Am. J. Physiol. 242,

E87–E92. cing of Schizosaccharomyces pombe car 1 gene encoding arginase.
Expression of the arginine anabolic and catabolic genes in responsePatterson, D., Shi, Y.B., 1994. Thyroid hormone-dependent

differential regulation of multiple arginase genes during amphibian to arginine and related metabolites. Yeast 10, 923–933.
von Heijne, G., Steppuhn, J., Herrmann, R.G., 1989. Domain structuremetamorphosis. J. Biol. Chem. 269, 25328–25334.

Schrell, A., Alt-Moerbe, J., Lanz, T., Schroeder, J., 1989. Arginase of of mitochondrial and chloroplast targeting peptides. Eur. J. Bio-
chem. 180, 535–545.Agrobacterium Ti plasmid C58. DNA sequence, properties, and com-

parison with eucaryotic enzymes. Eur. J. Biochem. 184, 635–641. Xu, Q., Baker, B.S., Tata, J.R., 1993. Developmental and hormonal
regulation of the Xenopus liver-type arginase gene. Eur. J. Biochem.Spector, E.B., Jenkinson, C.P., Grigor, M.R., Kern, R.M., Ceder-

baum, S.D., 1994. Subcellular location and differential antibody 211, 891–898.


