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Summary

Through analysis of a cDNA library and third-party and red muscle tissue. To investigate whether there was
annotation of available database sequences, we differential regulation of OnmyARGO01 and Onmy
characterized the full-length coding regions of rainbow ARGO02, juvenile trout were fasted for 6weeks and hepatic
trout (Oncorhynchus mykiss Type |, OnmyARGO01, and enzyme activities and mMRNA levels were compared with
Type I, OnmyARGO02, arginase genes. Two partial those of fed control fish. There was a 3-fold increase in
related arginase sequencesPnmy-ARGO1b and Onmy liver arginase activity and a 2-fold increase inOnmy-
ARGO02b, and a full-length zebrafish arginase coding ARG02 mRNA levels but no change inOnmyARGO1
region (Danio rerio), Dare-ARGO02, are also reported. mMRNA levels in fasted fish relative to fed fish. These
Comparison of vertebrate arginase sequences shows that findings indicate that both types of arginase genes are
both Type | and Type Il genes in bony fishes contain a present and expressed in rainbow trout and that the
mitochondrial targeting N-terminal domain. This suggests pattern of expression varies between tissues. The increase
that the cytosolic Type | arginase found in ureotelic in liver arginase activity after a 6-week fast is due, in part,
vertebrates arose in the common ancestor of amphibia to an increase in the expression cDnmyARG02 mRNA
and mammals. OnmyARG01 and OnmyARG02 mRNA levels.
was detected in liver, kidney, gill, intestine, red muscle and
heart tissues. Onmy-AARGO1 was expressed at a Key words: ornithine-urea cycle, arginine, urea, nitrogen
significantly higher level relative toOnmy-ARGO02 in liver metabolism, mitochondrial targetingncorhynchus mykiss.

Introduction

Arginase (EC 3.5.3.1), found in all five kingdoms of precursor for polyamines, glutamate and proline (for review,
organisms, catalyses the conversion of arginine to urea asée Jenkinson et al., 1996), although it may also regulate the
ornithine (Hird, 1986). Most microorganisms and the twoavailability of arginine for nitric oxide synthase and, in turn,
invertebrates studied to dat€genorhabditis elegangand  regulate nitric oxide-dependent apoptosis (Gotoh and
Drosophilg have only one type of arginase, whose function isMasataka, 1999). The appearance of two distinct arginase
unrelated to the ornithine—urea cycle (OUC; Samson, 2000yenes irXenopusaand mammals is thought to be due to a gene
There are two forms of arginase in terrestrial ureoteliduplication event that occurred before the divergence of
vertebrates encoded by separate genes (Spector et al., 198@mmals and amphibians from their most recent common
Grody et al., 1989). Arginase Type | (ARGO01) is a cytosolicancestor (Patterton and Shi, 1994; Jenkinson et al., 1996;
enzyme (lkemoto et al., 1990) that anchors the hepatierozich et al., 1998). To our knowledge, there is no
OUC [carbamoyl phosphate synthetase (CPSase), ornithimeformation in the literature on whether one or two arginase
carbamyl transferase (OTCase), argininosuccinate synthetaggnes exist in fish, although the availability of zebraf¥m{o
argininosuccinate lyase and arginase]. Arginase Type Herio) expressed sequence tag (EST) and pufferfiakifugu
(ARGO02) is mitochondrial, is more highly expressed inrubripe§ genome sequences should facilitate the search for
nonhepatic tissues and its function is less well understood (egnswers.

Gotoh et al., 1996; Morris et al., 1997; Miyanaka et al., 1998; Arginase is ubiquitous in fish tissues, with highest activities
lyer et al., 1998). It has been suggested that Type Il arginageund in liver and kidney tissue (Cvancara, 1969; Portugal and
could be most important for the synthesis of ornithine, aksnes, 1983; Singh and Singh, 1988; Korte et al., 1997;
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Felskie et al., 1998). Despite this, only a handful of adularginase (hepatic OUC-related) and betw&myARG02
teleost species is known to have a functional OUC (Randall @nd mammalian Type |l arginase (nonhepatic), we
al.,, 1989; Saha and Ratha, 1998; Walsh, 1997; reviewed thypothesized that onlDnmyARGO02 expression would be
Anderson, 2001), although the OUC is present in the morenhanced in the livers of fasted juvenile trout where the OUC
ancient fish lineages (i.e. elasmobranchs and the coelacanthnon-functional. We reproduced the protocol used by Chiu et
Griffith, 1991; Anderson, 1991; Walsh and Mommsen, 2001)al. (1986), where juvenile trout were either fed or fasted for a
Urea synthesis occurs early in teleost development (Kaushik 8tweek period. Livers were collected at 0 andegks, and
al., 1982; Wright et al., 1995; Pilley and Wright, 2000), andarginase activities, as well a®nmyARG01 and Onmy-
radiolabeled HC®@, a substrate for the OUC, is incorporatedARG02 mRNA levels, were compared between fasted and fed
into urea in rainbow troutQncorhynchus mykisseembryos fish.
(Dépéche et al., 1979). The key piscine OUC enzyme, CPSase
Ill, along with OTCase, arginase and the accessory enzyme
glutamine synthetase, is induced early in the development of
rainbow trout and other teleost species, although CPSase Il is Animals
absent in adult liver tissue (Wright et al., 1995; Terjesen et al., Juvenile rainbow trout@ncorhynchus mykisgvalbaum;
1998, 2001; Chadwick and Wright, 1999; Steele et al., 20020-3Cg) of both sexes were obtained from the Alma
Todgham et al., 2001). Thus, the OUC appears to be functionAbuaculture Station (Alma, ON, Canada). The fish were held
early in development but, of the OUC enzymes, only arginase the Aqualab facility at the University of Guelph
activities remain high in later life stages. (photoperiod 14:12h L:D, pH 7.9; water hardness 4afg |1

The developmental pattern of OUC enzyme activity raiseas CaC@, Ca&*, 5.24mequivl~; CI-, 1.47mequivi-L; Mg2*,
the question of whether one or two arginase genes a@&98mequivl~1; K*, 0.06mequivli~L Na", 1.05mequivi-1)
expressed in rainbow trout. Adult trout arginase activity ifor 2weeks prior to experimentation. Fish were randomly
localized to the mitochondria (Mommsen and Walsh, 1989ivided into four groups [two control tanks, two experimental
Korte et al.,, 1997), as are other fish arginases (Casey affdsted) tanks] and placed in 125-litre tanks supplied with
Anderson, 1985; Carvajal et al., 1987; Mommsen and Walsltontinuous flow-through water (total ammonia concentration
1989; Anderson and Walsh, 1995; Felskie et al., 1998). In thie control or experimental tanks was gthol I-1). Fish were
present study, we hypothesize that the arginase gene or geffies trout pellets (Martin’s Feed Mills, Elmira, ON, Canada) at
in trout share more homology with the mammalianl.8% of their body mass twice a day fcdd&ys each week.
mitochondrial arginase Type |l rather than the cytosolic Typ&Vater temperature was 10-12°C.
| gene. Very little was known about fish arginase genes at the
onset of this project. The only sequences available were those Cloning
from the zebrafish EST library, indicating the presence of one The polymerase chain reaction (PCR) was used to amplify
arginase gene with sequence similarity to the mammaliathe arginase gene from a primary rainbow trout cDNA library
mitochondrial Type Il arginase. The question is furtherconstructed from mRNA isolated from the combined gill and
complicated by the fact that salmonids are tetraploid, ankidney tissues of 12 trout ¥10° PFUmI-L; S. F. Perry,
recent studies of trout glutamine synthetase genes revealed f@arsonal communication). The initial degenerate primer
distinct genes (Murray et al., 2003). In the present study, weombinations used, based on known vertebrate arginase
used PCR cloning techniques and database searches stquences, were ARG*e5f1'{bTGGG CTTAG AGAYG
determine the complete coding regions of one arginase TypellGGAY C) and ARG*e7rl (5GGGTC CAGNC CATCA
gene OnmyARGO01) and one arginase Type Il ge@nfy- ATGTC AAA) or ARG*e7r2 (3-CCTTC TCTGT ARGTN
ARGO02). In addition, the partial coding regions of two similarAGTCC TCC). To obtain further sequence information of the
genes were also determine@®nmyARG02b and Onmy  OnmyARGO02 transcript, we employed anchored PCR using
ARGOL1b, respectively). Using northern blot analysis, wethe vector-specific primers pBKCMV*rl and pBKCMV*fl
determined the pattern of expression@fimyARGO01 and (Murray et al., 2003) in combination with eitt@nmyARG02
OnmyARGO02 in several adult trout tissues. specific reverse primers, ARG*e7rl or ARG-Onmy*e6r2 (5

Our second aim was to investigate whether the two trodlfGGTC GAAAG AGACT TCCAT G), or the forward primer
arginase genes were differentially regulated in response #WRG-Onmy*e5f2 (5TGAAG GACTT GGGTG TCCAG).
dietary manipulation. In various teleost fishes, liver arginas®CR reactions were conducted on a PTC-150 MiniCl{éler
activity is induced following several weeks of fasting (Chiu etthermal cycler (MJ Research Inc., Incline Village, NV, USA).
al., 1986; Jurss et al., 1987; Singh and Singh, 1988; Wrighthe thermal profile consisted of an initial cycle of@5or
1993). Increased arginase activity may be important in amind min, 55-60C for 30s, and 72C for 2min, followed by 35
acid catabolism in fasting fish (Ballantyne, 2001; Wood, 2001)cycles of 94C for 3Cs, 55-60C for 3Cs, 72C for 1.5min,
Alternatively, arginase may be induced during starvation tand finished with an elongation of the°@2step for 7.5nin.
enhance ornithine synthesis, modulate nitric oxide productioReaction volumes were 28, consisting of 1.3nmoll-1
or modulate related pathways (see above). Based on thgCly, 20Cumol -1 dNTPs, k reaction buffer, 0.zimol -1
similarity betweenOnmyARGO01 and mammalian Type | of each primer and 1 unit of HotSfaaqpolymerase (Qiagen

Materials and methods
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Inc., Mississauga, ON, Canada). The PCR products welRNA was isolated from trout liver by the guanidine
separated by gel electrophoresis, isolated using a QIAGEMNothiocyanate method using Trizol (Gibco-BRL, Burlington,
QIAquick gel extraction kit (Qiagen Inc.) and cloned intoON, Canada). RNA (1QglaneY) was separated on a 1.5%
pGEM-T Easy Vector system (Promega Corp., Madison, Wlagarose gel in the presence of md -1 formaldehyde and
USA). Plasmid inserts were sequenced using an ABI Prism 3&ransferred to a nylon membrane. Filters were hybridized with
DNA Sequencer (Perkin-Elmer, Foster City, CA, USA). 32P-labelled probes. Probes were generated by PCR using a
cloned fragment of cDNA as a template and primers specific
Analysis of EST and pufferfish genomic databases for either OnmyARGO1 (240bp), OnmyARGO02 (655bp)

The GenBank EST database (http:/ncbi.nlm.nih.gov/) wasr B-actin  (286bp; control gene). d-32P]-dCTP
searched for all rainbow trout, zebrafish and pufferfish entrie00CCi mmoll-1) was used to label probes using a random
with similarity to the deduced amino acid sequences of thpriming kit (Invitrogen/Gibco-BRL). Following hybridization
identified trout arginase genes through tBlastn searchewith OnmyARGO1 probe (65°C, overnight), high-stringency
Resulting EST sequences were then analysed as describedshes were conducted (65°C). Membranes were placed in a
below to establish sets of contiguous sequence information. Phosphorimager cassette and relative RNA concentrations were
a similar manner, the draft sequence of the pufferfish genonestimated from the density of bands using the ImageQuant
(release #3; http://fugu.hgmp.mrc.ac.uk/) was searched faoftware program (Molecular Dynamics, Sunnyvale, CA,
scaffolds containing arginase genes. Putative coding regiot$SA). Membranes were stripped, re-hydridized withQimeny

were extracted from the genomic sequence scaffolds. ARGO02 probe and analysed as described above. Finally,
_ membranes were stripped, re-hybridized with3¥etin probe
Sequence analysis and analyzed as before. The ratio of the density of the

DNA sequence was edited and contiguous sequences wexginase3-actin band was calculated. Separate membranes
assembled using the Sequencher 4.1.2 program (Gene Codestaining RNA isolated from different individuals were
Corp., Ann Arbor, MI, USA). Alignments were constructed analyzed and presented as meass#. (N=3-4).
using Clustalw (Thompson et al., 1994) contained within the
MacVector 7.0 program (Oxford Molecular Group). Gene Enzyme activity
phylogenies were estimated from a DNA alignment of the Liver tissue was homogenized in buffer as described by
coding sequence using the maximum likelihood method of thEelskie et al. (1998), except tissue was diluted 200-fold in
computer program Paup 4.0b10 (Sinauer Associates Induffer. Arginase activities were measured after the tissue
Sunderland, MA, USA). Three hundred bootstrap trees wergomogenate was passed through a Sephadex G25 column, as
constructed to estimate confidence in the branch topology. described previously (Felskie et al.,, 1998). Total protein

measurements were taken before and after the column
Experimental protocol chromatography step, and final enzyme activities corrected

To determine the tissue distribution @hmyARGO01 and accordingly. The assay was linear with time and tissue amount.
OnmyARGO02, adult rainbow trout were killed by a sharp blowThe assay was performed with B0of homogenized tissue
to the head. Tissues were removed immediately and frozen @xtract and the reaction was stopped aftemit0 Activities
liquid nitrogen, followed by storage at —80°C until isolation ofare presented agmol min-1g-l wet mass liver tissue or
RNA (<1 month). umol min~t mg-1 protein. Protein was measured by the dye-

To investigate liver arginase expression in response to landing method of Bradford (1976) using Bio-Rad
dietary manipulation, fish were divided into two groups: fed oiLaboratories reagents and bovine serum albumin as a standard.
fasted. The fed group were distributed equally between two 50- o
litre tanks and, likewise, the fasted group were distributed Statistics
equally between two 50-litre tanks. Prior to the start of the A single factor analysis of variance (ANOVA) was
experiment, five fish were killed from each tank (control, Oconducted on the arginase activities between fed control
week). Fish were weighed and the liver was removed. Wholf® week), fed control (8veek) and fasted @eek). Where
livers were frozen immediately in liquid nitrogen and stored asignificance was detected, the analysis was followed up with a
—80°C for later isolation of RNA and analysis of enzymeTukey’s test. Comparisons between tissues or fed and fasted
activity (<1month). Subsequently, only the fed group wereliver arginase-actin mRNA levels were assessed with an
given a ration of 1.8% daily (fed twice a day). The fasted groupnpaired Student'stest. Significant difference was detected
did not receive food for the remainder of the experiment. Attt P<0.05.
the end of the 6th week, 10 fish from the fed group (fed control,

6 weeks) and 10 fish from the fasted group (fastede@ks)

were killed, and tissues were collected as described above. Results
Identification of arginase genes in bony fishes
Northern analysis Two PCR fragments were amplified from a cDNA library,

To determine the tissue distribution of arginase mRNA oconstructed from the combined gill and kidney tissues of 12
whether arginase mRNA levels changed with fasting, totahdult rainbow trout, using the degenerate primers described.
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5UTR 3'UTR
282 CDS 1208
_—_
884 1081 1463
OnmyARGO01
(TPA: BK001403) CA3-25
(GB: AY310733) | OnmyEST contigL
25 CDS
—
1007
OnmyARGO01b 140
(TPA: BK001401) | OnmyEST contig? |
Fig.1. Rainbow trout ©@ncorhynchus
9 © y 98 CDS 1141

mykiss Onmy arginase cDNA and
expressed sequence tag (EST) 120 266 291

704 784842 1112 1340
sequences. A summary of the 741
sequence information for each of the
four contiguous sequencesQnmy | CA0606 |
ARGO0I-OnmyARGO2b, is shown OnmyARGO02 [ CA0605 |
above the supporting clones and EST(TPA: BK001400) | CAOG03 |
contigs. Corresponding Third Party (GB: AY056477)
Annotation (TPA) and GenBank (GB)
accession numbers are shown in
parentheses. Coding sequence (CDS)
information is indicated by a black | S L
rectangle, while the '5 and 3 OnmyEST contig3 |
untranslated regions (UTR) are
indicated by a thick line. Positions (in
base pairs) of the start and stop codons
are shown above the black line while CDS 569
the location of the supporting clones is F_'_%l
shown below the black line. Supporting 130 168 269 328 604
clones are shown as either grey or
hatched rectangles, indicating clones OnmyARG02b
isolated from the primary cDNA library (TPA: BKOO1404)
(S. F. Perry, personal communication) (GB: AY310734) | CA1106 |
or database-derived EST sequence
contigs, respectively. [ OnmyEST contig4 |

From the resulting clones of these fragments (CA3 clonesig 2. amino acid alignment of vertebrate arginase genes. Strictly
partial sequences of both arginase Type | and Type Il genconserved residues are boxed, bolded and darkly shaded while
were found (Figl). Gene-specific primers for the Type Il generesidues that maintain the physio-chemical properties of a position
were developed and used to amplify seven additional arginaare boxed and lightly shaded. A previous comparison of 21 arginase
gene fragments. Clones of these fragments (CA06 and CA’enzymes in both eukaryotes and prokaryotes (Perozich et al., 1998)
C|0nes) were assembled into two sets of Contiguous Sequeridentiﬁed residues that are Stl’iCﬂy conserved, hlgh'y conserved (at
(contig) information. In total, three arginase genes werdeast 80% conserved) and display invariant similarity (i.e. D/E, S/T
isolated from the cDNA libran®nmyARG01,0nmyARG02 or V/I/L/M). These positions are ind_icated beneqth the_ alignment by
and OnmyARGO02b (GenBank accession nos AY310733,*'.# _and K respect!vely. Th_ree periods (...) |nd|cate_|nco_n_1plete_ or
AY056477 and AY310734, respectively). Tentative sequencem'ssmg sequence information. The sequences are identified with a

for th dditi | . - I found four-letter code based on their species name and followed by either
or three aaditional arginase Type Il sequences were found e, unique GenBank accession number or a unique gene indicator,

single clones. However, as these sequences were found in 0j ¢ ARGO1. Species included a@ncorhynchus mykis€Onmy),

a single clone and were pot part of a I_arger contig (includinpanio rerio (Dare), Takifugu rubripes(Taru), Rana catesbeiana

the trout ESTs), we refrain from reporting them here. (Racg, Xenopus laevis(Xela), Rattus norvegicugRang, Mus
Additional sequence information was obtained from armusculugfMumu), Sus scrofgSus¢ andHomo sapiengHosg).
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analysis of the growing rainbow trout EST database (May 2003 Table 1.Arginase activitiesN=6) in liver tissue from

From the 15 trout arginase ESTs found in the database, four s rainbow trout fed control (week 0 and week 6) and fasted

of contiguous sequences were determi@anyEST contigl (week 6)

(eight clones) an@nmyEST contig2—4 (two clones each). One Arginase

clone, CA358388, presumably an incompletely spliced mRNA

was identical to contig2 but was found to contain additiona

intron sequence. The EST contigs were combined with th

previous sequences, confirming and extending the sequer

information and revealing the presence of a second arginagsteq

Type | gene (Figl). The four resulting sequence contigs, tWo g weeks 132.55+11.35% 2.17+0.24%t

complete OnmyARGO01 andOnmyARGO02 and two partial

OnmyARGO01b andOnmyARGO02b, were reported to the Third  *Significantly different from fed control (0 week).

Party Annotation database (TPA accession nos. BK00140 TSignificantly different from fed control (6 week).

BK001400, BK001401 and BK001404, respectively).

In a similar fashion, the zebrafish EST database wa

searched for arginase sequences (May 2003). Twenty-twicameshift mutations. In either case, this sequence information

zebrafish ESTs were found, 20 of which form a single arginase not supported by additional ESTs, is incomplete and,

Type Il contig (TPA accession nos. BK001402). The twotherefore, was not included in further analyses.

remaining ESTs contain unique arginase-like sequences. OnePutative arginase Type | and Type Il genes were also

(BG738104) contains stop codons in the putative readinglentified from pufferfishTar-ARGO01 andrari-ARGO02, from

frame, while the other (BI474173) is more similar to thethe genomic scaffolds FM:M000333 and FM:M002889 (release

arginase Type | sequences but also appears to contaiarsion 3), respectively. Both genes contain all the expected
exons as determined through comparison with
available Genscans and with the bony fish

umol min~tg-lliver  pmol min-1 mg-1 protein

Fed control
0 weeks 77.83+14.13 1.14+0.31
6 weeks 51.72+11.10 0.70+0.09

100 | OnmyARGO1b sequences reported here. Two pufferfish ESTs were
100 OnmyARGO1 identified in the database (May 2003). One is
identical to the reportedTartrARGO1 gene
Tar-ARGOL é_ (CA330269) while the other is 92% similar to the
45 100 I Raca-u2635L 2 TarrARGO2 gene.
[}
% Raca-d38303 @ Sequence comparison
40 Xela-x69820 ?E’ Previous comparisons of 21 arginase enzymes
MUMU-US1805 in both eukaryotes and prokaryotes (Perozich et
T 100 al., 1998) revealed 20 residues that are strictly
Cytosolic g5 [ Hosa-m14502 conserved, six that display an invariant similarity
% arginase T L Susc-AY039112 (i.e. D/IE, SIT or V/I/LIM) and 10 that are highly
conserved (at least 80% conserved). An alignment
Vertebrates 100 I-—OnmyARGozb of the putative amino acid sequences of all known
80 | OnmyARG02 vertebrate arginase genes shows that these residues
100 Dare ARGO2 _are also conserved in the seven bony f|sh_ arginases
S reported (20/20 strictly conserved, 6/6 invariant
Tarr-ARGO2 S similarity and 9/10 highly conserved; FR).
o8 90, Xela-x08406 % Interestingly, the three bony fish Type | arginases
] 100 Xela-x08407 5
Xela-x08408 < Fig.3. Maximum likelihood phenogram (m|d-p0|r_1t
81 rooted) based on a DNA alignment of the coding
99 Rano-u90887 sequence of arginase genes in vertebrates and thr.ee
—E nonvertebrate eukaryotes. Nomenclature of genes is
100 Mumu-u90886 identical to that used in Fig, with the inclusion of
| Hosa-dss724 three nonvertebrate eukaryote arginase sequences:
Neurospora crassa (Necr), Schizosaccharomyces
99 Necr-120687 pombe(Scpg and Schistosoma japoniculfscjg. The
location of the common ancestor of all vertebrate
Scpo-NC_008423 cytosolic arginase genes is shown by the arrow.
Scja-AY 336494 Bootstrap values, based on 300 bootstraps replicates,

0.1 substitutions/site are placed to the left of the appropriate nodes.
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0.18- 75% for most branching points. Two lineages of arginase genes
0.16. mm OnmyARGOl  gre suggested in vertebrates, labelled Arginase Type | and
: = OnmyARGO2  yyhe |I: however, bootstrap for the Arginase | lineage is not
£ 0.144 as well supported. Interestingly, both lineages contain the
g 0.12. predicted branching order of vertebrate evolution; an initial
R split of bony fish and tetrapod genes followed by the
x 0.10; divergence of tetrapod genes into amphibian and mammalian
£ 0.08 lineages.
o
g 0.06+ % Expression of arginase genes in various tissues
& 0.04- OnmyARGO01 andOnmyARG02 mRNA were detected in
0.02- ’j“ liver, kidney, qill, intestine, red muscle and heart tissues
o = WS ) * (Fig. 4). OnmyARGO01 was expressed at a significantly higher

level relative toOnmyARGO2 in liver and red muscle tissue
(Fig. 4). Although a similar trend was observed in kidney, this
difference was not significant (Fig). When comparing
Fig.4. The tissue distribution of arginase genes in adult rainbowyetween tissues, expression relative feactin is not

trout ©OnmyARGO01 andOnmyARGO02) is shown relative fB-actin. appropriate becausg-actin mRNA levels vary in different
Total RNA (10ug) was loaded into each lane. Tissues include livertissues (e.g. Foss et al., 1998: Murray et al., 2003). The amount
kidney, gill, intestine, red muscle and heart. Intensity of signal WasQf total RNA loaded appeared to be consistent between lanes,

quantified by denisitometry (see Materials and methods). Means % L . .
s.e.M. (N=3). Asterisks denote significant difference from the ratio ofdS observed from the ethidium bromide-stained gel. For each

Liver Kidney Gill Intestine Red Heart
musde

OnmyARGO1 -actin levels P<0.05). transcript, the order of the highest to the lowest level of MRNA
45, A
(identified through phylogenetic analysis below) contain a muc 20
longer N-terminal domain than do the amphibian or mammalia 35, T
Type | arginases. As a presumptive mitochondrial protein, Typ '
Il arginase requires an N-terminal mitochondrial targeting 3.0
peptide (mTP) in order to be transported into the matrix of th 2.5
mitochondria. These mTPs can be diverse in both length at 2.0
sequence but are characteristic in the over-representation 1.54
positively charged residues (i.e. Arg, Ala, Ser), wherea ,% 1.0
negatively charged residues (Asp and Glu) are rare (Grivel & 0.5
1988; Emanuelsson et al., 2000). Two computer programs we (9 0/ :
used to detect the presence of mTPs in the six bony fish argine EE Fed Fasted
genes for which N-terminal information is availablgrgetP g
predicts the subcellular location of newly identified proteins & 0.200, B *
(Emanuelsson et al., 2000), anditoProt predicts the -% 0.1751 [
probability that a nuclear gene is exported to the mitochondri
and identifies probable mTP cleavage sites (Claros and Vincer 0.150;
1996). These computer analyses indicate that it is highl 0.1254
probable that all six of the bony fish arginases, whether Type 0.100.
or Type Il, are targeted to the mitochondria. In addition, nc
. - . . 0.075
physical restraints for the import of the proteins were found, an
putative cleavage sites of the mTP were identified at positio 0.0501
23-25 and/or 43 (Fi@). Further analysis of all other vertebrate 0.025/
arginases (Fi?) reveals that only the amphibian and 0l
mammalian Type | arginases are not predicted to be importe Fed Fasted

into the mitochondria. ) ) ) )
Fig.5. The ratio of liver arginase gen&3nmyARG01 andOnmy

Phylogenetic analysis ARGO02, mRNA Ie\_/els relative tq3-acti_n MRNA levels f_rom_
. _ . . . northern blot analysis aftervéeeks of feeding (control) or fasting in
A maximum likelihood tree (F|g3),_|nclud_|ng all vertebrate juvenile O. mykiss Total RNA (10ug) was loaded into each lane.
and three nonvertebrate eukaryotic arginase sequences |nensity of the signal was quantified by denisitometry (see Materials
reference, was constructed from a nucleotide sequenand methods). Means sem. (N=4). (A) OnmyARGO1B-actin
alignment corresponding to the codons for positions 29-33Jevels, (B)OnmyARGO02B-actin levels. Asterisk denotes significant
(Fig. 2). The tree topology is robust, with bootstrap values ovedifference from fed groupP&0.05).
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was:OnmyARGO1: liver > kidney > red musckegill > heart  or three distinct Type Il genes. Menopus three closely

= intestine;OnmyARGO02: liver > kidney= gill > intestine= related nonhepatic arginase genes (Type Il) have been isolated
red muscle= heart. with distinct tissue, hormone-dependent and ontogeny-related
regulation (Patterton and Shi, 1994). Interestingly, five
Expression of arginase genes during fasting separate bands were detected when Human Type Il was used

Following the 6-week experiment, there was a significanas a probe on a northern blot of human RNA, but only a single
difference between the body mass of fasted (2882=6) and  band was observed in the mouse (Morris et al., 1997). Clearly,
fed fish (56t1g; N=6). Body mass at the start of the further studies are necessary to explore the number, role and
experiment (0 week) was 2682 (N=6) and was not nature of multiple Type | or Type Il arginase genes in rainbow
significantly different from the fasted fish aivéeks. trout.

Hepatic arginase activity and specific activity were
significantly higher in fasted relative to fed control fish, with Tissue distribution of arginase genes
a ~2- to 3-fold higher level in fasted compared with fed fish at Our results indicate th@nmyARGOL1 is expressed at a higher
0 and 6weeks, respectively (Tablg. level thanOnmyARGO2 in trout liver tissue. This finding is in

The levels ofOnmyARGO01 mRNA (relative toB-actin  agreement with studies of Type | genesXianopustadpole
MRNA levels) were not significantly different between fastedPatterton and Shi, 1994) and mammalian liver tissue (Morris et
and fed fish at @veeks (FighA). By contrast, there was a 2- al., 1997). Our results also show tlatmyARGO1 is expressed
fold elevation oOnmyARG02 mRNA levels in fasted relative at a higher level tha@nmyARGO02 in trout red muscle tissue.
to fed fish (Fig5B). In other trout tissues (kidney, dgill, intestine, heart), both
transcripts were expressed, but there was no significant difference
betweenOnmyARGO01 and ARGO02 expression (F. This
pattern of expression in nonhepatic trout tissues, regardless of the

Arginase genes unknown expression of other possible arginase genes, is clearly

We hypothesized that the arginase gene or genes different from that reported in ureotelic vertebrates. Although
trout would share more similarity with the mammalianthere are small discrepancies between the tissue distribution of
mitochondrial Type Il gene than with the cytosolic Type | genaarginase genes among different mammalian species, Type |
simply because arginase activities are mostly mitochondrialrginase is generally found in liver whereas Type Il arginase has
in trout and the OUC is nonoperative (Korte et al., 1997a wide distribution in nonhepatic tissues (Grody et al., 1987,
Todgham et al., 2001). Interestingly, our findings suggest th&otoh et al., 1996; Morris et al., 1997; Yu et al., 2001). Thus, the
orthologues of both Type | and Type Il arginase genes exist iwide tissue distribution ddnmyARG01 andOnmyARGO02 in
rainbow trout (and pufferfish). The current evidence (i.e. theainbow trout tissues suggests that the prerequisites were in place
identification of complete coding regions and the presence &br the evolution in terrestrial ureotelic vertebrates of hepatic
mRNA) also suggests that both of these genes are functiondlype | arginase linked to the production of ueegthe OUC and
For our analysis, only one zebrafish arginase gene (Type lthe more widely distributed Type Il arginase playing other
was presented; however, the presence of a single Type I-likellular roles. The evolution of a cytosolic form of arginase in
EST in the database suggests the presence of Type | genewsiieotelic vertebrates appears to be a derived trait that occurred in
this species. Further analysis is needed to determine the trthee common ancestor of amphibians and mammals JJig.
nature of this gene and whether it is functional or an expresséadeed, Mommsen and Walsh (1989) determined the subcellular
pseudogene. In any case, the phylogenetic analysis cleatbcation of arginase activity in a variety of fish species and
indicates that the Type | and Type Il arginase genes arogeoposed that cytosolic arginase first appeared in the lungfish.
following a gene duplication that occurred prior to theThey postulate that this shift in the intracellular location of liver
evolution of the modern bony fishes. arginase, along with the evolution of a mitochondrial ornithine

Recent studies of glutamine synthetase genes have reveatehsporter and ammonia-dependent CPSase |, were key events
four separate genes in rainbow trout, also found in twdn the evolution of the OUC found in terrestrial ureotelic
evolutionarily distinct lineages (Murray et al., 2003). It wasvertebrates. If a functioning OUC exists in bony fishes (e.g. early
speculated that glutamine synthetase gene number rose frdife stages; see Introduction), then it represents the ancestral state
two to four following the tetraploidisation event that proceedear has undergone a parallel (or separate) evolution.
the evolution of salmonids. Given the current phylogeny of
arginase genes (Fig), it is tempting to invoke a similar Upregulation of arginase with fasting
argument here for the evolution of two Type | or Type Il genes; Our results show that food deprivation in rainbow trout results
however, preliminary sequencing evidence suggests tha the induction of liver arginase activity (2—3-fold), similar to
existence of additional Type Il sequences in trout. It ither reports (e.g. Chiu et al., 1986; Jirss et al., 1987). We
interesting to note that three mRNA species hybridized to thieypothesized that the two trout arginase genes would be
OnmyARGO02 probe (data not shown), suggesting thelifferentially regulated in response to dietary manipulation.
possibility that multiple ARG02 mRNAs arise from Indeed,OnmyARG02 mRNA levels, but noOnmyARGO01,
differential processing, the presence of alternative promotemgere modestly elevated (2-fold) in liver tissue collected from

Discussion
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fasted fish. These results suggest that the increase in hepaitimportant piece of information in the arginase evolutionary
arginase activity is mainly due to the accumulation of mRNApuzzle. Although arginase activities were previously localized to
because the magnitude of the changes in each were very similanitochondria of teleost livers (Mommsen and Walsh, 1989;
Gene expression may be turned on early and sustained during Karte et al., 1997; Felskie et al., 1998), prior to our study there
6-week fasting trial or the response may be delayed. Regardlesss little sequence information available in teleosts to determine
the results suggest th@nmyARG01 andOnmyARGO02 play the number and type of arginase genes present. With this
different physiological roles in trout liver. Exactly what thosesequence and expression data in hand, it will now be possible to
roles are will be an important question for future studies. separate the functional significance of two distinct arginase
Many fish undergo significant episodes of food deprivatiorgenes in the ammoniotelic rainbow trout.
in nature without pronounced changes in their physical

capabilities, although there are numerous metabolic We thank Dr Steve Perry, from the University of Ottawa,
adjustments. In the laboratory, metabolic rate decreased for his generous donation of the trout cDNA library, Jenny
rainbow trout fasted for ldays (Alsop and Wood, 1997). Shih for her help with data analysis, and Phyllis Essex-Fraser
Protein use during fasting accounts for only 14-30% ofor her help isolating trout brain RNA. Funding for this
oxidative metabolic rate (for review, see Wood, 2001), althougproject was provided by a Premier's Research Excellence
total body protein content declined 66% after a 15-day fast inward to P.A.W., NSERC Discovery grants to P.A.W. and
juvenile (4g) rainbow trout (Lauff and Wood, 1996). The B.W.M. and an NSERC summer studentship to A.C.

mismatch between protein use as fuel and the fall in body
protein content may be due to a redistribution of proteins into
carbohydrates (i.e. gluconeogenesis) and lipids (i.e. lipogensis).
Not surprisingly, intracellular amino acid levels have also been ) . .

d to decline considerably (~50%) during a long-term faSAtISOp' D. H. and Wood, C. M.(1997). The interactive effects of feeding and
reported to _ _ y 70 g g- <=L exercise on oxygen consumption, swimming performance and protein usage
(140days; Timoshina and Shabalina, 1970). Arginolysis, in juvenile rainbow trout@ncorhynchus mykissl. Exp. Biol.200, 2337-
catalyzed by arginase, results in the formation of ornithine and 2346 o

L . . - fAnderson, P. M. (1991). Glutamate-dependent urea synthesis in
urea. Ornithine can be transaminated to proline or oxidized 10 g 3smobranch fisheBiochem. Cell. Biolg9. 317-319.
glutamate, both of which may enter the citric acid cycle afteAnderson, P. M. (2001). Urea and glutamine synthesis: environmental
conversion to a-ketoglutarate (Nelson and Cox 2000) influences on nitrogen excretion. Fish Physiology vol. 20, Nitrogen
. . . . ' ' Excretion(ed. P. A. Wright and P. M. Anderson), pp. 239-278. San Diego:
providing fuel for the fasted fish. At this point, we can only a.agemic Press.
speculate thatOnmyARGO02, but not OnmyARGO1, is  Anderson, P. M. and Walsh, P. J.(1995). Subcellular localization and
regulated with dietary manipulations in trout to supply biochemical properties of the enzymes of carbamoyl phosphate and urea
- . . . synthesis in the batrachoidid fishe®psanus beta, Opsanus tand
ornithine, similar to one of the putative functional roles of Poricthys notatus. J. Exp. Bidl98 755-766.
nonhepatic Type Il arginase in mammals. Ballantyne, J. (2001). Amino acid metabolism. Fish Physiologyvol. 20,
In the present study, rainbow trout lost onIy ~12% of their Nitrogen Excretior(ed. P. A. Wright and P. M. Anderson), pp. 77-108. San
bod ft 6 K f ianifi hich i ithi Diego: Academic Press.
ody mass aifter a 6-week fast (nOt Slgnl 'Cant), whic _|'S wit I%radford, M. M. (1976). A rapid and sensitive method for the quantification
the range reported by others (e.g. Chiu et al., 1986; Jurss et alof microgram quantities of protein utilizing the principle of protein-dye
1987). Although arginase activity per gram of liver tissue and_Pinding.Anal. Biochem72, 248-254.
£ i in sianifi Vi din f d fish .fCarvajaI, N., Kessi, E. and Ainol, L.(1987). Subcellular localization and
permg o _(ljver protein S'gn'g_catnty Increase Ifn f'a?]te 'S' | Iéinetic g_ropﬁrtiespcr)]f gr?igsgzgozrglthe liver Genypterus maculatus
one considers enzyme activity per gram of fish, arginase Comp. Biochem. Physiol. &8, 229-231.
activities are similar between fasted and fed fislwe{éks). Casey, C. A. and Anderson, P. M(1985_). Submltochondrlal Ioca_llzatlon c_)f
This is simplv b the fish fed foweeks had th arginase and other enzymes associated with urea synthesis and nitrogen
IS 1S S|mp.y ecause the 1ish 1ed Taweeks had more than _ metabolism in liver ofSqualus acanthia€omp. Biochem. Physiol. &,
doubled their body mass, whereas the mass of the fasted fisk307-315.
did not change considerably. From another perspective, ofdadwick, T. D. and Wright, P. A. (1999). Nitrogen excretion and
hat the level of arginase activity was maintained in expression of urea cycle enzymes in the Atlantic ¢sad{s morhud..):
can Sa)_/ tha ] . g ] Yy X . a comparison of early life stages with adulis.Exp. Biol.202 2653-
fasted fish relative to fed fish, despite a large difference in body2662.
mass. From either angle, the arginase response is not typi¢afu Y- N., Austic, R. E. and Rumsey, G. L(1986). Urea cycle activity
. . . _and arginine formation in rainbow troubglmo gairdneji. J. Nutr. 116,
of other liver metabolic enzymes after a fast. Although hepatic 540_1650.
glutamate dehydrogenase activity also increased (JUrss et @lligros, M. G. and Vincens, P.(1996). Computational method to predict
1987), Iipogenic, glycolytic and gluconeogenic enzyme mitochondrially imported proteins and their targeting sequeriees. J.
tivities did not ch d d (Lin et al. 1977 M Biochem 241, 770-786.
ac(;w Iehs 10 not change or eclrease )( Inetal, » MOOByancara, V. A.(1969). Studies on tissue arginase and ureogenesis in fresh-
and Johnston, 1980; Jirss et al., 1987). water teleostsComp. Biochem. Physid0, 489-496.
In conclusion, our findings provide evidence for two distinctPépéche, J., Gilles, R., Daufresne, S. and Chiapello, 979). Urea content
. . . and urea productioria the ornithine—urea cycle pathway during the ontogenic
arginase genes in rainbow tro@nmyARGOL andOnmy development of two teleost fish&omp. Biochem. Physiol. @8, 51-56.
ARGO02, both with mitochondrial targeting sequences. FurtheEmanuelsson, O., Nielsen, H., Brunak, S. and von Heijne, G2000).

OnmyARGO01 anchmyARGOZ share sequence similarities to  Predicting subcellular localization of proteins based on their N-terminal
T | dT I . isol df hibi I"'lgamino acid sequencé. Mol. Biol. 300, 1005-1016.
ype I'and Type Il arginase genes isolated from amphibians aRdisyie, A. k., Anderson, P. M. and Wright, P. A(1998). Expression and

mammals but differ in their pattern of tissue expression. This is activity of carbamoyl phosphate synthetase Ill and ornithine urea cycle
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