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Abstract: The enzyme glucokinase (GK) (EC 2.7.1.1) plays an important role in the control of glucose
homeostasis. Qualitative and/or quantitative variations in GK enzyme have been postulated by
previous studies to explain why dietary carbohydrate utilisation is lower in gilthead seabream (Sparus
aurata) and rainbow trout (Oncorhynchus mykiss) than in common carp (Cyprinus carpio). In this
study, we report the isolation and characterisation of a full-length ¢cDNA coding for GK in these
teleosts. Amino acid sequences derived from these cDNA clones are highly similar to other vertebrate
GKs. These findings, including a detailed phylogenetic analysis, reveal that GK gene highly
homologous to mammalian GK exists in these fish species with similar tissue specific expression
(mainly liver).

Keywords: Fish nutrition; Dietary carbohydrate; Glucose phosphorylation



INTRODUCTION

In vertebrates, glucokinase or hexokinase IV (GK, E.C. 2.7.1.1) from hepatic and
pancreatic tissues plays aimportant role in controlling the rate of glucose utilisation in both
cell types aswell asin glucose homeostasis[1, 2, 3, 4, 5, 6, 7]. Infish, it seems that thereis
no strict control of blood glucose level [8, 9], with both oral administration of glucose as
well as ingestion of high carbohydrate diet resulting in hyperglycemia [10, 11]. Given that
this can not be due to insulin deficiency in fish [12], one of the currently admitted
hypotheses to explain the low dietary carbohydrate utilisation in fish is its inability to
convert efficiently the intracellular glucose into glucose-6-phosphate due to the absence of
an inducible hepatic GK activity [8, 9]. Literature data in fish on the existence of a
functiona GK-like enzyme and on the induction of GK expression by dietary
carbohydrates have been rather contradictory [13, 14, 15, 16, 17, 18]. We recently reported
isolation and characterisation of hepatic cDNA sequences from three cultured teleosts
which are homologous to a portion of mammalian GK sequences [19]. These three teleosts
differ in their capacity to utilise dietary carbohydrates : an omnivorous fish, namely
common carp, able to use efficiently high levels of dietary carbohydrates and two
carnivorous species, rainbow trout and gilthead seabream, less tolerant to dietary
carbohydrates [8, 9]. In the present work, we obtain the full-length cDNA sequences of GK
from all these three teleosts and addressed the issues of tissue-specific GK gene expression
in these species. Furthermore, by phylogenetic analysis, we show that the fish GKs are
closely related to GKs from vertebrates and distinct from other hexokinases including the

« bonafide » GK from yeast (E.C. 2.7.1.2).



MATERIAL AND METHODS

Fish, diets and RNA isolation

Tissue samples (liver, muscle, heart, kidney, brain) were obtained from rainbow trout
(Oncorhynchus mykiss) at the INRA experimental fish farm (Donzacq, France), from
common carp (Cyprinus carpio) and gilthead seabream (Sparus aurata) at the ICBAS
experimental fish farms (Vila Real and Olhao, Portugal). Juvenile immature fish (body
weight range at the end of the growth period : about 150 g) were grown for 10 weeks at
18°C during spring under natural photoperiods. They were fed twice aday to near satiation
with formulated dry diets containing high levels of digestible carbohydrates (>20%). On
the day of sampling, fish were fed once and sacrificed 6 hours after feeding. Tissues were
clamp frozen (nitrogen liquid) and stored at -80°C. Total RNA was extracted from common
carp, rainbow trout and gilthead seabream livers and other tissues as described by
Chomczinski and Sacchi [20]. PolyA mRNAs were purified from total RNAs using a poly

dT column according to the manufacturer advice (Promega, USA).

Reverse transcription (RT), Rapid amplification of the cDNA extremities-polymerase
chain reaction (RACE-PCR) and molecular cloning of PCR fragments

The5 and 3' cDNA extremities were determined by the RACE-PCR method as detailed in
the manufacturer’s notice (Boerhinger, Roche Molecular Biochemicals, Germany). The
teleost GK specific primers were designed from the partial sequence data of the same
species previously obtained in our laboratory [19] (Table 1). Using the reverse transcription

system, cDNA was synthesized by incubating 1ug of polyA mRNA from fish livers with



AMV reverse transcriptase for 1h at 42°C using either the oligodT primer (3' Race) or a
species-specific GK primer (5° Race) (Table 1). The RACE-PCR reactions were carried out
at 59°C of annealing temperature using species-specific primers (Table 1). PCR products
were subjected to electrophoresis in 1% agarose gels, hybridized with labeled GK probes
and the relevant fragments were purified (Micropure System, Amicon, USA). These

purified DNA fragments were inserted into the pCR™1-TOPO plasmid (Invitrogen, USA)

and used for transformation of One ShotTMcompetent cells (Invitrogen, USA). Clones with
inserts were selected by EcoRI digestion of the plasmid DNA and were sequenced using
the dideoxynucleotide chain termination method [21] (Sequenase-2 sequencing Kit,

Amersham, UK).

Northern and RT-PCR analysis.

Samples of 20 ug of total RNA samples were submitted to electrophoreses on 1% agarose
gels containing 5% formaldehyde and capillary transferred onto nylon membrane (Hybond-
N*, Amersham, UK). Membranes were hybridized with [*P] DNA specific for GK
sequences labeled by random priming (Stratagene, USA) [19] (Genbank accession numbers
AF053330, AF053331 and AF053332 for gilthead seabream, rainbow trout and common
carp GK related probes respectively). Membranes were aso hybridized with a carp 16 S
ribosomal RNA probe (Genbank accession number MICCCG) to check the inter-sample
variation in loading. After stringent washing, the membranes were exposed to X-ray film
and signal intensity autoradiograms were assessed using Visio-Mic |l software (Genomic,

France).



By annealing 2ug of total RNA with 1ug of random primers and incubating with AMV
reverse transcriptase (Invitrogen, USA) for 1h at 42°C, total cDNA was synthesized. Using
specific primers derived from the previously acquired partial GK cDNA sequences [19]
(Tablel), GK-specific cDNA fragments were synthesized. At this end, a 35 cycle PCR
reaction was carried out in a fina volume of 25 ul containing 1.5 mM MgCl; , 4 pmol of
each primer, 2 ul total cDNA and 1 U of Taq polymerase (Boerhinger, Roche Molecular
Biochemicals, Germany) with an annealing temperature of 51°C for common carp and

gilthead seabream, or 55°C for rainbow trout.

Sequence analysis

Nucleotide sequences were compared with those from the Genbank database with the basic
local alignment search tool (BLAST) algorithm [22]. Amino acid sequence alignments
were assessed with the Clustal-W multiple alignment algorithm [23]. Percentage of amino
acid conservation between GKs was performed by Align program [24]. Amino acid
alignments of HK from various eucaryotes (Table 2) were used to construct a phylogenetic
tree with the PAUP (phylogenetic analysis using parsimony) algorithm [25]. An heuristic
search was performed with the TBR (tree bisection reconnection) branch-swapping
algorithm. A tree was produced representing 50% consensus of 1000 replicates. Of the 997

positions, 770 were variable and 623 were phylogenetically informative.



RESULTS

In order to obtain a full-length cDNA sequence data for GK from the three teleosts, we
used an established strategy called Rapid Amplification of cDNA Extremities (RACE-
PCR). This was possible because we aready had the partial sequence of these cDNAs[19].
Precisely, the strategy involved obtaining of full-length sequence information from two
substantially overlapping 5 and 3 fragments of a given cDNA (Figure 1). Analysis of

these sequences revealed the following features:

First, the initiator codon, arbitrarily fixed on the first ATG, resulted in an open reading
frame of 478, 471 and 476 amino acids for gilthead seabream, rainbow trout and common
carp respectively (Figure 1). These amino acid and nucleotide sequences were compared to
sequence data bases using the BLAST algorithm and correspond unequivocally to GK
sequences (p=10"° to 10%) except the 5 and 3' untranslated regions. Deduced teleost
amino acid GK sequences were aligned with the human liver GK sequence using the
Clustal-W agorithm (Figure 2). The teleost GK sequences share about 88% amino acid
identity and bear high similarity with GK sequences from higher vertebrates (up to 80%)
(Table 3). Such strong similarity is also noted for the amino acid residues critical for

enzyme activity (Figure 2).

Secondly, although the derived GK cDNA size of 2070 bp and 2655 bp respectively for
gilthead seabream and rainbow trout (Figure 1) are in agreement with that deduced from

Northern blot analysis of mMRNA from these species (Figure 3a), it was not possible to



assess the mRNA size for the common carp as no detectable GK mRNA was found in
Northern blot (Figure 3a). Indeed, we found a low level of GK gene expression associated

with alow GK activity in common carp even when fed diets rich in carbohydrates [26].

Thirdly, from rainbow trout mRNA, two distinct 3 segments were obtained by RACE-PCR
of about 1.8 and 2.2 kb in size. Sequences of these two fragments were identical excepting
an additional sequence of 348 bp at the 3' end of the longer fragment. This suggests that
rainbow trout has two distinct cDNAs that differ by their 3' untranslated region probably
due to the use of less consensual polyadenylation recognition signal (AGTAAA) as noted
in the Figure 1c. In fact, the Northern blot data confirmed the presence of two GK mRNA
species of 2.4 and 2.7kb in rainbow trout liver (Figure 3b), the latter being the major form.
This confirms that the optimal AATAAA sequence is the magor polyadenylation

recognition signal.

Fourthly, GK mRNA expression studied by RT-PCR (more sensitive than Northern blot) in
different tissues (liver, muscle, heart, brain and kidney for common carp and rainbow trout;
only liver and muscle for gilthead seabream) revealed that GK mRNA expression is highly

specific to liver (for all three species) and brain (for the rainbow trout) (Figure 4).

Finally, the evolutionary relationship among the GK's was investigated by the construction
of a phylogenetic tree (Table 2 and Figure 5). Alignment of 25 eucaryotic GK amino acid
sequences (including the three teleost sequences) was performed with the clustal-w

algorithm [23] and the PAUP algorithm [25] was used to produce an unrooted tree. This



tree has 2632 steps with a consistency index of 0.854 and after excluding uninformative
characters, an index of 0.837. Hexokinases from unicellular eucaryotes or from plants are
clearly separated from that of multicellular eucaryotes (bootstrap value of 97%) and in this
last group, vertebrate HK's clustered together, with a 98% bootstrap value. The yeast GK
considered as the « bonafide» GK given its unique substrate specificity for glucose is
divergent from al other sequences. Within the eucaryotic group, vertebrate HKs are
clustered according to the enzyme type (I to 1V) (bootstrap value 99 and 100%) and all the

teleost amino acid sequences are related to the type IV group, with a 100% bootstrap value.
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DISCUSSSION

« Bonafide » glucokinase enzyme as defined by its unique substrate (glucose) specificity
has been found only in the yeast [27]. However, in vertebrates, type IV hexokinase is
designated as glucokinase (GK) which is responsible for postprandia regulation of glucose
homeostasis [28, 29]. Presence of this enzyme in fish has long been suggested since
remained controversial [13, 14, 15, 16, 17, 18]. Our study establishes unequivocally the
existence in teleosts of DNA and mRNA sequences homologous to the vertebrate type 1V
enzyme (GK) further confirmed by cluster analysis in phylogenetic studies. In mammals,
GK gene expression is restricted to liver, pancreas and some neuroendocrine cells of the
brain athough the role of GK in this latter tissue is unknown [30]. Our data demonstrate
that, in teleosts, GK gene expression is highly specific to liver. Interestingly, also in trout
brain, the GK gene expression was found. Although direct evidence that these teleostean
GK cDNA correspond to functional GK enzyme is lacking, the nucleotide and amino acid
sequence homology with mammalian GK sequences [31], conservation of critical amino
acids involved in glucose and ATP binding [31] and own observation of a high hepatic GK
activity in teleosts fed with carbohydrates [26] are in favour of the existence of functional

GK enzymes in these species.

The GK region located between the ATP and glucose binding sites (Figure 2) are not
totally similar between the full-length GK cDNAs and previously characterised partial GK
cDNAs [19] : while complete nucleotide identity is observed for gilthead seabream

sequences, only 99% and 96% nucleotide similarities are noted for common carp and
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rainbow trout respectively. This observation suggests existence of polymorphisms in fish
GK gene (RNA preparations used for the initia cloning [19] and the present Race-PCR
were from different animals). Detailed screening of teleost GK gene polymorphisms may
provide insight into the possible existence of different forms of GK enzymes possessing
distinct catalytic properties as it has been observed in mammals [1, 2]. Besides the
gualitative analysis of the GK enzyme in fish, the present data do not exclude the
possibility that other minor GK mRNA species may be present. Indeed, in this study, for
rainbow trout, two mMRNA species are present together only when the total GK expression
is high (data not shown). It may suggest that under conditions of high level of GK gene
transcription utilisation of cryptic polyadenylation signal (AGUAAA) may become
prominent. Naturally occurring variants of consensus AAUAAA sequence in humans
indicate that changes in the second nucleotide position are relatively well tolerated (as
reported here) with respect to signal function whereas mutations in any other position
inhibit the RNA processing [32, 33]. Although maority of eucaryotic gene transcription
units possess a single polyadenylation signal, numerous examples of transcription units
with multiple poly(A) signals, all within a single 3'-terminal exon, have been described
over the past several years [32, 33]. The physiological significance of two mRNA species
in rainbow trout remains unknown. However, if different forms of mMRNAS have different
stability or trandation efficiency, then the use of aternative poly(A) sites can have positive

or negative impact on the protein expression.

It can be surprising that hepatic GK enzyme, an enzyme involved in glucose homeostasisin

vertebrates [1], was so conserved in phylogenetically far distinct (carnivorous) animals
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such as gilthead seabream and rainbow trout. We hypothesize that utilization of dietary
carbohydrates as a source of energy by fish can be important during fish development
specialy at the embryo or larval ages: indeed, young larvae of seabass D. Labrax exhibit
high specific activities for amylase, an enzyme involved in carbohydrate digestion, but this
activity declines during development [34]. In this context, the presence of a functional GK
enzyme in these species could be vital during early ontogenesis of fish and can explain its
genetic conservation. Further studies are necessary to describe the ontogenesis of GK gene
expression in rainbow trout and gilthead seabream. In contrast, the existence of functional
GK in omnivorous common carp can be due to its « natural » carbohydrate-rich feeding. In
this case, a functional GK enzyme involved in dietary glucose utilization is necessary.
However, the low induction of GK gene expression by dietary carbohydrates (observed
also for the GK activity [26]) is probably linked to an inherent strict control of glycemia as

generally observed in omnivorousfish [9].

The phylogenetic analysis of eucaryotic HKs confirms the existence of atype IV HK gene
before the separation of the vertebrates into marine and terrestrial animals, about 350
million years ago. Our results also show that the type IV group got separated from the
others before the event of duplication and fusion that led to HKI to Ill, as proposed by
Cardenas et a [27]. Finaly, the phylogenetic relationship between the three teleost GKs
confirm the existence of at least two well defined branches of teleostel as has been
suggested by the previous analysis with the partial GK cDNA sequences as well as by other
studies [19, 35], defining the ostariophys super-order (including cypriniform order

(common carp)) and the neognathi super-order (including salmoniform (rainbow trout) and
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perciform (gilthead seabream) orders). Overal, relationship among these three teleosts
observed in this study is in agreement with the notions derived from classical morphometric

[35] and genetic analyses.

Altogether we demonstrate the presence of type IV HK (GK) gene expression in teleosts
and the data obtained can be put to use for improving the efficiency of dietary carbohydrate
utilisation by fish [9]. However, as shown by the present data and our previous study [26],
poor dietary carbohydrate utilization in rainbow trout probably involves other protein(s)
either in liver or in other tissues than GK alone. Indeed, Glut4 glucose transporter was
recently reported to be absent in muscle of tilapia [36] and there is also generaly a low
number of insulin receptors in the muscle of rainbow trout [37]. Globally, the exact
contribution of liver in comparison with peripheral insulin-sensitive tissues (skeletal
muscle and adipose tissue) to the observed hyperglycemia in « carnivorous » fish requires

further studies.
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Legends

Figure 1 : Nucleotide sequences of the three teleost GK cDNA and deduced amino acid
sequences : a : gilthead seabream, b : common carp, ¢ : rainbow trout. Underlined letters
correspond to the poly(A) cleavage signal. For rainbow trout, the less consensual
poly(A) addition site has been also indicated in italic followed by the beginning of the

poly(A) tail (#). Bold letters indicate the first amino acid and the codon stop.

Figure 2 : Comparison of the three teleost and human amino acid sequences deduced from
GK cDNA sequences. The stars are the conserved amino acid residues between the four
sequences. In human sequence, bold letters correspond to the amino acids that bind
glucose. Boxes correspond to a part of the ATP-binding site and to a position of the
glucose-binding site from where the degenerated primers were designed to characterise

the partial GK cDNA clonesin a previous study [19].

Figure 3: GK gene expression in fish fed with carbohydrates (at 6h after the meal).
Northern blot analysis: a) comparison of the GK mRNA sizes between rainbow trout
and gilthead seabream. The 16S probe served as an internal control of sample loading.
No GK mRNA was detected in common carp. 1-2: rainbow trout samples; 3-4:
gilthead seabream samples; 5-6 : common carp samples. b) existence of two mMRNA GK

species for different rainbow trout samples.
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Figure 4 : Tissue specificity of GK gene expression in fish fed with carbohydrates (at 6h
after the meal) by RT-PCR analysis. L : Liver, M : (white) Muscle, K : kidney, H :

Heart, B : Brain. - : negative control.

Figure 5 : Phylogenetic analysis of the teleost GK amino acids sequences deduced from
cDNA sequences. Accession numbers of al the GK cDNA sequences are given in Table
2. Sequences were aligned using the Clustal-W algorithm and were analysed by
phylogenetic anaysis using the parsimony (PAUP) agorithm. The evolutionary
relatedness of the HKs is proportional to the length of the horizontal bars. The numbers

on the branchs indicate the bootstrapping value for the node.



a b

Mo 2
GTTCACACTTGACTGACTCTGCACACACACAGTCTGGACACACACTCACCACACACCTAGAAACACATACC 11 CCACACATTCAAACTTTAGCAAATCAACACTCATCATACAATTGTTTGAAAGACTTGCAAAG ATG CCG 69
GAGGCTCATTTAGTCAAACCTGCGAAG ATG CCG TGT GTC AGC TCT CAA CTC GAC CAG ATG 131 c L s s AR R QRTIT P S DEFE s v L 20
TGC CTC TCT TCA GCT CGT AGG CAG AGG ACG CCA AGT GAC TTT GAG TCA GTA CTG 123

V K M P C S Y S S V I D K I H M V E 29
GTG AAA ATG CCT TGC AGC TAC AGC TCT GTG ATT GAT AAG ATC CAC ATG GTA GAG 185 E R I L M V D Q I L s E s L L s K E a8
GAG AGA ATT CTC ATG GTG GAC CAA ATT CTG TCT GAA TCT CTG CTG AGT AAA GAA 177

Q I L s E F R L N K E E L K E V M E 47
CAG ATC CTG TCA GAG TTC AGG CTG AAT AAG GAA GAG CTA AAA GAA GTC ATG GAG 239 b L E E V M R R I R R E M E R G L R 56
GAT TTA GAG GAA GTG ATG AGG AGG ATA AGG AGA GAG ATG GAG AGA GGA CTG CGA 231

R M Q R E M D R 6 L R I E T H E E A 65
AGG ATG CAG CGT GAG ATG GAT CGA GGA CTG CGT ATA GAG ACG CAC GAA GAG GCC 293 V E T H D E A S V K M L P T Y V R s 74
GTG GAG ACA CAT GAT GAA GCC AGT GTC AAA ATG CTG CCC ACT TAT GTC CGC TCC 285

S V. K M L v c s G s 83

PT v T P E E vV
AGC GTC AAA ATG CTT CCG ACT TAT GTC TGC TCC ACC CCT GAG GGA TCA GAG GTG 347 T P E 6 S E V 6 D F L A LDTLG GG G T o2
ACA CCT GAA GGC TCT GAG GTT GGT GAT TTC CTG GCA CTG GAT CTT GGA GGG ACA 339

6 b F L A L D L 6 6 T N F R V M L VvV 101
GGC GAC TTC CTG GCC CTG GAT CTG GGG GGC ACA AAC TTC CGT GTG ATG CTG GTG 401 N F R V M L V KV 6 E D E E R 6 W K 110
AAC TTT CGG GTG ATG CTG GTG AAA GTG GGT GAG GAT GAA GAG CGA GGC TGG AAG 393

K v 6 E D E E R S W K V E T K N Q M 119
AAG GTG GGT GAA GAT GAG GAG AGG AGC TGG AAG GTG GAG ACC AAG AAC CAG ATG 455 V E T K H H M Y S 1 P E D A M T 6 T 18

v 137 GTG GAG ACG AAG CAT CAC ATG TAC TCC ATC CCT GAA GAT GCC ATG ACC GGC ACA 447

s P D A M T G T A D
TAC TCC ATT CCT GAA GAC GCC ATG ACG GGC ACT GCA GAA ATG CTG TTC GAC TAC 509 A E M L E D Y I A S ¢ 1 s D E L b K 146
GCT GAA ATG TTG TTT GAC TAC ATT GCC AGC TGC ATA TCT GAC TTC CTG GAC AAA 501

I A E C M S D F L D R H H I K H K K 155
ATA GCA GAG TGT ATG TCC GAC TTT TTG GAC AGA CAT CAT ATC AAG CAC AAG AAG 563 H N L K H K K L P L G F T F s E P v 164
CAT AAT CTG AAA CAT AAG AAG CTT CCA CTG GGA TTC ACC TTC TCT TTT CCA GTC 555

L P L G F T F S F P V R H E D I D K 173
CTT CCT CTC GGT TTC ACC TTC TCC TTT CCT GTA CGA CAT GAG GAC ATT GAC AAG 617 R H E D L D K 6 I L L N W T K 6 F Kk 18

CGT CAT GAG GAT TTG GAT AAG GGC ATT CTG CTT AAC TGG ACT AAA GGC TTC AAG 609
G 1 L L N W T K G F K A S G A E G N 191

GGT ATC CTG CTT AAC TGG ACC AAG GGC TTC AAG GCG TCG GGG GCA GAA GGG AAC 671 1 K 200

A A v oV L R A
GCC TCT GGC GCT GAG GGC AAT AAT GTT GTT GGT CTA CTG AGA GAT GCC ATT AAA 663
N V V G L L R D A 1 K R R G D F E M 209

AAT GTT GTG GGA TTA CTC AGA GAC GCT ATC AAG AGA CGA GGG GAC TTC GAG ATG 725

R R G D F E M D V V A M V N D T V A 218
AGA AGA GGG GAC TTT GAA ATG GAT GTG GTT GCT ATG GTG AAT GAC ACA GTA GCC 717

D V V A M V N D T V A T M I S C Y Y 227
GAT GTG GTT GCC ATG GTG AAC GAC ACA GTA GCC ACC ATG ATT TCC TGC TAT TAT 779 T oM Y Y E £ Mo 236

1 s C D R § C vV G v
ACC ATG ATC TCC TGC TAC TAT GAA GAC CGC AGC TGT GAA GTC GGT ATG ATA GTA 771
E D R S C E V G M 1 v 6 T G C N A C 245

GAA GAT CGC AGC TGT GAA GTC GGG ATG ATT GTT GGT ACT GGT TGT AAT GCG TGT 833 254

G G C A C E E R \ L Vv
GGG ACC GGC TGT AAT GCG TGT TAC ATG GAG GAG ATG CGT AAG GTG GAG CTG GTG 825
Y M E E M R T V E L VvV E G E E G R M 263

TAC ATG GAG GAG ATG AGG ACC GTG GAG CTG GTA GAA GGC GAG GAG GGC CGG ATG 887 D 272

E G E G R M C V E W G A G
GAG GGA GAG GAG GGG AGG ATG TGT GTG AAC ACA GAG TGG GGA GCG TTT GGG GAC 879
¢c v N T E W G A F G D N G E L E E F 281

TGT GTG AAC ACA GAG TGG GGG GCA TTC GGA GAC AAC GGG GAG CTT GAG GAG TTT 941 N 6 E L E D F R L E Y DRV I 0 E T 20
AAT GGT GAA CTG GAG GAC TTC CGG CTG GAG TAC GAC CGT GTT ATT GAT GAG ACT 933

R L E Y D R V V D E T S I N P G H Q 299
AGA CTG GAG TAC GAC AGA GTC GTG GAC GAG ACC TCG ATT AAC CCC GGA CAT CAG 995 S L N P G H Q L Y E K L 1 6 6 K v M 308
TCA CTA AAC CCT GGA CAT CAG CTG TAT GAG AAG CTG ATT GGT GGC AAG TAT ATG 987

L Y E K L I S G K Y M G E L V R L VvV 317
CTA TAT GAG AAG CTT ATC AGC GGG AAG TAT ATG GGT GAG CTG GTC CGG CTT GTC 1049 6 E L A R L V L L K PV N ENL L F 3%

GGA GAG CTT GCG CGT CTT GTG CTG CTA AAA CCT GTG AAT GAA AAT CTG CTG TTT 1041
N G E A S E Q 335

F
CTG GTG AAG CTG GTG AAT GAA GAC CTG CTG TTT AAT GGT GAA GCG TCT GAG CAG 1103 N ¢ D A S D L L K T R G A F E T R FE 344
Y

AAC GGC GAC GCC TCA GAC CTA CTG AAA ACA CGA GGA GCT TTT GAA ACT CGC TTC 1095
v 8§ Q VvV E § D 353

CTG AAG ACT CGT GGC AGC TTT GAG ACG CGC TAT GTC TCA CAG GTG GAG AGT GAC 1157 Vv s ¢ I E s D T 6 D R K Q 1 Y N 1 L 362
GTC TCC CAG ATT GAG AGT GAC ACG GGG GAC AGA AAG CAG ATC TAC AAC ATC CTG 1149

T 6 D R K Q I Y N I L S S L G V L P 371
ACC GGG GAC AGA AAA CAA ATC TAC AAC ATC CTG TCC TCA CTG GGT GTT CTG CCA 1211 s s L 6 1 L P S E L D CECD 1 V R L v 380
AGC TCA CTG GGA ATC TTA CCG TCG GAG CTG GAC TGT GAC ATT GTG CGT CTG GTC 1203

s E L D C D I V R L V C E S V S T R 38
TCA GAG CTG GAC TGT GAC ATT GTA CGT CTG GTC TGT GAG AGT GTT TCC ACT CGC 1265 c E S Vs T R A A H M C 6 A 6 L A 6 308
TGC GAG AGC GTG TCT ACG CGA GCC GCT CAC ATG TGC GGG GCC GGC CTC GCT GGC 1257

S A H M C G A G L A G V I N L M R E 407
TCT GCC CAC ATG TGC GGC GCA GGG CTC GCT GGT GTG ATC AAC CTG ATG CGT GAG 1319 vV I N L M R E R R C Q E E L K 1 T v a6
GTC ATC AAC CTA ATG AGG GAA CGC CGT TGT CAA GAG GAA CTG AAG ATC ACT GTG 1311

R R S Q E A L A I T V 6 V D G S V Y 425
CGA CGC AGC CAG GAG GCC CTG GCA ATC ACG GTG GGG GTC GAC GGA TCA GTC TAC 1373 6 V D 6 S V Y K L H P HE KERFE H a4
GGA GTC GAT GGC TCT GTC TAC AAA CTA CAC CCT CAT TTC AAG GAG CGG TTC CAT 1365

K L H P C F R D R F H K I vV R D L T 443
AAG CTG CAC CCA TGT TTC CGT GAC AGG TTC CAC AAG ATC GTC AGA GAC CTC ACG 1427 K L v W E M T P H C E 1 T F 1 o s E 452

461 AAG CTT GTG TGG GAA ATG ACT CCT CAC TGC GAA ATT ACC TTC ATC CAA TCA GAG 1419

P E A 1 Q R A
CCT CAC TGT GAG ATC GCC TTC ATC CAG TCG GAG GAG GGG AGC GGC CGC GGA GCT 1481 E 6 S 6 R 6 A A L 1 S A V A C K M A a0

GAG GGG AGC GGT CGG GGC GCG GCT CTC ATT TCT GCT GTG GCG TGC AAG ATG GCC 1473
A L 1 s AV A C K M A A C M L T Q * 478

GCT CTA ATC TCA GCA GTG GCC TGT AAG ATG GCT GCT TGC ATG CTG ACA CAG TAA 1535 A C M L T P = 476
AGG GAG CTG TGC AAT GAG CAA GCC TGA ACT CTG AGT TTG AGA ACA TGT CAT CCC 1589 60G TOC ATG CTG ACA CCG TGA TAA ACC ACG ATT GG CCG CGT CAG GTG GAT CTC 1527
GGT CGG CAG CTC TGG CCT TTT CAG GCT AAG TGG ATA CTC GTC ACT GGA AGA TAT 1643 AT AAT CAG AGC TOA COC GCA ATG TTT GAG CGG GCT TTG ATA TGG GGA AAG TGC 1881
ACA GAA AAG AAA GCA GTA AAC AAC TTG TAT TAT TGT TAT TCT ACT GTA TTT GET 1697 TTT GCT CCT TTT CAG CAT TGC ATT GCG TAT GTG AAG TGG CCG GCT GTG GCG TTG 1635
AGA ATT AGA CCA ACT TGT AAC AAT GTC AGT GTG TCT GAA CTG GTT TGA ATT GGT 1751 TTT GGC AAC ATC TAT TAA COA CAT GGA TAC AGG CCA TTG AAA TOT TTA AGA GAT 1689
TTA CTG TGA CGG ACT GGG CCA TTT AAA GAA TGG CTG ATG TAT TAT TGA TGA CAG 1805 GTA TTA TTT TAT GCC GTA AAA GTC AGA TGT TTG GAG TTA AAT ATG CTT TTA GAC 1743
TGT GTT ATA ATA CCA GTG CAA ACT GGT TGA TGT ACA TCA CAT TGG ATT GTT TTT 1859 ACA ACA TAC ATC TTT AAT TGT TAG CAA ATT GCG GTG AGC ACA TTC AGG TAA TGT 1797
GTA AAT GCT GTT GTA AAC TAC ATC ATA TTC ATT GCT TTG CTG TGT TGT CAT TTC 1913 TAC ATA TTG CAC CTT CAT GGC TGT TTG GAG GTT AGG AGA GAA ACG GAG GGA ACT 1851
TGT TTG TTC TAC TGT ATA TTT GAA TTT TAC GTT TAC AAC CTT ATG TGT GTT AGC 1967 ATG TAG ATG TGT TTG TAA ATA TGA ACT GGT AAT TGT GCA CTG TTT ATG GCT GGT 1905
CAG TAG GTT ATA GTT TTT CAT GAG TGC GTG ATG AAA TGT GAT GGA GGT AAA TAA 2021 TTT ATT TAT ToA CTT TTA AAT TAT GTT TAT ATT CAG TGG AAA TCA GAA CTG TTC 1959
GCT GTA AAT AAA ACT GCT CAA TTA AAG GTC CCA TAT TGC AAA AAA AAA A 2070 AGT TAT TTA ATG CAG GAC TTG GAT ATA CTT TGT ACA TGT GAT TGA TCG TTG TAA 2013

ATA AAG CTG CTG TAC TAT CAA AAA AAA AAA AAA A 2047
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GTTTACAGTTCACTGACTCTGCATACACACACACTCATGCCAAACACACACTTACCACACACCTAGATACA 71
G Q M G 5
CACGCGAGTGATTTAGAGAGCTAGACAAGATACTGTGCGTCAGCTCCTTC ATG GGC CAG ATG GGG 136

TCG TAA CAG CCT CCC ACC TAT AGG GGG CGA TGC AGG TGA ACC AGG CTT AAC TCT 1594
GAC CTC ATA CAG TAA ATT ATA CCT CAT CTA GGG TGA TCC AGC TCT GGC CTC CTC 1648
TTG AAG CTT TCA CAG AGT AAT CTG TAA CTC CTC ATT GGT GAG AGA AGC AAT ACG 1702
AGT GTG GAT AAC TCA CTG TAC ATA CAA ATA ACC CCA CCA CAC AGC ACA CAC AAC 1756
ATG GGA TAC ACA GAG ACA GAT TCA ATC ATC ACT TTT CCC AGT GTA CAG TAT TAT 1810
ACA GAT GTG TTT TTG AAC TGA TGA GCC TCT GAA AAT TCC CTG CAG TCC CAC AAT 1864
GCA TAA GTG GTG AGT CCC AGA AAG TAA CGA ACC CTT GTT TAA ACA TGT TCT CAA 1918
GCT TCC ACT GAT TGC AGG TAT TTA AAG CTT GAT TAA TAA TGT AAT ATA ATG TTA 1972
AAG GGA AAA AGA TTG GCA TTG ATT TAT AGC ATC AGT ATG TTT TTT AGT TGG ATG 2026
CTG TCT GTT TAA TCC AGA GAT GTT ACC GTA TAT AAA TTT AAA ACT AAG GGA TTA 2080
TCC CTT TCA AAT GTG TTG CAG TGC AGT CTT TCA CTT ACT GTT CGT GGG AAA TTA 2134
AAT ATT TAT TTG ATA GCA TAT TGA TAA AAG TGA TGT ATC TGT GAT GAG CGT AAA 2188
GGT CTT AAT TCC TAT GAT GTA TAT CTA AGA ATG ATA ATG TGC TTT GTA ATG TGA 2242
v K M L P T Y Vv C S8 T P E G S E V G 77

CCA TTT TTT ATT GTT GTA AGT AAA GTT GCT GTA ACA TAC#AAA TAT TTT TGT TGT 2296
GTC AAA ATG CTG CCC ACC TAC GTC TGT TCT ACC CCT GAA GGA TCA GAG GTG GGT 352 GTG CCT ATC GTC ATT TGA AAT TGA AGG GGC CAA ATA ACT GAA GTG GCT TTA GCG 2350
TAA CTG AAG TGG CTT TAG CGT ACA TGA CCA CAT CCT GTC ACA AAT AAC TGT CAG 2404
GTT TCT GTT TCT GTT CAG TAA AGT GAG CAA CTC ACA CAA AGT TTC CCA GGC AAA 2458
CAC CCA ATG CAA CTG AAT AGG ACT GTA AAC TAC AGT CAT ACT CAG TGG TGT AAA 2512
GTA CCT CAG TAA AAA TGC TTG AAA GTA CTA CTT AAG TCG TTT TTT AGG GTA TCG 2566
GTA CTT TAC TTT ACT TAT ATA TAT TTT TGA CAA CTT TTA CTT TTA CTT CAC TAC 2620
ATT CCT AAT AAA AAT GAT GTA CTT TTA CGA AAA AAA AAA AAA A 2663

K M P C S L S S V L E R V 1 MoV E Q 23
AAG ATG CCT TGT AGC CTC AGC TCT GTG CTA GAG AGA GTC ATC ATG GTG GAG CAG 190

1 L S E F R L K K E Q L K E V M K R 41
ATC CTG TCG GAG TTC AGG CTG AAG AAG GAG CAG TTG AAG GAG GTG ATG AAG AGG 244

M M R E M D R G L R vV E T H Q E A S 59
ATG ATG AGG GAG ATG GAC CGG GGA CTG CGT GTA GAG ACG CAC CAG GAG GCC AGT 298

GAT TTC CTG GCC CTG GAC CTG GGG GGG ACT AAC TTC CGT GTG ATG TTG GTG AAG 406

v 6 E D E E R G W K V E T K H Q M Y 113
GTG GGG GAG GAT GAG GAG AGG GGA TGG AAG GTG GAG ACC AAA CAC CAG ATG TAC 460

S 1 s E D A M T G T A E M L F D Y 1 131
TCC ATC TCT GAG GAC GCA ATG ACA GGC ACG GCT GAG ATG CTC TTT GAC TAC ATT 514

A E C 1 S D F L N R Q H 1 K H K K L 149
GCT GAG TGT ATA TCA GAC TTC CTG AAC AGA CAA CAC ATC AAG CAC AAG AAG CTT 568

P L G F T F S F P V R H E N 1 D K G 167
CCT CTG GGT TTC ACC TTC TCT TTT CCT GTA CGA CAC GAG AAC ATA GAC AAG GGC 622

1 L L N W T K G F K A S G A E G N N 185
ATC CTA CTG AAC TGG ACC AAA GGG TTC AAG GCG TCT GGA GCA GAG GGT AAC AAC 676

v VvV G L L R D A 1 K R R G D F E M D 203
GTG GTG GGA CTA CTG AGA GAT GCC ATC AAG AGG AGA GGG GAC TTT GAG ATG GAC 730

vV V. A M V N b T VvV A T M 1 s C Y Y E 221
GTC GTT GCC ATG GTG AAC GAT ACA GTT GCC ACC ATG ATA TCC TGT TAC TAT GAG 784

b R s C E V G M 1 v 6 T 66 C N A C Y 239
GAC CGC AGC TGC GAA GTG GGA ATG ATT GTG GGT ACT GGG TGT AAC GCT TGC TAC 838

E E R T Vv vV E E E R M C 257
ATG GAG GAG ATG CGG ACA GTG GAG CTG GTG GAG GGG GAA GAG GGG AGG ATG TGT 892

\ T E W G A G A G E L E E F R 275
GTG AAC ACA GAG TGG GGG GCC TTT GGA GCC AAC GGA GAG CTG GAG GAG TTT AGA 946

L E D R V V T S L G Q Q L 293
CTG GAG TAC GAC AGG GTG GTG GAC GAG ACA TCA CTC AAC CCT GGA CAA CAA CTC 1000

1 G G vV R L L 311
TAT GAA AAG CTG ATC AGT GGG AAG TAC ATG GGA GAG CTG GTG CGG CTG GTA TTG 1054

L Vv L L G A S L L 329
TTG AAG CTG GTG AAC GAG GAG CTG CTG TTT AAC GGA GAA GCC TCT GAC CTG CTG 1108

T R G E T R \ Q E G D S 347
AAG ACT CGC GGC AGC TTT GAG ACG CGC TAC GTC TCC CAG ATA GAG GGT GAC TCT 1162

G D R K Q 1 Y N 1 L s T L G VvV L P S 365
GGA GAC AGG AAG CAG ATC TAC AAC ATC CTG TCT ACG CTG GGC GTG TTG CCG TCG 1216

E L D C D 1 vV R L A C E S V s T R A 383
GAG CTG GAC TGT GAC ATA GTG CGT CTA GCT TGT GAG AGC GTG TCC ACG CGG GCA 1270

A H M C G A G L A G V 1 N R M R E R 401
GCA CAC ATG TGT GGG GCG GGG TTA GCC GGC GTC ATC AAC CGT ATG AGA GAA CGC 1324

R S L AV L K 1 T V G 1 D G S VvV Y K 419
CGC AGC CTG GCG GTG TTG AAG ATC ACT GTG GGC ATC GAC GGC TCC GTC TAC AAA 1378

L H p C F Q D R F H K Vv VvV R E L T P 437
CTC CAC CCC TGT TTC CAG GAC AGG TTC CAC AAA GTT GTG CGG GAG CTG ACG CCT 1432

H C D 1 T F 1 Q S E E G S G R G A A 455
CAC TGT GAC ATC ACC TTC ATC CAA TCA GAG GAA GGG AGT GGC CGG GGG GCG GCA 1486

L 1 s A V A C K M A A C M L T P * 471
CTT ATC TCG GCA GTA GCC TGT AAG ATG GCA GCG TGC ATG CTG ACA CCC TGA GAG 1540
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Figure 2

CLUSTAL W (1.7) multiple sequence alignment
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MPCVSSQLDQMVKMPCSYSSV IDKITHMVEQ I LSEFRLNKEELKEVMERMQREMDRGLRIE
——————— MGQMGKMPCSLSSVLERVIMVEQ I LSEFRLKKEQLKEVMKRMMREMDRGLRVE
MPCLSSARRQ--RTPSDFESVLERILMVDQILSESLLSKEDLEEVMRRIRREMERGLRVE
——————————— MAMDVTRSQAQTALTLVEQILAEFQLQEEDLKKVMRRMQKEMDRGLRLE

* **xk X * * * **k * **k Khkkk X

THEEASVKMLPTYVCSTPEGSEVGDFLALDLGGTNFRVMLVKVGEDEERSWKVETKNQMY
THQEASVKMLPTYVCSTPEGSEVGDFLALDLGGTNFRVMLVKVGEDEERGWKVETKHQMY
THDEASVKMLPTYVRSTPEGSEVGDFLALDLGGTNFRVMLVKVGEDEERGWKVETKHHMY
THEEASVKMLPTYVRSTPEGSEVGDFLSLDLGGTNFRVMLVKVGEGEEGQWSVKTKHQMY

** **x * * X% **x

SIPEDAMTGTAEMLFDY IAECMSDFLDRHH I KHKKLPLGFTFSEPVRHED I DKG I LLNWT

SISEDAMTGTAEMLFDY IAEC I SDFLNRQH I KHKKLPLGFTFSFPVRHEN 1 DKG I LLNWT

SIPEDAMTGTAEMLFDY IASC I SDFLDKHNLKHKKLPLGFTFSFPVRHEDLDKG I LLNWT

SIPEDAMTGTAEMLFDY I SEC 1 SDFLDKHQMKHKKLPLGFTFSFPVRHED I DKG I LLNWT
*

*x

KGFKASGAEGNNVVGLLRDAIKRRGDFEMDVVAMVNDTVATMISCYYEDRSCEVGMIVGT
KGFKASGAEGNNVVGLLRDAIKRRGDFEMDVVAMVNDTVATMISCYYEDRSCEVGMIVGT
KGFKASGAEGNNVVGLLRDAIKRRGDFEMDVVAMVNDTVATMISCYYEDRSCEVGMIVGT
KGFKASGAEGNNVVGLLRDAIKRRGDFEMDVVAMVNDTVATMISCYYEDHQCEVGMIVGT

R o o ok ok ok Sk S S R SR S S S S S R R o R R R R S SR S SR SR SR R R R R R R R R Rk R RS Rk

GCNACYMEEMRTVELVEGEEGRMCVNTEWGAFGDNGELEEFRLEYDRVVDETS INPGHQL
GCNACYMEEMRTVELVEGEEGRMCVNTEWGAFGANGELEEFRLEYDRVVDETSLNPGQQL
GCNACYMEEMRKVELVEGEEGRMCVNTEWGAFGDNGELEDFRLEYDRV IDETSLNPGHQL
GCNACYMEEMQNVELVEGDEGRMCVNTEWGAFGDSGELDEFLLEYDRLVDESSANPGQQL

*x*k * Khkkk **x Kk kkk K%

YEKL1SGKYMGELVRLVLVKLVNEDLLFNGEASEQLKTRGSFETRYVSQVESDTGDRKQI
YEKL 1SGKYMGELVRLVLLKLVNEELLFNGEASDLLKTRGSFETRYVSXIEGDSGDXKQI
YEKL I1GGKYMGELARLVLLKPVNENLLFNGDASDLLKTRGAFETRFVSQIESDTGDRKQI
YEKL IGGKYMGELVRLVLLRLVDENLLFHGEASEQLRTRGAFETRFVSQVESDTGDRKQI

* * K*kk Kk KXk * KKkxKk KAkkk Kk * X *k *kk

YNILSSLGVLPSELDCDIVRLVCESVSTRSAHMCGAGLAGV INLMRERRSQEALAITVGV
YNILSTLGVLPSELDCD1VRLACESVSTRAAHMCGAGLAGV INRMRERRSLAVLKITVGI
YNILSSLGILPSELDCDI1VRLVCESVSTRAAHMCGAGLAGV INLMRERRCQEELKITVGV
YNILSTLGLRPSTTDCD IVRRACESVSTRAAHMCSAGLAGY INRMRESRSEDVMRITVGY

*khkkkhkkhk KXk **x * * *hkk Khkkk Fhkhkhkhkhkihkhk Khkk X Ex

DGSVYKLHPCFRDRFHK1VRDLTPHCE IAF IQSEEGSGRGAAL I SAVACKMAACML --
DGSVYKLHPCFQDRFHKVVRELTPHCD I TF IQSEEGSGRGAAL I SAVACKMAACMLTP
DGSVYKLHPHFKERFHKLVWEMTPHCE I TF 1QSEEGSGRGAAL I SAVACKMAACMLTP
DGSVYKLHPSFKERFHASVRRLTPSCE I TFIESEEGSGRGAALVSAVACK-KACMLGQ

RCECE o S **k*x * ** * * X%
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Table 1. Primers used for the GK cDNA cloning by Race PCR and the RT-PCR analysis.

Fish specific GK primers*

Race-PCR RT-PCR

Gitlhead seabream 5 Race: (50 TICAGTAGGATGCCCTTGTE 3) Forward : (50 TIGATGCTGGTGAAGGTGG 3
5 Race: (5* GCAGTGCCCGTCATGGCGTE 3) Reverse: (5 TATGTTGGTGAAGGTGGGE 3
3 Race: (50 TIGATGCTGGTGAAGGTGG 3

Rainbow trout 5 Race: (50 TTCAGTAGGATGCCCTTGTC- 3) Forward: (50 TATGTTGGTGAAGGTGGGE 3
5 Race: (55 GCCGTGCCTGTCATTGCGTE 3) Reverse (5 TCAGTAGGATGCCCCTTGTE 3
3 Race: (50 TATGTTGGTGAAGGTGGGE 3

Common carp 5 Race: (50 GITCCTATGTTTCAGATTA 3) Forward: (58 ATGATGCTGGTCAAAGTGE 3
5 Race: (58 GCTGTGCCGGTCATGGCATE 3) Reverse: (5 GITCTTATGTTTCAGATTA 3)
3 Race: (55 ATGATGCTGGTCAAAGTGE 3

* : primers chose in the known fish GK clones[19]



Table 2. Origin of the HK amino acid sequences used in the phylogenetic analysis

name size in accession definition
amino acid number
HKGYEAST 500 AA P17709 yeast GK (EC 2.7.1.2)
HXKPLAFA 493 AA Q02155 Plasmodium HK (EC 2.7.1.1)
HXKARAT 435 AA Q42525 arabidopsis thaliana HK (EC 2.7.1.1)
HXKBYEAST 486 AA P04807 yeast HK B (PII) (EC 2.7.1.1)
HXKLULA 485 AA P33284 kluyveromyces lactis HK (EC 2.7.1.1)
HXKSCHMA 451 AA Q26609 Schistosoma mansoni HK (EC 2.7.1.1)
XENOPGK 458 AA Q91754 Xenopus laevis GK
HUMGKL 466 AA Q05810 Human HK type IV, liver isozyme (EC 2.7.1.1)
HUMGKP 465 AA P35557 human HK type IV, pancreatic isozyme (EC 2.7.1.1)
MUSGKL 465 AA P52791 mouse HK type IV, hepatic isozyme (EC 2.7.1.1)
MUSGKP 465 AA P52792 mouse HK type IV, pancreatic isozyme (EC 2.7.1.1)
RATGKL 465 AA P17711 rat HK type IV, hepatic isozyme (EC 2.7.1.1)
RATGKP 465 AA P17712 rat HK type IV, pancreatic isozyme (EC 2.7.1.1)
BOVHK1 918 AA P27595 bos taurus HK type I (EC 2.7.1.1)
MUSHK1 918 AA P17710 mouse HK, type I (EC 2.7.1.1)
RATHK1 919 AA P05708 rat HK, type I (EC 2.7.1.1)
HUMHK1 917 AA P19367 human HK, type I (EC 2.7.1.1)
HUMUK2 917 AA P52789 human HK, type II (EC 2.7.1.1)
MUSHK2 917 AA 008528 rat HK, type II (EC 2.7.1.1)
RATHK2 917 AA P27881 mouse HK, type II (EC 2.7.1.1)
HUMHK3 923 AA P52790 human HK type III (EC 2.7.1.1)
RATHK3 924 AA P27926 rat HK type III (EC 2.7.1.1)



Table 3. comparison between teleost and other vertebrate GK amino acid sequences by
using Align program (Myers and Millers 1989)

Numbers are the percentage of identical amino acid residues between sequences. The highest value
for each fish GK sequence is shown in bold. Sequences are from human (accession M90299), mouse
(accession L38990), Xenopus laevis (accession X93494/1262840)

Gitlhead Rainbow Common  Xenopus Mouse Human*
seabream trout carp laevis
Gitlhead seabream E— 88.3 85.8 75.5 78.7 79.7
Rainbow trout — 85.1 76.0 79.0 79.6
Common carp ___ 7183 775 78.8
Xenopus laevis - 78.3 79.4
Mouse — 93.8

Human

*: hepatic form





