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A full-length cDNA coding glucokinase (GK) was cloned from the liver of grass carp (Ctenopharyngodon
idella) by reverse transcriptase-polymerase chain reaction (RT-PCR) and rapid amplification of cDNA
ends methods. The cDNA obtained was 2066 bp exclusive of poly (A) residues with a 1431 bp open
reading frame encoding 476 amino acids. The GK protein has a calculated molecular weight of 53.7 kDa
and isoelectric point of 5.11. Some conserved functional sites were found including one conserved
hexokinase signature sequence Leu'*-Phe'®'; two N-linked glycosylation sites Asn'”® and Asn*'*; one
cell attachment sequence Arg®*>-Asp®®*; one glycosaminoglycan attachment site Ser**-Gly**. The
amino acid sequence has a high similarity to GK of other species, the percent identity compared with
topmouth culter, common carp, human and rat are 98.1, 96.8, 80.3 and 79.8%, respectively. Tissue
distribution of GK mRNA in brain, mesenteric adipose tissue, spleen, white muscle and liver of grass
carp was analyzed by SYBR real-time fluorescence quantitative RT-PCR method using B-actin as an
internal control for cDNA normalization. The result shows that the expression level of GK mRNA in liver
was significantly higher than in mesenteric adipose tissue, spleen and brain (p<0.05). Relative
expression profile of GK mRNA in liver normalized with B-actin level was 31, 454 and 649-fold compared
with the levels in mesenteric adipose tissue, spleen and brain, respectively. Meanwhile, GK mRNA was

not detected in white muscle.
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INTRODUCTION

Glucokinase (GK, EC 2.7.1.1) is a member of the hexo-
kinase gene family, which consists of several evolutionary
related isoenzymes, hexokinase I, I, Il and IV, and a
conserved fifth vertebrate hexokinase was identified
recently (Irwin and Tan, 2008). All of them catalyze the
ATP-dependent phosphorylation of glucose to glucose-6-
phosphate as the first step, and the first rate-limiting step,
in the glycolytic pathway (Kawai et al., 2005). Hexokinase
IV, which is often called glucokinase, has a molecular
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weight of 50 kDa, and is characterized by a high S0.5 for

glucose of 5 of 8 mM compared with Km values of 20 to
130 pM for human hexokinases | to Ill, and by a lack of
product inhibition by glucose-6-phosphate compared with
the hexokinases (Mahalingam et al., 1999). Glucokinase
is expressed in liver, pancreas, gut, and brain of humans
and most other vertebrates. In each of these tissues, it
plays crucial roles in the response to changes in blood
glucose levels (Irwin and Tan, 2008; Panserat et al., 2001a),
and converts excess glucose to lipid and glycogen in liver
(Panserat et al.,, 2001b). Glucokinase also has an
important role as glucose sensor and metabolic signal
generator in pancreatic 3-cells and hepatocytes (Egea et
al., 2008). Moreover, mutations in the glucokinase gene



can lead to development of an autosomal dominant form
of type 2 diabetes, and nearly 100 of these mutations
have been identified (Stoffel et al., 1992).

In contrast to mammals, the control of blood glucose is
highly variable in fishes, carbohydrate utilization being
poorly effective in many species, intermediate or good in
others (Moon, 2001; Panserat et al., 2000a). In carnivorous
species, the utilization of digestible dietary carbohydrates
for energy purposes appears limited (Hemre et al., 2002;
Stone, 2003), and a prolonged postprandial hypergly-
cemia has been observed after a carbohydrate-rich diet in
rainbow trout (Caseras et al., 2000; Moon, 2001). But
omnivorous common carp (Cyprinus carpio) easily use
high levels of dietary carbohydrate (Panserat et al.,
2000b). In addition, high-carbohydrate diets may be the
main reason behind the fatty liver syndrome in cultured
fish (Cheng et al., 2006). There are numerous reported
studies on GK gene expression and regulation in carni-
vorous and omnivorous fish. The cDNA encoding GK has
been cloned and sequenced in several fish, including
common carp (Blin et al., 2000; Panserat et al., 2000a),
rainbow trout (Oncorhynchus mykiss) (Panserat et al.,
2000a), gilthead seabream (Sparus aurata) (Panserat et
al., 2000a), zebrafish (Danio rerio) (Gonzalez-Alvarez et
al., 2009) and topmouth culter (Erythroculter ilishaeformis)
(Ge et al., 2006). The effects of feeding condition and
nutritional state on GK gene expression in the liver were
investigated. The expressions of GK and HK-l genes
were analyzed during early ontogenesis of common carp.
As far as HK-l gene is concerned, it is expressed during
all developmental stages, while GK is only induced by the
first feeding with high levels of dextrin as a source of
carbohydrate (Panserat et al., 2001b). Hepatic gluco-
kinase expression can be induced by dietary carbohydrates
in carnivorous rainbow trout and gilthead seabream
(Panserat et al., 2000b). The expression of GK in the liver
of gilt head seabream is strictly regulated at the
transcriptional level by hormonal and nutritional status.
High-carbohydrate low-protein diets increase glucokinase
expression. Starvation decreases GK mRNA in the liver,
whereas GK expression increases post-prandially when
feeding high carbohydrate diets (Caseras et al., 2000;
Egea et al., 2007, 2008; Fernandez et al., 2007; Meton et
al., 2004; Soengas et al., 2006). All of these studies lay a
foundation for the regulation of carbohydrate metabolism
in fish. On the other hand, there is still lack of knowledge
about herbivorous fishes liver glucokinase.

Grass carp (Ctenopharyngodon idella) is an economi-
cally important aquaculture species in China, with a
production of more than 4 million tons per year. Some
diseases associated with carbohydrate metabolism, such
as fatty liver syndrome, have been found to increase year
after year in cultured grass carp. The aim of the present
work was to clone the full-length cDNA of GK gene from
liver of adult grass carp and analyze its tissue distribution.
The results will be beneficial in understanding the relation
between carbohydrates and lipid metabolism in herbivo-
rous fish at the molecular level, and to control fatty liver
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syndrome of grass carp in aquaculture by transcriptional
regulation.

MATERIALS AND METHODS
Experimental fish

Adult grass carps, with body weight ranging from 1500 to 2500 g,
were collected from a pond in Lianyungang, Jiangsu province in
May, 2008, and transported to the indoor tanks in the Huaihai
Institute of Technology, Jiangsu province, China. The fish were
maintained in 500 L tanks under natural conditions of photoperiod
and fed with standard commercial diet for 2 weeks. The water tem-
perature ranged from 23 to 27°C. The fishes were sampled 6 h after
the last meal.

Total RNA extraction from liver

The fish were killed by a blow to the head and liver were rapidly
excised and ground under liquid nitrogen to a fine power using a
mortar. Total RNA was extracted from approximately 50 mg of liver
using E.Z.N.A.™Total RNA Kit | (OMEGA, USA), according to
instructions from the manufacturer. The total RNA was treated using
an on-membrane DNase | digestion Kit (OMEGA) to eliminate the
remaining genomic DNA. The integrity of isolated RNA was
assessed by 1% formaldehyde denaturing agarose gel electropho-
resis, and its quantity and purity were determined by absorbance
measures at 260 and 280 nm with an UV-Visible spectrophotometer
GeneQuant pro (GE). Samples were diluted to 0.5 pg pL™ with
DEPC-water, and then stored at -80°C for future use.

Synthesis of the first-strand cDNA and isolation of core cDNA
fragments of GK

Reverse transcription was performed with total RNA as template
and oligo(dT)ig as primer using an AMV First Strand cDNA
Synthesis Kit (BBI), according to the manufacturer’s instructions.
The total of 20.0 pL reaction mixture composed of 5.0 pL total RNA
(0.5 ug pL™"), 1.0 pL oligo(dT)+g primer (0.5 ug pL™), 5.0 yL RNase-
free ddH-0, 4.0 pL 5xreaction buffer, 1 uL RNase inhibitor (20 U pyL
), 2.0 uL dNTP Mix (10 mM each) and 2.0 uL AMV reverse
transcriptase (10U pL™). The resulting first strand cDNA was then
diluted to 1:10 with ddH,O, and used as template for PCR. An 855-
bp core cDNA fragment of GK was amplified using GK-F and GK-R
as specific primers (Table 1). Approximate locations of primers are
shown in Figure 1. A pair of primer was designed based on
sequence information of zebrafish and common carp GK cDNA
obtained from GenBank (BC122359, AF053332), using Primer
Premier 5.0 software. PCR was set up in a 50.0 pL reaction mixture
composed of 2.0 pL diluted first strand cDNA product, 5.0 pL
10xbuffer (with 20 mM Mg*), 1.0 uL dNTP (10 mM each), 1.0 pL
each primer (25 uM), 0.4 uL AmpliTag® DNA polymerase (5 U pL™,
BBI), and 39.6 pL ddH,O. Amplification was carried out in a BIO-
RAD thermal cycler (iCycler). The amplification conditions were set
as follows: initial denaturation at 94°C for 4 min, followed by 30
cycles of denaturing for 40 s at 94°C, annealing for 40 s at 52°C,
extension for 60 s at 72°C, and a final extension for 7 min at 72°C.
Five PCR products were selected by 1% w/v agarose gel electro-
phoresis and delivered to Shanghai Sangon Biological Engineering
and Technology and Service Co. Ltd. (Shanghai, China) for
sequencing. The sequence was conducted in both forward and
reverse directions using the amplification primers. The forward and
reverse sequences were assembled using SegMan Il software in
DNAStar Package version 5.01, and the core fragment of GK was
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Table 1. Primers and expected products used for GK gene cDNA RT-PCR, RACE and real-time PCR.

Primers name Sequence 5'—3' Use Expected product (bp)
GK-F ATGCTGGTGAAAGTGGGT Used with GK-R for RT-PCR of core fragment 855
GK-R ACATGCCAGACGCACAAT Used with GK-F
Oligo(dT)16éAP ~ CTGATCTAGAGGTACCGGATCC(T)1s  Synthesis of the first-strand cDNA for 3' RACE
GKs-F4 ATGGAGGAGATGCGTAAGGT Used with AP for first PCR of 3' RACE
AP CTGATCTAGAGGTACCGGATCC Used with GKs-F1 or GKs-R2
GKs-F2 GTCTCCCAGATTGAGAGTGA Used with Races-R for nested PCR of 3' RACE 978
Races-R CTAGAGGTACCGGATCCTT Used with GKs-F»
GKs-R TGTTTGTCCAGGAAGTCAG Synthesis of the first-strand cDNA for 5' RACE
GKs-Ry CTTCCAGCCKCGCTCTTC Used with Oligo(dT)16AP for first PCR of 5'RACE
GKs-Ro ACCCACTTTCACCAGCAT Used with AP for nested PCR of 5' RACE 383
gGK-F GCTGAAATGTTGTTTGACTA Used with gGK-R for real-time PCR of GK 140
gGK-R AGCAGAATGCCCTTATCC Used with qGK-F
gActin-F TTCGCTGGAGATGATGCT Used with gActin-R for PCR of housekeeping gene 152
gActin-R ATGGGGTACTTCAGGGTC Used with gActin-F
GK-F GK-R._
: CGKsRy _GEsRi GE:R GEs-F GK:-F; : !
[ UTR] ' ] . Grass Carji GK geng <DNA [3UTR |aassa--
0 66 334 371 305 505 708 1008 1208 1497 2066

Figure 1. Primers and their approximate locations in GK gene cDNA used for RT-PCR and RACE.

obtained. According to the sequence information of this fragment,
gene-specific primers were designed for 3' RACE and 5' RACE.

Rapid amplification of the 3' end (3' RACE)

Rapid amplification of the 3' end was performed using 3'-Full RACE
Core Set (TaKaRa), according to the manufacturer’s instructions.
The primers used for 3' RACE are shown in Table 1. First, reverse
transcription of 2 pg of total RNA was performed with oligo(dT)16AP
as primer, which contained an anchor sequence. The resulting first
strand cDNA was diluted to 1:10 with ddH>O and used as a tem-
plate for PCR. Amplification was done with a gene-specific forward
primer GKs-F1 and a reverse primer AP that corresponds to the
anchor sequence. After the first PCR, the product was diluted to
1:10 with ddH,O and used as template for the nested PCR, which
was done with a specific forward primer GKs-F> and a reverse
primer Races-R. The first and nested PCRs were carried out under
the same condition as above. The nested PCR product was
separated by agarose gel electrophoresis and then the band of
expected size was excised, and purified using the EZ-10 Spin
Column DNA Gel Extraction Kit (BBI). The purified PCR product
was subcloned into a PUCm-T vector (BBI) and five independent
clones were sequenced in both forward and reverse directions
using the universal M3z primers.

Rapid amplification of the 5' end (5' RACE)

Rapid amplification of the 5' end was made following a protocol
described by Dieffenbach and Dveksler (1995), and the primers
used for 5' RACE are shown in Table 1. Briefly, reverse transcription
of 2 pg total RNA was performed with a specific reverse primer
GKs-R to obtain the first strand cDNA. After RNase H (MBI)
treatment, an oligo (dA) tail at the 5' end was added using terminal
deoxynucleotidyl transferase (MBI). The resulting product was
diluted to 1:10 with TE buffer, and used as a template for the first
PCR. Amplification was done with a universal forward primer oligo
(dT)16AP that contained an anchor sequence, and the specific
reverse primer GKs-Ry. The first PCR product was diluted to 1:10
with ddH2O and used as a template for the nested PCR. This was
done with an anchor forward primer AP and a specific reverse
primer GKs-Rz. The nested PCR product was eluted from 1.5% aga-
rose gel. The purified PCR product was subcloned into a PUCm-T
vector (BBI) and five independent clones were sequenced in both
forward and reverse directions using the universal My3 primers.

Sequence analysis

The core fragment, 3' and 5' end sequences, were assembled using



SegMan Il software in DNAStar Package to obtain full-length cDNA
of GK. The sequence was edited and analyzed using the program
EditSeq of DNAStar package to search for open reading frame
(ORF) and then translated into amino acid sequence using stan-
dard genetic codes. The amino acid sequence of GK was tested for
the presence of signal peptide with SignalP v3.0 at
http://www.cbs.dtu.dk/services/signalP/ (Bendtsen et al., 2004).
Putative transmembrane regions were predicted with HMMTOP
v2.0 at http://www.enzim.hu/hmmtop/ (Tusnady and Simon, 2001).
The secondary structure of GK protein was predicted at
http://www.predictprotein.org/ and http://www.EMBL-Heidelberg.de/.
The protein sequence alignment was made by program MegAlign of
DNAStar package using the Clustal W method. The phylogenetic
tree was produced by the Neighbor-Joining (NJ) method (Kimura 2-
parameter model, 10 000 replicates, bootstrap phylogeny test)
based on GK amino acid sequences using the MEGA software Ver-
sion 3.1 (Kumar et al., 2004).

Tissue expression of GK mRNA by real time PCR

Tissue expression of GK mRNA was determined by SYBR real-time
fluorescence quantitative RT-PCR method using B-actin as an
internal control for cDNA normalization. A total of 3 fishes were
sampled 6 h after the last meal, and total RNAs were extracted from
the brain, mesenteric adipose tissue, spleen, white muscle and liver
of grass carp, and were treated using an on-membrane DNase |
digestion Kit (OMEGA) to avoid samples DNA contamination. The
integrity of isolated RNAs were assessed by 1% denaturing aga-
rose gel electrophoresis, whose quantity and purity were
determined by absorbance measures at 260 and 280 nm, and
diluted to 0.5 pg uL™" with DEPC-water. Reverse transcriptions were
performed with equal quantities of each total RNA (2ug) as
templates using Quantitect® Reverse Transcription Kit for real-time
PCR (Qiagen, USA). The resulting first strand cDNA from each
tissue was diluted to 1:10 with ddH>O and used as template for
SYBR real-time PCRs.

Real-time PCR (qPCR) was performed using the SYBR® Premix
Ex Tag™ Il Kit (TaKaRa) in iQ™ 5 real-time PCR detector (Bio-Rad).
Amplification was done with primers qGK-F and qGK-R for GK
cDNA, and gActin-F and gActin-R (Table 1), which were designed
based on grass carp B-actin sequence information (GenBank
accession no. M25013) and spanned a 106 bp intron in genomic
DNA, for B-actin cDNA as an internal control for cDNA normalization
in different tubes. Real-time PCRs were set up in a 25 pL volume
reaction mixture composed of 12.5 L SYBR® Premix Ex Tag™ Il
(2x), 0.5 pL each primer (25 uM), 2 pL diluted first strand cDNA
product, and 10 pL ddH>O. The amplification conditions setting
were as follows: 30 s at 95°C, 40 cycles of 5 s at 95°C and 30 s at
60°C. To ensure data validity, the negative PCR control reactions
were performed with ddH,O as templates and 3 repeated well were
set for each sample. The baseline was automatically set to maintain
consistency. An average C; value was determined for each sample
(N =3).

Statistical analysis

The GK expression was determined by comparative Delta-delta C;
method normalized with B-actin level. The formula Xgi/Xge=2""
was used to calculate the relative expression levels of GK mRNA in
each sample by comparing the tissues with liver expression level.
The results from three independent experiments are presented as
means + standard deviation (SD). Differences between tissues
were calculated using a function TTEST in Excel 2003 software,
and considered statistically significant at a P<0.05 level. To confirm
amplification specificity, the PCR products from each sample were
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examined by melting curve analysis and subsequent agarose gel
electrophoresis.

RESULTS
Molecular characterization of GK

The full-length cDNA coding GK was completed from liver
of adult grass carp by assembling the core fragment, 3'
and 5' end sequences, and submitted to GenBank
(accession number GU065314). The complete nucleotide
sequence covered 2066 bp plus additional 3'-poly(A)
residues with an open reading frame (ORF) of 1431 bp
encoding 476 amino acid residues (Figure 2). The 5'-
untranslated region (UTR) covered 65 bases. An ATG
initiation codon was found 66 bases downstream of the
5'-start, and a TGA stop codon was present at 589 bases
upstream of the 3'-end. The 3'- untranslated region (UTR)
covered 586 bases containing one AATAAA motifs, which
represent a putative polyadenylation signal.

The GK protein has a calculated molecular weight of
53.7 kDa and isoelectric point (pl) of 5.11. Some conser-
ved functional sites were found, including one conserved
hexokinase signature sequence Leu'*®-Phe'®'; two N-
linked glycosylation sites Asn'’® and Asn®'*; one cell
attachment sequence Argm-AsE)204 and one glycosami-
noglycan attachment site Ser**>-Gly**®. The amino acid
sequence had a high similarity, and showed similar
structural features to GK of other species. Complete
amino acid sequence alignment of GK showed the percent
identities compared with topmouth culter (E. ilishaeformis),
common carp (C. carpio), human (Homo sapiens) and rat
(Rattus norvegicus) were 98.1, 96.8, 80.3 and 79.8%,
respectively.

Phylogenetic analysis based on GK amino acid
sequences

Phylogenetic analysis among eight fish species, eleven
endothermic species and one amphibian species based
on glucokinase amino acid sequences is shown in Figure
3. Tree topology showed that all the fish species were in
the same group forming a clade, which was distinguished
from endotherms and amphibian. In the clade of fishes,
grass carp (C. idella) was first grouped with common carp
(C. carpio), crucian carp (Carassius auratus), zebrafish
(D. rerio) and topmouth culter (E. ilishaeformis), which
belong to the same family Cyprinidae with a high
bootstrap value (100%). Gilthead seabream (S. aurata)
and spotted green pufferfish (Tetraodon nigroviridis),
which belong to the same superorder Percomorpha,
formed another clade with a bootstrap value of 81%. In
endotherms, human (H. sapiens), chimpanzee (Pan
troglodytes), and rhesus monkey (Macaca mulatta),
which belong to primates, formed a clade with a bootstrap
value of 99%. Then all species of endotherms were in the



538 Afr. J. Biotechnol.

1 TGACACACATTCAAACTTTAGCAAATCAACGCTCATCTAACACTTGTTTGGAAAGACTTGCAAAG 65

66  ATGCCGTGTCTTACTTCAGCTCGTAGGCAGAGGATACCGAGTGACTTTGAGTCAGTACTGGAGAGAATACTCATGGTGGACCAAATTCTGTCTGAATTTCTGCTGAGTAAAGAAGAGCTA 185
! MmpPCLTSARRQRTI?PSDFESVLERTILMYVYDAQTITLSETFTILILSZKEETL 40

186 GAGGAAGTGATGAGGAGAATGCGGAGAGAGATGGAGAGGGGACTGCGTGTGGAGACACATGATGAAGCCTGTGTCAAAATGCTGCCCACTTATGTGCGCTCCACTCCTGAAGGATCTGAG 305
4 EEVMRRMRREMERGLRYETHDEACYKMLPTYVRSTPEGSE 80
—> GK-F
306 GTGGGTGATTTCCTGGCACTGGATCTCGGAGGGACGAACTTTCGAGTG O OMOMMROREORH A GG ATGAAGAGCGAGGCTGGAAGGTGGAGACAAAGCATCACATGTACTCCATC 425
88 V6D FLALDTLGGTNFRVMLYKVGEDEETRGTWEKVETEKHHMYS I 120

426 CCTGAAGACGCAATGACCGGCACAGCTGAAATGTTGTTTGACTACATTGCCGGGTGCATATCTGACTTCCTGGACAAACATAATCTGAAACATAAGAAGCTTCCACTGGGATTCACCTTC 545
260pP EDAMTGTAEMLFDYTAGC CTITSDFLDIKHNTLIEKHZEKTIKTLP|L GF T F|I160

546 TCTTTTCCAGTCCGTCATGAGGATTTGGATAAGGGCATTCTGCTTAACTGGACTAAAGGCTTCAAGGCGTCTGGCGCTGAAGGCAATAACGTTGTGGGTCTTCTGAGAGATGCCATTAAA 665
61{s F PV RHEDTLDTIKTGTILL K G F |K ANS GAEGNNVV GLLZRDAT K 200

Hexokinases signature
666  AGGAGAGGGGACTTTGAAATGGATGTGGTTGCCATGGTGAATGACACAGTAGCCACCATGATTTCATGCTACTATGAAGACCGCAGCTGTGAAGTTGGCATGATAGTAGGTACAGGCTGT 785
200 R R G D F EMDVVAMVIEEBEEY AT 1ISCYYEDRSTCEVGMIVGTG C 240

786 AATGCGTGTTATATGGAGGAGATGCGTAAGGTGGAGCTGGTTGAAGGAGAGGAGGGGAGGATGTGTGTGAACACGGAGTGGGGAGCGTTTGGGGACAATGGTGAACTGGAGGACTTCCGC 905
241 NACYMEEMPRIKVELVEGEEG GRMCVNTEWSGATFGDNGETLTEDTF R 280

906 CTGGAATACGATCGTGTTGTTGATGAGACGTCACTGAACCCTGGACATCAGCTGTATGAGAAACTGATTGGTGGGAAGTATATGGGGGAGCTTGTGCGTCTTGTGCTGCTAAAACTAGTG 1025
28/ L EYDURVVDETSILNPGHAQLYEZKTLTIGSGEKYMGETLVRILVLILKTILV 320

1026 AATGAAGATCTGCTGTTTAACGGCGAAGCCTCAGACCTGCTGAAAACACGTGGAGCGTTTGAAACTCGCTTTGTCTCCCAGATTGAGAGTGACACAGGGGACAGAAAGCAGATCTATAAC 1145

321 NEDLLFNGEASDLTLEKTRGAFETRTFVSQITESDTGDTREK® QTVY N 360
GK-R ——m

1146 ATCTTAAGTTCACTGGGAATCTTGCCGTCCOAGCTGCACTGTGACGMOOONONOBORIGHG AGAG TG TGTCTACGCGAGCCGCTCACATGTGCGGGGCTGGACTCGCTGGCGTCATC 1265

31 1 L. SSLGILPSETLDCDTIVRLACESYSTRAAHMECGAGTLAG GV T 400

1266 AACCAAATGAGGGAGCGCCGTTGCCAAGAGGAACTGAAGATCACTGTGGGAGTCGATGGCTCTGTCTACAAACTACACCCTCGTTTCAAGGAGAGGTTCCATAAGCTTGTGCGGGAAATG 1385
401 N Q MR ERRCQEELIKTTVGVDGSVYKTLHPRTFZEKET RTFHZEKTLVRE M 440

1386 ACTCCTCACTGCGAAATTACCTTCATCCAATCAGAAGAAGGGAGCGGTCGGGGCGCGGCTCTCATTTCTGCTGTGGCGTGCAAGATGGCCGCCTGCATGCTGACACCATGATAAACCACA 1505
441 T P H CE I TF T QSEEGSGRGAALTITSAVACKMAACMTLTP * 476

1506 TGATTCATCTTTGTGAGCTGGAACTTTAGAAACACCACTGACCCGCAAAGTTAGAGCGGTCTTGAAAAGCCTTCCTTATGGTGAAAGTGCTTTTCTCCTTTTGAACATTGCATTGCGTAT 1625
1626 GTGAAGTGGGCGGTTACAGGGTTGTTTGGCAACATCTATTAACCACATGCATACAGGCCATTGAAATATTTAACATAGGCTATGTGTCATTTTAAGCCAGATATTTCCAGTTAAATGTGC 1745
1746 TTTTAGACACAACATATATCATTTATTATTGCTATTGTCCTGAGCACATTCAAGTAATGTTACATATACTTGCACCTTCATGGCTGTTTGGAGGTTAGAAGAGAAGTGGTGGGAACTAGA 1865
1866 TGTGATTGTATATAAATGAACTGTTCAGGTTCAGCAAGGTAATTGTGCACTGTTTATTTCTTGTTTTATTTATTAACTTTTAAATTATGTTTATATTCAGTTGTAATCAGAACTGTTAAA 1985

1986 TTATTTAATGAAGGACTTGAATATACTTTGTACATGTGAAAATGATTAATTATTGTAAATAAA[GTTGTTGTACTATTGACTAAAAAAAAAAAAAAAA 2082
Polyadenylation signal

Figure 2. The nucleotide sequence of GK gene full-length cDNA and the deduced amino acid sequences of grass carp. An asterisk
represents a termination codon. The Boxed base is a polyadenylation signal. The grey bases indicate the primers used for RT-
PCR; boxed amino acid sequence indicates the hexokinases signature; the grey amino acids indicate the N-linked glycosylation sites.
The underlined amino acids RGD indicate the cell attachment sequence. The glycosaminoglycan attachment site SGRG is double
underlined. The nucleotide sequence was submitted to GenBank with accession No. GU065314.

same group forming a clade with a bootstrap value of
99% distinguished from African clawed frog (Xenopus
laevis), which belong to amphibian. The phylogenetic
relationship based on GK amino acid sequences agreed
with traditional classification.

Tissue distribution of GK mRNA

Tissue distribution of GK mRNA in the brain, mesenteric
adipose tissue, spleen, white muscle and liver of adult
grass carp was determined by RT-qPCR method using -
actin as an internal control for cDNA normalization. The
results show that the expressions of GK mRNA were
detected in liver, spleen, mesenteric adipose tissue and

brain, but not detected in white muscle (Figure 4). Mean-
while the negative control exhibited no products (data not
shown). The expression level of GK mRNA in liver was
higher than that in the spleen, brain and mesenteric
adipose tissue significantly (p<0.05). Relative expression
profile of GK mRNA in liver normalized with B-actin level
was 31, 454 and 649-fold compared with the levels in
mesenteric adipose tissue, spleen and brain, respectively
(Figure 4).

DISCUSSION

In this study, we reported the isolation and characte-
rization of a full-length cDNA coding for GK from the liver
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Figure 3. Phylogenetic tree based on glucokinase amino acid sequences made with MEGA 3.1 software using Neighbor-
Joining (NJ) method. The distance matrix was calculated using the Amino: p-distance model, numbers represents
bootstrap percentages. GenBank accession numbers: Homo sapiens, P35557; Pan troglodytes, XP_001143590; Macaca
mulatta, XP_001092919; Mus musculus, AAC42074; Rattus norvegicus, AAA41229; Equus caballus, XP_001495888; Bos
taurus, NP_001095772; Felis catus, NP_001077423; Monodelphis domestica, XP_001379711; Ornithorhynchus anatinus,
XP_001520120; Gallus gallus, AAM83106; Xenopus laevis, CAA63761; Tetraodon nigroviridis, CAG08582; S. aurata,
AAC33585; O. mykiss, NP_001117721; C. carpio, ACD37722; C. auratus, ADD52461; E. ilishaeformis, ABA41457; D.
rerio, NP_001038850; and C. idella ADD52460, which was boxed to show present study.

of adult grass carp (C. idella), and detected the tissue
distribution of GK mRNA in the brain, mesenteric adipose
tissue, spleen, white muscle and liver. Amino acid seg-
uence derived from this cDNA has a high similarity, and
shows similar structural features to GK of other verte-
brates. The amino acid sequence of grass carp GK was
compared with the corresponding sequences form human
(H. sapiens), rat (R. norvegicus), African clawed frog (X.
laevis), common carp (C. carpio), topmouth culter (E.
ilishaeformis), rainbow trout (O. mykiss), and gilthead
seabream (S. aurata) (Figure 5).

Grass carp GK amino acid sequence compared with
other vertebrate

Mammalian glucokinase is composed of a single poly-
peptide chain of approximately 50 kDa, which is identical
or similar to the carboxyl-terminal portions of brain

hexokinase | (Andreone et al., 1989), and not subject to
allosteric regulation by glucose 6-phosphate. In contrast,
hexokinases | to Ill consist of a single polypeptide chain
of molecular mass ~100 kDa, which contain two hexo-
kinase domains, and are allosterically inhibited by the
reaction product, glucose 6-phosphate (Andreone et al.,
1989). The GK amino acid sequence contains several
functional sites, including the ATP-binding domain, the
glucose binding sites and the regulatory protein binding
sites.

In rat, the core sequence Asp78-Lys90 and an essential
lysine102 (rat numbering) located 11 residues away from
the core sequence is thought to be putative ATP-binding
domain (Andreone et al., 1989). All of these residues are
conserved in all species including grass carp (Asp88-
Lys100 and lysine112, grass carp numbering). In human,
the glucose binding site is formed by glucokinase
residues Ser151-Pro153, Asn166-Lys169, Asn204-Thr206,
lle225-Asn231, Asn254-Gly258, GiIn287, and Glu290. All
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Figure 4. Expression analysis of GK mRNA in different tissues of grass carp performed by RT-gPCR, with B-actin as an
internal control for cDNA normalization. (A) Relative expression profile of GK mRNA normalized with B-actin level. Data
points represent the mean values + SD of the three fish replicates; different letters indicate significant difference (p<0.05).
Fat = mesenteric adipose tissue; muscle = white muscle. (B) Relative expression levels of GK mRNA except liver.

the oxygen atoms of glucose form hydrogen bond
interactions with the side chains of glucokinase residues
Thr168, Lys169, Asn204, Asp205, Asn231, Glu256, and
Glu290 (human numbering) (Mahalingam et al., 1999;
Veiga-da-Cunha et al., 1996). All of these residues
appear to be conserved and in similar locations in all
species including grass carp (Figure 5). Furthermore, to
delineate the regions of liver glucokinase that are
involved in the binding of its regulatory protein, five mutants
of X. laevis glucokinase were constructed by replacing
sets of 2-5 glucokinase-specific residues with their
counterparts in the C-terminal half of rat hexokinase I.
The result concluded that all of these residues; His141 to
Leu144, which are located close to the tip of the small
domain, as well as Glu51 and Glu52 (human numbering),
which are present in the large domain of the enzyme
close to the hinge region, or nearby residues participate
in the binding of the regulatory protein (Veiga-da-Cunha
et al., 1996), except Glu51, are conserved in all species
including grass carp.

GK contains a conserved hexokinase signature seg-
uence Leu'*®-Phe'®' (human numbering). Except for lle'*®
that was replaced by Leu in Cyprinidae family fish, all
other residues are conserved in all species. Beside, two
potential N-linked glycosylation sites (Asn'® and Asn®®,
human numbering), a cell attachment sequence (Arg'%-
Asp'®, human numbering), and a glycosaminoglycan
attachment site (Ser***>-Gly**®, human numbering) are also

much conserved in all vertebrates including grass carp.

Tissue distribution of GK mRMA

In the present study, tissue distribution of GK mRNA in
brain, mesenteric adipose tissue, spleen, white muscle
and liver of adult grass carp was determined by RT-gPCR
method using B-actin as an internal control for cDNA
normalization. The result shows that the expressions of
GK mRNA were detected in all tissues, except for white
muscle (Figure 4). The expression level of GK mRNA in
liver was higher than in spleen, brain and mesenteric
adipose tissue significantly (p<0.05). The organ distri-
bution of the GK mRNA is similar in grass carp as in
mammals. In humans, glucokinase has been discovered
in specific cells in four types of tissue: liver, pancreas,
small intestine, and brain, but it is mainly expressed in
glucose sensitive tissues, such as liver and pancreatic
islet beta cells under the control of insulin (Tanizawa,
1991). In common carp, GK was only induced by the first
feeding with high levels of carbohydrate (Panserat et al.,
2001b). In rainbow trout, the expression of GK was
assessed in different tissues under different feeding
conditions: GK mRNA was identified only in liver and the
four brain regions; GK expression was altered by feeding
conditions, especially in liver and hypothalamus where
food deprivation decreased and re-feeding increased
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Figure 5. Multiple alignment of the GK deduced amino acid sequence from grass carp (Cid, ADD52460) with the corresponding sequences
from human (Hsa, P35557), rat (Rno, NP_036697), African clawed frog (Xla, CAA63761), common carp (Cca, AAC33578), topmouth culter
(Eil, ABA41457), rainbow trout (Omy, NP_001117721), and gilthead sea bream (Sau, AAC33585). Sites with an amino acid identical to that on
the top line (human) indicated with a dot. Alignment gaps are indicated by dashes. Amino acid substitutions are indicated by the respective
amino acid. The boxed amino acid sequence indicates the hexokinase signature. The grey amino acids indicate two potential conserved N-
linked glycosylation sites. The ATP-binding amino acids are indicated by asterisks (*). The glucose-binding amino acids are indicated by
pound (#). The regulatory protein binding sites are indicated by dotted lines. The conserved cell attachment sequence is underlined. A

conserved glycosaminoglycan attachment site is double underlined.

expression. These studies strongly support that low
dietary carbohydrate utilization in rainbow trout is not due
to the absence of inducible hepatic GK as previously
suggested (Capilla et al., 2003; Panserat et al., 2001a,
2000b). Carnivorous gilthead seabream can tolerate
partial replacement of dietary protein by carbohydrates
through the regulation of GK expression (Fernandez et
al., 2007; Meton et al., 2004). Fish fed with high
carbohydrate/low protein diets markedly increased
hepatic GK expression, while hardly detectable levels
were observed in the fish fed low carbohydrate/high
protein diets (Caseras et al., 2000; Egea et al., 2007). An
induction of GK gene expression by dietary carbohydrate
was observed in all fish species.

In summary, we have cloned and characterized the
cDNA encoding GK from the liver of the herbivorous
grass carp. The main domains (ATP-binding domain,
glucose binding site and regulatory protein binding sites)
are basically conserved between the teleost fish and

other vertebrates. Our results demonstrated that the liver
is one of the main GK producing tissues in fish. Relative
expression profile of grass carp GK mRNA in liver
normalized with B-actin level was 31, 454 and 649-fold
compared with the levels in mesenteric adipose tissue,
spleen and brain, respectively. These findings, including a
detailed phylogenetic analysis, revealed that GK gene of
grass carp was highly homologous to mammalian with
similar tissue specific expression (mainly in the liver).
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