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2Laboratoire de Biotechnologies Marines et Environnement, Faculté des Sciences, Université Chouaib Doukkali, El Jadida B.P. 24000,
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The NAD1-dependent cytosolic glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH, EC 1.2.1.12), which is
recognized as a key to central carbon metabolism in
glycolysis and gluconeogenesis and as an important
allozymic polymorphic biomarker, was purified from
muscles of two marine species: the skeletal muscle of
Sardina pilchardus Walbaum (Teleost, Clupeida) and
the incompressible arm muscle of Octopus vulgaris

(Mollusca, Cephalopoda). Comparative biochemical
studies have revealed that they differ in their subunit
molecular masses and in pI values. Partial cDNA
sequences corresponding to an internal region of the
GapC genes from Sardina and Octopus were obtained
by polymerase chain reaction using degenerate primers
designed from highly conserved protein motifs.
Alignments of the deduced amino acid sequences were
used to establish the 3D structures of the active site of
two enzymes as well as the phylogenetic relationships
of the sardine and octopus enzymes. These two
enzymes are the first two GAPDHs characterized so far
from teleost fish and cephalopod, respectively.
Interestingly, phylogenetic analyses indicated that the
sardina GAPDH is in a cluster with the archetypical
enzymes from other vertebrates, while the octopus

GAPDH comes together with other molluscan
sequences in a distant basal assembly closer to
bacterial and fungal orthologs, thus suggesting their
different evolutionary scenarios.
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Introduction

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, EC
1.2.1.12), one of the enzymes studied most in the glyco-
lytic pathway, reversibly catalyses the oxidative phos-
phorylation of D-glyceraldehyde-3-phosphate to form
1,3-diphosphoglycerate in the presence of NADþ and
inorganic phosphate [1]. This enzyme is widely distributed
in nature in a variety of species ranging from bacteria to
humans [2]. It is found mainly in the cytosol and in some
organelles (i.e. chloroplasts). Organellar GAPDHs are
expressed as precursor polypeptides and then post-
translationally imported into the organelles [3]. In addition
to its well-characterized glycolytic activity, a housekeep-
ing function essential for the normal metabolism of all
cells, GAPDH also plays a pivotal role in the
Embden-Meyerhoff pathway in gluconeogenesis [2]. This
enzyme has been well characterized not only because of
its key role in the central metabolism, but also because of
its abundance, easy preparation and remarkable conserva-
tion during evolution. It is a multimeric protein with a
native molecular mass in the range of 140–200 kDa and
composed of four identical subunits of approximately 35–
50 kDa [2,4]. The ubiquity and evolutionary conservation
of this enzyme implicate a highly important physiological
function. There is now accumulating evidence that this
protein is implicated in a large spectrum of cellular func-
tions unrelated to its glycolytic function [5]. These include
its roles in membrane fusion, phosphotransferase activity,
DNA replication and DNA repair [6], specific binding to
30 and 50 regions of mRNA by direct influence of the
translation or/and replication of RNA [7], nuclear RNA
export [8] and neuronal apoptosis [9], as well as in neuro-
degenerative diseases [10] and several types of cancer
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[11]. These novel activities may be related to the sub-
cellular localization and oligomeric structure of GAPDH
in vivo.

The glycolytic pathway is particularly suitable for testing
the processes of enzyme evolution and the involvement of
possible gene/genome duplications and/or horizontal gene
transfer events. This central metabolic route is highly con-
served and ancient; it is therefore possible to compare the
enzymes included in this pathway from phylogenetically
distant organisms. GAPDH is one of the most highly con-
served glycolytic enzymes, for instance the rate of evolution
of the catalytic domain is only 3% per 100 million years
[2]. Thus, the catalytic domains in eukaryotic and eubacterial
enzymes are .60% identical. Therefore, GAPDH genes are
often used as phylogenetic markers for ‘deep’ phylogenies
[12–14], as a prototype or controls for studies of genetic
organization, expression and regulation and to describe the
taxonomic positions of several species at different levels
[15–20]. In this respect, it should be noted that, in general,
GAPDH phylogeny is congruent with taxonomic data
obtained for prokaryotic and eukaryotic species using other
reported molecular markers [12]. The apparent incon-
gruences found in some cases have been explained either by
functional specificities (i.e. the highly divergent cytosolic
and chloroplastic GAPDH isoforms found in photosynthetic
eukaryotes [13,17]) or by intra-/inter-domains horizontal
gene transfers (i.e. eukaryotic-type GAPDHs found in some
bacteria [15]).

No information is available to date on the molecular prop-
erties of GAPDHs and the genes encoding this dehydrogen-
ase in clupeida and cephalopoda, or on their phylogenetic
relationship with GAPDHs from other species (prokaryotics
and eukaryotics). In this study, we compared the kinetic and
biomolecular parameters of the GAPDH purified from the
skeletal muscle of Sardina pilchardus and the incompressi-
ble arm muscle of Octopus vulgaris, and tried to find some
distinguishing characteristics of other GAPDHs studied pre-
viously. cDNA fragments of the corresponding GapC genes
were obtained by polymerase chain reaction (PCR),
sequenced and identified as the internal region of these
genes containing the catalytic site. The phylogenetic
relationship of the sardine and octopus GAPDHs with the
orthologs from other vertebrate and invertebrate species was
analyzed and discussed.

Materials and Methods

Biological material
Sardina pilchardus. The European pilchard S. pilchardus
(Walbaum, 1792) is one of the most important species of
small pelagic fishes of the northwest coast of Africa [21]
and represents the most abundant species, particularly in
the central and southern regions of Morocco. The constant

exploitation of this resource for several decades places
Morocco at the place of sardine–producer countries. The
sardine distribution in this region extends from Cap Blanc
(218N) to Cap Spartel (358450N). Sardines are originated
from the continental platform of the Atlantic Ocean to the
Moroccan coastline. Samples used in this study were pur-
chased from fishermen operating small fishing vessels, and
were immediately frozen at 2208C until use.

Octopus vulgaris. Among the world’s inshore fisheries,
O. vulgaris is one of the most commercially valuable
mollusc species fished in the world, especially in Morocco.
In general terms, octopus is the most abundant and valu-
able species in the cephalopod fisheries in the Moroccan
coast, accounting for 70–80% of total landings. Adult
octopuses, O. vulgaris, were directly purchased from fish-
ermen operating by day trip with small fishing vessels in
the coastline of Casablanca region (338N). The biological
material was then transported to laboratory in boxes with
dry ice in an isothermal truck within 6–8 h after capture.

Purification and characterization of sardine and
octopus GAPDHs
GAPDH was purified to electrophoretic homogeneity from
a soluble protein fraction of S. pilchardus skeletal muscle
and O. vulgaris arm muscle, using a simple procedure
involving a fractioned precipitation in the 60–88% (W/V)
saturation range of ammonium sulfate and only one
column chromatography step, namely dye-affinity chrom-
atography on Cibacron Blue-Sepharose 4B (Amersham
Pharmacia Biotech, Piscataway, NJ, USA) [22,23].

Determination of native molecular weight was carried out
by electrophoresis on non-denaturing polyacrylamide slab
gels (Bio-Rad, Hercules, USA) using the following protein
standards: amylase, 200 kDa; alcohol dehydrogenase,
150 kDa; dimeric BSA, 132 kDa; monomeric BSA,
66 kDa; ovalbumin, 45 kDa; and lactalbumin, 14.2 kDa. As
described by Hedrick and Smith [24], a calibration curve
can be calculated from the relative mobility of standard pro-
teins on non-denaturing polyacrylamide gels with different
acrylamide concentrations (6%, 8%, 10%, and 12%, W/V).
By constructing the Ferguson plot [Log (Rf � 100) versus
the concentration of polyacrylamide gels (%)], the resulting
slopes versus the known molecular weights of standard
native proteins allowed the determination of the native mol-
ecular weight of the purified GAPDH.

Isoelectric focusing was carried out in 5% polyacryl-
amide slab gels holding ampholite-generated pH gradients
in the range of 3.5–10 (Pharmacia Biotech, Uppsala,
Sweden), using 25 mM NaOH and 20 mM acetic acids as
cathode and anode solutions, respectively. The standard
protein marker (Bio-Rad) was applied to estimate the pI of
the purified enzymes.
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Kinetics parameters and influence of pH and
temperature on purified GAPDHs activity
For kinetic studies, initial velocities of the enzymatic reac-
tion were determined by varying the concentration of the
substrates, D-G3P (from 0.04 mM to 10 mM) or NADþ

(from 0.02 to 2 mM). Values of the Michaelis constants
(Km) and dissociation constants (KD) were obtained by
mathematical calculation according to the method of
Cleland [25], and the Kcat was calculated based on
maximal velocity value (Vmax). One unit of enzymatic
activity was defined as the amount of enzyme that catalyses
the reduction of 1 mmol of NADþ per min under the con-
ditions used.

To determine the optimal pH, enzymatic activity was
measured over a wide range of pH values (4–11) using a
mixture of different buffers with different pKa (Tris, MES,
HEPES, potassium phosphate at 50 mM, and sodium
acetate at 180 mM) adjusted to the same ionic strength as
the standard reaction mixture. Temperature effects were
characterized by activation and denaturation processes. For
activation, the Tricine–NaOH buffer (50 mM, pH 8.5) was
incubated for 10 min at temperatures from 158C to 858C
using a thermostated cuvette holder connected with a
refrigerated bath circulator. Then 2 mM NADþ, 200 mM
sodium arsenate, and 10 mg purified GAPDH were added
to the mixture. The reaction was started immediately by the
addition of 10 mM D-G3P. For denaturation, 10 mg puri-
fied GAPDH was incubated at temperatures from 158C to
858C for 10 min in the 50 mM Tricine–NaOH buffer.
Then 2 mM NADþ and 200 mM sodium arsenate were
added. The enzymatic activities were measured after 2 min
incubation at 258C immediately started by the addition of
10 mM D-G3P.

RNA isolation, RT-PCR methodology and cDNA
sequencing of sardine and octopus GAPDH genes
Total RNA was isolated from sardina skeletal muscle and
octopus arm muscle using the method of Chomczynski and
Sacchi [26]. First-strand cDNA was generated by reverse
transcription (RT) of total RNA (3 mg), using 200 units of
reverse transcriptase-moloney murine leukemia virus
(MMLV) transcriptase (Promega, Madison, USA) and the
reverse primer named Gap 2: 50-CCSCAYTCRTTRTCRT
ACCA-30 in a reaction mixture containing 50 mM Tris–
HCl buffer (pH 8), 3 mM MgCl2, 10 mM dithiothreitol
and 0.2 mM of each deoxynucleoside triphosphate for 1 h
at 428C. An aliquot from this template (1/10 of the reaction
volume) was used in a subsequent PCR using 1.25 units of
Go Taq DNA polymerase (Promega), 0.04 mM of reverse
(Gap2) and forward primer Gap 1: 50-GCYWSYTGYACS
ACSAAYTG-30. Gap 1 and Gap 2 are degenerated oligo-
nucleotides constructed from conserved regions
(ASCTTNC, WYDNEW(C)G) present in all GAPDHs so

far studied [2]. Amplifications of cDNA fragments
(ca. 0.5 kb) corresponding to internal regions (ca. 70% of
the full ORF) of GapC genes from sardine and octopus
were carried out by PCR using the same degenerate
primers. Amplification conditions for both species were 35
cycles of 928C for 1 min, 458C for 1 min and 728C for
1 min. The PCR-amplified cDNA fragments from sardine
and octopus were visualised on 2% (w/v) agarose gels, and
purified using a phenol/chloroform protocol [27]. DNA
sequencing was performed using the PCR-amplified
cDNA, Gap 1 or Gap 2 primers, and the BigDye 3.1
sequencing kit (Applied Biosystems, California, USA).
Extension products were purified with DyeEx-96
(Qiagen) and electrophoretically separated and detected in
an ABI PRISM 377XL automated sequencer (Applied
Biosystems). Electropherograms were revised and
sequences were edited using BioEdit 7.0.1 [28].

Nucleotide sequence accession numbers
The nucleotide sequences from S. pilchardus and O. vul-
garis reported in this paper have been deposited in the
GenBank sequence database under the accession numbers
EF621524 and EF634059, respectively.

Protein sequences alignment, phylogenetic analyses and
active-site modeling of sardine and octopus GAPDHs
Multiple sequences alignment of GAPDH protein regions
corresponding to the cDNA fragments of sardina and
octopus GapC genes was done with the CLUSTAL X
v.1.8 program [29]. No internal gaps were established.
Through this alignment, phylogenetic trees were con-
structed using the distance neighbor-joining algorithm
(Kimura distance calculations) and the minimum evolution
method, as well as the maximum parsimony method, with
the programs MEGA4 [30], TREE-PUZZLE v.5.2 [31],
and PROTPARS v.3.573c (PHYLIP package v.3.5c
w1993x Felsenstein, J., Department of Genetics, University
of Washington, Seattle, USA) [32]. Bootstrap analyses
(values being presented on a percentage basis) were com-
puted with 1000 or 10,000 replicates without significant
changes in tree topologies and bootstrap values, and all
positions containing alignment gaps and missing data were
eliminated only in pairwise sequence comparisons (pair-
wise deletion option) for the distance trees.

For maximum parsimony method, there was a total of
175 positions in the final data set, out of which 44 were
parsimony informative. For maximum likelihood analysis,
estimations of support (also expressed as percentages) were
assigned to each internal branch by the algorithm quartet
puzzling. This method applies maximum likelihood tree
reconstruction to all possible quartets that can be formed
from n sequence [31].
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BLAST searches were made employing the National
Center for Biotechnology Information Website facilities
(http://www.ncbi.nlm.nih.gov/). Published amino acid
sequences of animal GAPDHs used for the alignment were
from Mammalia (Mus musculus, P16858; Jaculus orientalis,
P80534; Oryctolagus cuniculus, P46406; Sus scrofa,
P00355; Bos taurus, P10096; and Homo sapiens, P00354);
Avian (Gallus gallus, P00356 and Columba livia,
AAB88869); Amphibia (Pleurodeles waltz, AF343978);
Teleost fishes (Onchorhyncus mykiss, AAB82747; Sparus
aurata, ABG23666, Dicentrarchus labrax, AAW56452;
Tribolodon brandtii, AB266388; Oplegnathus fasciatus
GAPDH isoforms 1, ACF35052, and 2, ACF35053);
Mollusca (Crassostrea gigas, CAD67717; Marisa sp.,
AAS02316 and Pinctda fucata, BAD90588; Leptochiton sp.
strain SJB-2006, ABM97664 and Haliotis discus,
ABO26632) and other major invertebrate clades
(Acoelomata: Fasciola hepatica, AAG23287; Arthopoda:
Daphnia pulex, CAB94909, and Bombyx mori, BAE96011;
Cnidaria: Hydra magnipapillata, XP_0021655;
Echinodermata: Asterias rubens, ABM97661; Nematoda:
Caenorhabditis briggsae, CAP22176; Nemertea:
Cerebratulus sp., ABM97662; and Sipuncula: Phascolion
strombus, ABM97666). The GAPDH encoded by the entero-
bacterial Escherichia coli GapA gene (accession number
P06977) and a fungal ortholog encoded by the
Saccharomyces cerevisiae GAPDH1 gene (P00360) were
also included as outgroups.

The 3D structures of S. ilchardus and O. vulgaris
GAPDHs are unknown, although the structures of several
GAPDHs have been reported [3,33]. As GAPDHs are
among the most conserved proteins sharing high degrees of
primary sequence similarity [2], we subsequently generated
homology models of both sardine and octopus GAPDHs
active-site domains based upon known 3D structures of
GAPDHs from other species, using Swiss Model [34] and
the program Deep view/SWISS PDB Viewer v3.7 that pro-
vides an interface allowing to analyze several proteins, to
superimpose them in order to deduce structural alignments
and compare their active sites [35]. These models were sub-
jected to spatial motif searches with the aim of identifying

possible distinctive features as well as amino acids in the
active site of this enzyme conserved during evolution.

Results

Kinetic properties of GAPDH and influence of pH and
temperature on purified GAPDH activity
GAPDH has been purified to apparent electrophoretic
homogeneity from muscle soluble protein fraction of the
European pilchard, S. pilchardus and common octopus,
O. vulgaris. The purification of the enzyme was performed
by a straightforward procedure involving ammonium
sulfate precipitation and only one chromatography step,
namely dye-affinity chromatography. Table 1 summarizes
a representative purification protocol for the two species. A
value of approximately 36 U/mg of protein was obtained
for the specific activity of purified sardine GAPDH with a
yield of 25% and a purification factor of approximately 78
fold, while for the octopus enzyme a specific activity value
of 9.2 U/mg of protein and a purification factor of about 26
fold were obtained. SDS-PAGE analysis of the final
enzyme preparations, using the dye-affinity columns,
showed a 37 kDa and 36 kDa protein bands corresponding
to the GAPDH subunit for sardine and octopus, respect-
ively (Fig. 1). Non-denaturing PAGE showed that the
native molecular mass of the obtained proteins are approxi-
mately 155 kDa and 153 kDa for sardine and octopus,
respectively. Isoelectric focusing of the purified proteins
showed a single band but with very different pI values for
the two species, namely 7.9 for the sardine and 6.6 for the
octopus enzymes (Fig. 2). Therefore, the fish GAPDH is a
basic protein according to previous reports on other
metazoan GAPDHs [33,36–38], whereas its molluscan
ortholog is unexpectedly an acidic protein-like microbial
GADPH [13,15]. As GAPDH catalyzes a two-substrate
reaction, the Km values for D-G3P and NADþ, which have
been determined by varying the concentration of one sub-
strate and keeping the concentration of the other constant,
were 73.4 mM and 92 mM for sardine and 320 mM and
66 mM for octopus, respectively (Table 2). The Vmax

values calculated for the sardine and octopus GAPDHs

Table 1 Comparative steps of GAPDH purification from skeletal muscle of S. pilchardus and arm muscle of O. vulgaris

Total protein (mg) Specific activity

(units/mg)

Yield (%) Purification (fold)

Sardina Octopus Sardina Octopus Sardina Octopus Sardina Octopus

Crude extract 4700 810.9 0.46 0.35 100 100 1 1

Ammonium sulfate fractionation (60%–88%) 840 110.25 1.54 2.11 60 81 3.34 5.95

Blue-sepharose CL-6B chromatography 15 5 35.7 9.2 25 16 77.71 25.91

GADPHs from Sardina pilchardus and Octopus vulgaris

Acta Biochim Biophys Sin (2010) | Volume 42 | Issue 12 | Page 866

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/42/12/863/832 by guest on 24 April 2024

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/


were 37.6 U/mg and 21.8 U/mg, respectively. The catalytic
efficiencies, expressed in terms of Vmax/Km ratios, indicate
that the octopus enzyme is less efficient with both sub-
strates than its teleostian ortholog.

Pre-incubation of both sardina and octopus GAPDHs for
10 min at temperatures varying between 158C and 308C did
not irreversibly affect the enzyme activity. Thermal inacti-
vation, however, occurred above 358C and resulted in total
activity loss at 608C and 758C, respectively for sardina
enzyme and octoups GAPDH. Studies on the effect of temp-
erature on enzymes activities revealed an optimal value at
28–328C for sardina GAPDH, and around 358C for octopus
enzyme. The pH activity profile of purified GAPDHs was
determined in a pH range from 4 to 11; the maximum of
GAPDH relative enzymatic activity in octopus is observed
between pH 7 and 7.5, lower than the value observed for
GAPDH of sardina that occurred between pH 7.5 and 8.5.

Protein sequences alignment, phylogenetic analysis and
active-site modeling
RT-PCR amplification using primers constructed from two
highly conserved GAPDH regions produced for the two
species a single cDNA fragment of the expected size
(�0.5 kb) comprising most of the coding region of a
GapC gene. The nucleotide sequences determined for the
amplified cDNA fragments (507 bp and 525 bp for sardine
and octopus GapC genes, respectively) were deposited in
the GenBank/EMBL databases with the accession numbers
EF621524 and EF634059. The cDNAs obtained from two
independent RT-PCR experiments for each species were
sequenced and found to be identical.

These sequences were aligned and compared with other
GAPDHs selected to include species representatives of the
main phyla of aquatic and terrestrial vertebrates and invert-
ebrates, as well as two model bacterial and fungal species,
by using the CLUSTAL X program [29] (Fig. 3).
Relatively high percentage of identity (71%) and similarity
(79%) were found between the amino acid sequences of
GAPDHs of the two marine species.

The above-described multiple sequences alignment was
used to construct phylogenetic trees obtained with the
MEGA and Tree-Puzzle programs to infer the evolution-
ary relationship of the sardina and octopus GAPDHs
using distance methods (neighbor-joining, minimum evol-
ution), and maximum parsimony and likelihood methods
[30,39,40] [Fig. 4(A), (B) and (C)]. All consensus phylo-
genetic trees yielded similar topologies, and showed
distant evolutionary positions for sardina and octopus
GAPDH. The sardina protein conforms a cluster with
other teleost fishes orthologs within a well-supported
assembly of GAPDH of other main vertebrate groups,
while the octopus protein arranges with other molluscan
orthologs in a rather basal assembly near to microbial
(fungal and bacterial) GAPDH.

GAPDH of other major invertebrate groups display
between these vertebrates and molluscan assembling.
Interestingly, a second cluster of teleost fishes GAPDH
was also found, probably due to the occurrence in some
species of enzyme isoforms (paralogs), as has been
reported for many other vertebrates [33,36,37].

Sardina and octopus GAPDHs shared an amino acid
sequence identity of 86% and 75% with human and 33 and
32% with E. coli GAPDH, respectively. Their active-site
3D structures were therefore based on the structure of the
templates of these two well-studied enzymes, as they fulfill
both the criteria of high-sequence identity and high resol-
ution of the experimentally determined model structure.
The holoforms have been determined at 1.75 Å and 1.8 Å,
respectively for sardina and octopus GAPDH. The final
models were visualized with the SPDB Viewer program
(Fig. 5).

Figure 2 Isoelectric focusing of purified S. pilchardus and O. vulgaris

GAPDHs Isoelectric focusing was performed on 5% (w/v) acrylamide

gel holding Ampholyte-generated pH gradients (pH range, 3.5–10). Lane

1 corresponds to isoelectric focusing protein markers (pI range, 4.0–9.6).

Lanes 2 and 3 correspond to pure GAPDH from octopus (pI 6.6) and

sardina (pI 7.9), respectively.

Figure 1 Comparison of GAPDHs subunit molecular masses from
Sardina pilchardus skeletal muscle and O. vulgaris arm
muscle Purified proteins were run on 12% SDS-PAGE and gels were

stained with Coomassie Brilliant Blue. Lanes 2 and 3 show pure

GAPDHs (25 mg per lane) from sardina and octopus, respectively. Lane 1

corresponds to molecular mass standards (Broad Range MW, Bio-Rad).
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Discussion

GAPDH is the most highly conserved protein of all glyco-
lytic enzymes. It plays a key role in central carbon metab-
olism and shows both genetic and post-translational
regulations. This enzyme is responsible for the oxidative
phosphorylation of G3P in the presence of NADþ and
inorganic phosphate. In this work, GAPDH from S. pil-
chardus skeletal muscle and O. vulgaris arm muscle were

purified to electrophoretic homogeneity from a soluble
protein fraction. Table 1 summarizes a representative puri-
fication protocol for the two species. A value of 36 U/mg
of protein was obtained for the specific activity of the puri-
fied sardine GAPDH with a yield of 25% and a purifi-
cation factor of 78 fold, while for the octopus GAPDH, a
value of 9.2 U/mg of protein for the specific activity and a
purification factor of about 26 fold were obtained. These
differences in specific activity and factor of purification

Table 2 Comparison of the kinetic parameters (Km and Vmax) for the oxidation reaction of the purified GAPDHs from S. pilchardus and
O. vulgaris

Km G3P (mM) Km NADþ (mM) KD NADþ (mM) Vmax (U/mg) Kcat (min21)

Sardina GAPDH 73.4+8.1 92.0+7.4 173.1+ 28.2 37.6+2.9 12.3+0.9

Octopus GAPDH 320.0+35.3 66.0+7.6 103.0+ 23.5 21.8+3.5 8.5+1.4

Figure 3 Multiple sequences alignment of S. pilchardus and O. vulgaris GAPDHs compared with 16 GAPDHs, selected to include representatives
of the main aquatic and terrestrial vertebrate phyla and one bacterial species, by using the CLUSTAL X (v. 1.8) program. The 170 amino acid

sequences corresponding to the proteins encoded by the RT-PCR-amplified cDNA fragments of the GapC genes from sardina and octopus correspond to

a conserved internal region of GAPDH. Conserved amino acid residues throughout all the aligned sequences are farmed, and those distinctively found in

molluscs and bacterial GAPDH sequences are indicated by red marks.
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Figure 4 Evolutionary relationships of sardine and octopus GAPDHs (A) Using the neighbor-joining method. Selected GAPDH sequences

representing the main vertebrate and invertebrate phylogenetic groups were used. A fungal (S. cerevisiae) and a bacterial (E. coli) GAPDHs sequences

are shown as out groups. The bootstrapped consensus distance tree was inferred from 10,000 replicates. The scale bar represents 0.02 amino acid

substitutions per site. All positions containing alignment gaps and missing data were eliminated only in pairwise sequence comparisons (pairwise

deletion option). There were a total of 170 amino acid positions in the final data set. (B) Using the minimum evolution (ME) method. The optimal

distance tree with the sum of branch length ¼ 1.96 is shown. ME tree was searched using the close-neighbor-interchange (CNI) algorithm at a search

level of 1. The neighbor-joining (NJ) algorithm was used to generate the initial tree. Other parameters are indicated as above. Phylogenetic analyses were

conducted in MEGA4. (C) Using maximum likelihood analysis. Tree reconstruction was performed with the Quarter puzzling procedure and parameters

estimated using Quarter sampling on an NJ tree. Bootstrap analysis of 10,000 re-samplings was performed and percent values are presented. The

percentages of replicate trees in which the associated sequences clustered together in higher than 50% of the bootstrap test are shown next to the

branches. Nodes with less than 50% support are collapsed. The scale bar represents 0.1 amino acid substitutions per site. Phylogenetic analyses were

conducted in Tree-Puzzle v. 5.2.
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between the two species may be explained by the shorter
shelf life of octopus muscle due to its high autolytic
activity, namely 25 times greater than in gadoids and 3
times greater than in squid [41]. Dye-affinity chromato-
graphy on Blue-Sepharose seems to be a very effective
technique for the purification of sardine and octopus
GAPDH, as previously described for the NADþ-dependent
GAPDH of other sources [22,36,42,43]. No additional puri-
fication steps were required to obtain homogeneous
GAPDH preparations. As stated above, SDS-PAGE of the
purified octopus sp and sardine enzymes showed a single
protein band subunit of 36 kDa and 37 kDa, respectively.
This result, when compared with the corresponding native
molecular masses (154 kDa and 153 kDa, respectively),
suggests that both of the enzymes have a homotetrameric
structure like most other GAPDHs studied so far [4,33,36].
However, the sardine enzyme subunit exhibited an esti-
mated molecular mass of 37 kDa that is somewhat higher
than the one reported for bacterial and molluscan species
(ca. 35 kDa), but is identical to those reported for the
amphibian (pleurodeles) and mammalian ( jerboa or
human) species GAPDHs [33,36,38]. Moreover, the iso-
electric focusing technique revealed very different values
of pI for the single protein band present in the enzyme
preparations purified from the two species, namely 7.9 and
6.6 for sardine and octopus GAPDH, respectively. This
result indicates that a single enzyme isoform with quite
different molecular properties occurs in the muscle tissues
of the two species, and strongly suggests that single highly
divergent GapC genes are expressed in these tissues. A
single GAPDH isoform has been previously found in other
animal tissues and microorganisms, both prokaryotes and
eukaryotes [4,33,44,45]. However, it does not seem to be a
general rule, as the presence of several GAPDH isoforms

have also been reported in phylogenetically different organ-
isms [37,38,45,46].

The kinetic parameters of octopus and sardina GAPDH
(Km values for D-G3P and NADþ being, respectively, in the
ranges of 70 mM–300 mM and 70 mM–90 mM) (Table 2)
are comparable to those found for cytosolic GAPDHs puri-
fied from other eukaryotes, protists (Tetrahymena pyriformis
[43]), lower metazoa like the mollusk Loligo vulgaris [47], or
mammalians like Jaculus orientalis or Homo sapiens
[36,38]. However, on the whole the kinetic parameters ana-
lyses show that the octopus enzyme is catalytically less effi-
cient than GAPDH of sardine. This suggests possible
differences in the mechanism of the catalytic reaction.
Therefore, some catalytic features of the GAPDH of the two
marine species reported here differ from those previously
described for GAPDH from other sources [36–38,43],
reflecting protein differences between species.

The amino acid sequences derived from cDNA obtained
from each species correspond to a highly conserved region
around the catalytic subunit including many residues
strictly conserved in GAPDH from very diverse organisms
[2]. These sequences were compared and aligned with
those of other selected GAPDHs representing main ver-
tebrates and invertebrates phylogenetic groups. However,
the limited information available on molluscan GAPDH
allowed including sequences of a few oyster species
(Bivalva) and only one gastropod (Haliotis). In fact, the
octopus sequence presented here is the first GAPDH
sequence reported so far of a species of the Cephalopoda
clade, for which recent studies proved muscle specializ-
ations in its motor system [48]. The GAPDH sequence
alignment has shown that over the analyzed region the
orthologs of the two marine species studied here share a
high percent of amino acid identity. The conservation is
slightly higher in the catalytic domain between the amino
acid residues 147 and 320, corresponding to the most con-
served region for all GAPDH so far studied, especially the
strictly conserved histidine 176 directly involved in the cat-
alysis reaction (Fig. 3). The minor differences between the
two sequences include different content and distribution of
several residues like isoleucine 175, glycine 195 and threo-
nine at positions 198 and 201, in the amino acid sequence
of octopus GAPDH that are not present in the other
sequences. On one hand, the sardine GAPDH sequence
contains other histidine residue at position 164 that are not
found in the octopus one. On the other hand, the presence
of a Serine residue in position 173 seems to characterize
the group of teleost fishes, but the most important remark
is the distinctive conservation of three amino acid residues
(aspartate, glycine and serine, respectively, at positions
192, 195 and 206) only in the sequences of octopus, other
mollusks (Crassostrea gigas, Marisa sp. and Pinctada
fucata), as well as in the sequence of E. coli (Fig. 3).

Figure 5 Stereoviews of the modeled structures of GAPDHs of
S. pilchardus and O. vulgaris obtained from the secondary structure
alignment The back bone of sardina and octopus GAPDHs are shown

as gold and blue ribbons, respectively. Note the presence of unordered

extra lop of the octopus GAPDH (white circle). The figure was created

with the SWISS-PDB Viewer program.
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The sardine and octopus GAPDH share a relatively high-
sequence identity with the Homo sapiens and E. coli
GAPDHs, respectively, in accordance with the high conser-
vation between orthologs from all phyla ranging from bac-
teria to vertebrate. Therefore, modeling of the crystal
structures of both GAPDH was based on the structure of the
templates of these two species, as they fulfill both the criteria
of high percent sequence identity and high-resolution struc-
ture determination. The quality of the final models reflect the
sequence identity shared between octopus and sardine
GAPDH with exception in a small region, which seems not
located in the catalytic site. The final models corresponding
to one subunit of the holo-enzyme is shown in Fig. 5.

The phylogenetic trees obtained show the evolutionary
relationships among teleost fishes and molluscan GAPDH
sequences suggesting two divergent subfamilies, and reveal
that while the sardine GAPDH is closely related to its
orthologs of other teleost fishes and near to the group of
amphibian enzymes the molluscan GAPDHs, including the
octopus enzyme, conform a more deeply distant branching
group, closely related to fungal and bacterial orthologs.
Rather than a paraphyletic relationship between the mollus-
can and vertebrates GAPDHs these results may reflect an
ancestral character of the first group of enzymes. It should
be noted that these results depict the molecular phylogeny
of the GAPDH protein only and they do not necessarily
represent phylogenetic relationships between metazoan
species. This interesting divergence is in agreement with
the catalytic and structural differences between the two
GAPDH orthologs reported in this paper. However, it
remains to be clarified whether this scenario is due to true
phylogenetic relationships among anciently diverged phy-
logenetic clades or to a specific specialization of GAPDH
in the molluscan muscle, a tissue in which a particular gly-
colytic metabolism is feasible. On the other hand, the
possibility of anomalous phylogenetic relationships due to
horizontal gene transfer and enzyme functional substi-
tution, as reported in other GAPDH-based phylogenies
[2,3,33,43], cannot be ruled out. In any case, the compara-
tive study presented in this work on novel eukaryotic puri-
fied proteins and gene sequences will shed new light on
the functional and evolutionary relationship of the GAPDH
from two representative species of marine animals, S. pil-
chardus and O. vulgaris, and on the possibility of using
GAPDH enzyme as molecular marker for the studies of
stock management belonging to the international coast.
Current work is currently underway in our laboratories to
go further on this research.

Conclusions

The NADþ-dependent cytosolic GAPDH (EC 1.2.1.12)
has been purified to homogeneity from muscle tissues of

S. pilchardus and arm muscle of O. vulgaris. Comparative
studies revealed that the two proteins differ in their subunit
molecular masses, pI values and some kinetic parameters.
Molecular phylogenetic studies using the amino acid
sequences obtained from the cDNA fragments correspond-
ing to an internal region of the GapC genes from sardine
and octopus confirm the distant phylogenetic positions of
the GAPDH of these two marine species, and suggest their
possible use as molecular markers for seafood analysis and
marine species traceability.
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