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ABSTRACT KEYWORDS
The NAD+ dependent cytosolic glycera dehyde-3-phosphate dehydroge- Glyceraldehyde-3-phosphate
nase (GAPDH, EC 1.2.1.12), akey enzyme of central carbon metabolismand dehydrogenase;
bioenergetics, has been purified to homogeneity from muscle tissues of CcDNA;
two distinct marine species, skeletal muscle of Sardina pilchardusWalbaum GapC gene;
(Teleost, Clupeida) and arm incompressible muscle of Octopus vulgaris RT-PCR;
(Mollusca, Cephalopoda). Comparative biochemical studies revealed that Molecular phylogeny;
the two proteins differ by their subunit molecular masses, pl values and Octopus vulgaris;
exhibit some specific catalytic features. Partial cDNA sequencescorrespond- Sardina pilchardus.

ing to aninternal region of the GapC genesfrom Sardinaand Octopuswere
obtained by the polymerase chain reaction using degenerate primers con-
structed from highly conserved protein motifs. Alignments of deduced amino
acid sequences were used to establish the 3D active site structures of the
two enzymes as well as the phylogenetic relationships of the sardine and
octopus enzymes, which are the first GAPDHs characterized so far from a
teleost fish and acepha opod, respectively. Interestingly, phylogenetic analy-
ses place the sardine GAPDH in a cluster with the archetypical enzymes
from other vertebrates, while the octopus GAPDHs comes together with
other molluscan sequences, in a distant basal assembly closer to their bac-
terial and fungal homologs. © 2010 Trade SciencelInc. - INDIA

INTRODUCTION (GAPDH, EC 1.2.1.12), isone of the most studied
enzymesin theglycolytic pathway, which reversibly
Glyceraldehyde-3-phosphate dehydrogenase catalysesthe oxidative phosphorylation of D-glycer-
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aldehyde-3-phosphate to form 1,3-
diphosphoglyceratein the presence of theNAD+* and
inorganic phosphatel’s!, Thisenzymeiswidely dis-
tributed in naturein avariety of speciesranging from
bacteriato humangy. Itisfound mainly in the cyto-
sol, and in some organelles (i.e., chloroplasts).
Organellar GAPDHs are encoded by nuclear genes
as precursor polypeptides and post-translationally
imported into the organelles®l. In additionto itswell
characterized glycolytic activity, ahousekeeping func-
tion essential for the normal metabolismof all cells,
GAPDH playsapivotd roleinthe Embden-Meyerhoff
pathway also in gluconeogenesisty. Thisenzymehas
been well characterized not only because of its cen-
tral rolein the central metabolism, but al so because
of itsabundance, ease of preparation and its conser-
vation during evolution, being aprotein with anative
molecular mass in the range of 140-200 kDa and
composed of four identical subunitsof approximately
35-50 kDalt19, The ubiquity and evolutionary
conservation of thisenzymeindicate ahighly impor-
tant physiological function. Thereisnow accumul at-
ing evidencethat thisproteinisimplicated inalarge
spectrum of cellular functionsunrelated to itsglyco-
Iyticfunctioni=e!, Theseincludeitsrolesin membrane
fusion, phosphotransferase activity, replication and
DNA repairld, specific bindingto 3’ and 5° regions of
MRNAB34, nuclear RNA export activity!37, neuronal
apoptosi §32, and in neurodegenerative diseases?4
and prostate cancer?8l. These novel activities may
berelated to the sub-cellular localization and oligo-
meric structure of GAPDH invivo.

Theglycolytic pathway isparticularly suitablefor
testing theories of enzyme evol ution and theinvolve-
ment of poss ble gene/genomeduplicationsand/or hori-
zonta genetransfer events. Thiscentra metabolicroute
ishighly conserved and ancient; itisthereforepossible
to comparethe enzymesincluded inthispathway from
phylogeneticaly distant organisms. GAPDH isthemost
highly conserved of al glycolytic enzymes, for instance
therate of evolution of the catalytic domainisonly 3%
per 100 million yearg!, Thus, these domainsin eu-
karyotic and eubacterid enzymesare>60% identical.
Therefore GAPDHsgeneshave often been used asphy-
logenetic markersfor “deep” phylogenies!4518, asapro-
totypefor studiesof genetic organization, expression
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and regulation and to describethetaxonomic positions
of severd speciesat different level 9212233 jn addition
toitsutilization asendogenous controlsor referencein
appropriatefor most experimental conditiong3829,

No informationwasavailableto dateon the struc-
tureof the geneencoding thisdehydrogenasein clupeida
and cephal opoda, and on their phylogenetic relation-
shipswith other GAPDHSs. Inthis paper we compare
kinetic and biomolecular parameters of GAPDH puri-
fied from the skeletal muscle of Sardina pilchardus
and the incompressible arm muscle of Octopusvul-
garisseeking somedistinguishing characteristicsof other
GAPDHSs. cDNA fragments of the corresponding
GapC geneswereamplified by polymerasechainre-
action techniques, sequenced and identified asthein-
ternal region of thesegenescontainingthecatalyticste.
The phylogenetic relationships of the Sardineand Oc-
topus GA PDHswith homol ogous dehydrogenases of
other vertebrate andinvertebrate speciesare discussed.
Our resultsshow that thesetwo enzymeshave remark-
abledifferences; hence GAPDH may beconsidereda
suitablemolecular marker of fisheriesinterest useful for
marine speciestraceability.

MATERIALSAND METHODS

Biological material
a) European pilchard: Sardinapilchardus

The European pilchard Sardina pilchardusisone
of themost important speciesof small pelagicfishesof
thenorthwest coast of Africad. Itsdistribution extends
from Cap Blanc (21°N) to Cap Spartel (35°45°N).
The samplesareoriginated from the continental plat-
form of theAtlantic Ocean, near the M oroccan coast-
line. Animalsused in this study were purchased from
fishermen operating small fishing vessdls, inthe coast
line of Casablanca (33°N) and they were immediately
frozen at -20°C until use.

b) Octopus: Octopuswvulgaris

Adult octopuses, Octopusvulgarisweredirectly
purchased from fishermen operating by day trip with
small fishing vesselsin the coastline of Casablancare-
gion (33°N). The biological material was then trans-
ported to our laboratory in boxeswith dry icein an
isothermal truck within 6 to 8 h of capture.
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Purification and characterization of sardineand oc-
topusGAPDHs

GAPDH hasbeen purified to e ectrophoretic ho-
mogeneity from asoluble protein fraction of Sardina
pilchardus skeletal muscle and arms of Octopusvul-
garisusingasimple procedureinvolving only onecol-
umn chromatography step, namely dye-affinity chro-
matography on Cibacron blue-Sepharose 4B
(Amersham PharmaciaBiotech). The specific charac-
terization of theenzymespurified from thetwo species
was described el sewherg127]

RNA isolation, RT-PCR methodology and DNA
sequencing of the GAPDHs from Sardina
pilchardus and Octopus vulgaris

Total RNA was isolated from sardina skeletal
muscle and octopus arm muscle previoudy frozen at -
20°C, using the method of Chomczynski and Sacchil.
Firg-strand cDNA wasgenerated by reversetranscrip-
tion (RT) of totad RNA (3ug), using 200 unitsof reverse
transcriptase (MMLV) Moloney Murine LeukemiaVi-
rus Transcriptase (Promega) and the reverse primer
named Gap2; 5-CCSCAY TCRTTRTCRTACCA-3
inareaction mixturecontaining 50 mM Tris-HCl buffer
pH 8, 3mM MgCl,, 10mM dithiothreitol and 0.2 mM
of each deoxynucleoside triphosphate during 1 h at
42°C. An aliquot from this template (1/10 of the reac-
tion volume) wasused in asubsequent polymerasechain
reaction (PCR) using 1.25U Go Tag DNA polymerase
(Promega), 0.04 uM of reverse (Gap2) and forward
primer Gapl; 5-GCYWSY TGYACSACSAAYTG-
3. Amplifications of cDNA fragments (ca. 0.5 kb)
correspondingtointernd regions(70% of thefull ORF)
of GapC genesfrom sardine and octopuswere car-
ried out by PCR using the same degenerate primers
constructed from two highly conserved motifs
(ASCTTNC, WYDNEW(C)G) present in all
GAPDHSs so far studied®. Amplification conditions
for both species were 35 cycles of 92°C for 1 min,
45°C for 1 min and 72°C for 1 min.

The PCR-amplified cDNA fragmentsfromsardine
and octopuswerevisuaised on 2% (w/v) agarosegel's
with the addition of ethidium bromide according to
Sambrook!24, and purified using aphenol/chloroform
protocol. They exhibited the expected size (approxi-
mately 0.5 kb) for an internal GapC gene fragment

comprising approximately thehdf of thecompletecod-
ingregion.

Sequencereactionswere performed by using the
second PCR-amplified cDNA, primers Gapl and Gap2
described above (forward and reverse primers), and a
BigDye Terminator Cycle Sequence Ready Reaction
Kitverson 1.0 (Applied Biosystems, Foster City, CA).
Thefollowing PCR conditionswere used: aninitial de-
naturation step at 94°C for 5 min, followed by 30 cycles
of denaturation at 94°C for 10 s, annealing at 50°C for
10 s, and extension at 62°C for 4 min. After the se-
quencereaction, excessdyeterminatorswereremoved
by gel filtration in Centri-Sep spin column (Applied
Biosystems). The purified DNA samplesweredried
and suspended in the template suppression reagent
(TSR) or amix of formamide and Blue Dextranfrom
Applied Biosystems. Thedissolved DNA sampleswere
heated at 95°C, 2 min for denaturation, and then imme-
diately cooled onice. Sequenceswere analyzed with
an automated DNA sequencer ABI Prism 377 from
Applied Biosysems. Completesequencesweredigned,
assembled, and compared by eye with sequences of
GAPDHSs of other species for verification using
BioEditi4.

Nucleotide sequence accession numbers

The nucleotide sequencesfrom Sardina pil chardus
and Octopusvulgarisreported inthis paper have been
deposited in the GenBank sequence database under
the accession numbers EF621524 and EF634059, re-

Spectively.
Sequence alignment, phylogenetic analysis and

active-site modelling of S. pilchardus and O.
vulgaris GAPDHs

Multiplesequencedignment of GAPDH proteinre-
gionscorresponding to the cDNA fragmentsof Sardina
and Octopus GapC was donewith the CLUSTAL X
v.1.8 program#4. Through thisaignment, phylogenetic
treeswere constructed using the distance Neighbor-
Joining agorithm (Kimuradistance ca cul ations) and
Minimum Evolution method, aswell asthe Maximum
Parsimony method with the programs MEGA4143,
TREE-PUZZLE v.5.2141 and PROTPARS v.3.573c
(PHYLIP package v.3.5c w1993x Felsenstein, J.,
Dept. of Genetics, Univ. of Washington, Seattle,
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USA )29, Bootstrap anayses (valuesbeing presented
on apercentage basis) were computed with 10000 rep-
licates, and dl positionsconta ning dignment ggpsand
missing dataweree iminated only in pair wisesequence
comparisons(Pairwisede etion option), for thedistance
trees. For maximum parsimony method therewerea
tota of 175 positionsinthefinal dataset, out of which
44 were parsmony informative. For maximum likeli-
hood analysi s estimations of support (al so expressed
aspercentages) wereassigned to each interna branch
by thed gorithm quarter puzzling42.

BLAST searcheswere made employing the Na-
tional Center for Biotechnology Information \Website
facilities (http://mww.nchi.nlm.nih.gov/). Published
amino acid sequencesof animal GAPDHsusedfor the
alignment were from Mammalia (Mus musculus,
P16858; Jaculus orientalis, P80534; Oryctolagus
cuniculus, P46406; Sus scrofa, PO0355; Bostaurus,
P10096; and Homo sapiens, P00354); Avian (Gallus
gallus, P0O0356; and Columba livia, AAB838869),
Amphibia (Pleurodeles waltz, AF343978); Teleost
fishes (Onchorhyncus mykiss, AAB82747 ; Sparus
aurata, ABG23666, Dicentrarchus labrax,
AAWS56452; 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 SIB-2006, ABM 97664 and
Haliotisdiscus, ABO26632) and other mgjor inverte-
brate clades (Acoelomata: Fasciola hepatica,
AAG23287; Arthopoda: Daphnia pulex, CAB949009,
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). A bacterial
GAPDH encoded by the Escherichia coli gapl gene
(accession number PO6977) and afunga homolog en-
coded by the Saccharomyces cerevisiae GAPDH1
gene (PO0360) were also included as outgroups.

The 3D structures of Sardina pilchardusand Oc-
topus vulgaris GAPDHs are unknown, although the
structures of several GAPDHs have been reported up
to date. As GAPDHs are among the most conserved
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proteinssharing high degreesof primary sequencesmi-
larityl*y, we subsequently generated homology models
of both Sardinaand Octopus GAPDHSs active sites
based upon known 3D structures of GAPDHsfrom
othersspecies, using SwissModd 3, and theprogram
SPDBV 37SP5. These model swere subjected to spa
tid motif searcheswiththeam of identifying most amino
acidsconserved intheactivesite of thisenzymeduring
evolution.

RESULTS

Kinetic properties of GAPDHSs purified from
muscletissueof Sardinaand Octopus

GAPDH has been purified to el ectrophoretic ho-
mogeneity from muscle soluble protein fraction of the
european pilchard, Sardina pilchardusand common
octopus, Octopuswvulgaris. Thepurification of theen-
zymewas performed by astraightforward procedure
involving ammonium sulfate preci pitation and only one
chromatography step, namely dye-affinity chromatog-
raphy. TABLE 1 summarizesarepresentative purifica:
tion protocol for thetwo species. A value of approxi-
mately 35 U/mg of protein was obtained for the spe-
cificactivity of purified SardinaGAPDH withayield of
25 % andapurification factor of goproximately 77 folds,
whilefor theoctopusenzymeaspecific activity va ueof
approximately 9.2 U/mg of protein and apurification
factor of about 26 fold were obtained. SDS-PAGE
anaysisof thedifferent fractions obtained throughout
the purification procedure showed aprogressive en-
richmentina37 kDaand 36 kDaprotein band corre-
sponding to the GAPDH subunit for Sardinaand Oc-
topus, respectively (Figure 1). Only thisprotein band
was seeninthee ectrophoretically homogeneousfinal
enzyme preparations, thusconfirming they actudly cor-
respond to the GAPDH subunit (Figure1). Non-dena
turing PAGE showed that the native mol ecular mass of
obtai ned proteinsare approximately 155 and 153 kDa
for Sardinaand Octopus, respectively. Isoelectric fo-
cusing of the purified proteins showed asingle band
with very different pl va uesfor thetwo species, namely
7.9for Sardinaand 6.6 for Octopus (Figure 2). There-
fore, thefish GAPDH isabasic protein according to
previous reports on other animal GAPDHg12.16.25.40]
whereasitsmolluscan homologisunexpectedly anacidic
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Figurel: Comparison of GAPDHssubunit molecular masses
from Sardina pilchardus skeletal muscle and Octopus vul-
garisarms. Purified proteinswererun on 12% SDS-PAGE
and gelswer e stained with Coomassie Brilliant Blue. Lanes
2and 3 show pure GAPDHs(25 ug) from sardinaand octopus,
respectively. Lane 1 correspondsto molecular mass stan-
dards(Broad RangeM W, Bio-Rad).
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Figure2: Isodectricfocusing of Sardina pilchardusand Oc-
topusvulgaris GAPDHs. | soelectric focusing was per for med
on 5% (w/v) acrylamidege holdingampholyte-generated pH
gradients (pH range, 3.5- 10). Lane 1 corresponds to iso-
electricfocusing protein markers(pl range, 4—9.6). Lanes
2and 3 correpondsto pure GAPDH from octopus(pl 6.6) and
sardina(pl 7.9) respectively.
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protein likemost microbid GADPHS821, AsGAPDH
catalyzes atwo-substrate reaction, the K valuesfor
D-G3P and NA D+, which have been detérmined by
varying theconcentration of onesubstrateand keeping
constant concentration of the other, wererespectively
73.4and 92 uM, for Sardina, and 320 and 66uM, for
Octopus (TABLE 2). TheV__ values calculated for
Sardinaand Octopus GAPDHswere 37,6 U/mg and
21,8 U/mg, respectively. Thecatalytic efficiencies, ex-
pressedintermsof V /K , indicatethat the Octopus
enzymeislesseffi cient wi th both subgtrates.

Sequence alignment, phylogenetic analysis and
active-sitemodelling

RT-PCR amplification using primers constructed
from two highly conserved GAPDH regionsproduced
asinglecDNA fragment of the expected size (approx.
0.5 kb) comprising approximately half of the coding
region of aGapC genefor thetwo species. Thenucle-
otidesequencedetermined for theamplified cDNA frag-
ment (507 and 525 bp respectively for Sardinaand
Octopuswere depositedinthe GenBank/EMBL data-
bases with the accession numbers. EF621524 and
EF634059). The cDNA obtained from two indepen-
dent RT-PCR experimentsfor each specieswere se-
quenced and found to beidentical . The derived amino
acid sequence correspondsto ahighly conserved re-
gion around the catalytic siteincluding many residues
strictly conserved in GAPDHsfrom very diverseor-
ganisms ., These sequenceswere aligned and com-
pared with other GAPDHSs, selected toinclude species
representatives of themain phylaof aguatic and terres-
tria vertebratesand invertebrates and two model bac-
terial and fungal speciesby usingthe CLUSTAL X (V.
1.8) program“4 (Figure 3). Relatively high percent iden-
tity (71 %) and smilarity (79%) valueswerefound be-
tween theamino acid sequences of GAPDH proteins
of thetwo marine species. The above described mul-
tiple sequencedignment was used to construct phylo-
genetic treesor cladograms obta ned with the MEGA
and Tree-Puzzle programstoinfer theevolutionary re-
lationship of the Sardine and Octopus GAPDHsusing
distance methods (Neighbor-Joining, Minimum Evolu-
tion), and Maximum Parsimony and Likelihooh meth-
0dg%3043 (Figure4.A, B and C). All consensusphylo-
genetictreesyielded similar topol ogies, and show dis-

s LBioTechnology

An Tudian Yourual



184

Phylogeny relationship of two marine species, Sardina pilchardus and Octopus vulgaris

BTAIJ, 4(4) December 2010

FULL PAPER o

GAP1

210 220 230
I TV

Homo sapiens GAPDH
Bos taurus GAPDH

Sus scrofa GAPDH
Oryctolagus cuniculu
Mus musculus GAPDH
Jaculus orientalis G
Columba livia GAPDH
Gallus gallus GAPDH
Pleurodeles waltl GA
zardina GAPDH
Dicentrachus labrax
sparus aurata GAPDH
Oncorhynchus tshawyt
Crassostrea gigas GA |a
Marisa sp GAPDH
Pincatda fucata GAPD
occtopus proteine
Escherichia coli GAP

S S S

. I A
AKAVCKVIPENSKLTMArRVE ]
AVEKVIPE LNGKLTGMAFRVP TP]
AKAVGKVIPE LNGKLTGMAFRVPTPT
AVGKVIPELNGKLTGMAFRVPTP]
AVEKVIPE LNGKLTGMAFRVPTP]
AVEKVIPELNGKLTGMAFRVEIY
AKAVEKVIPELNEKLTGMAFRVP TPR
SKVIPELNGKLT!
NGKLTG
NEKLTGEMAF
NGKLT:
NGKLTGMAF
NGKLTGMAF
NGKLTGMA
NGKLTG
NGKLTGM:
NGKLTGMA
NGKLTGMAFRVETE]

Homo sapiens GAPDH
Bos taurus GAPDH

Sus scrofa GAPDH
Oryctolagus cuniculu
Mus musculus GAPDH
Jaculus orientalis G
Columba livia GAPDH
Gallus gallus GAPDH
Pleurodeles waltl GA
sardina GAPDH
Dicentrachus labrax
sparus aurata GAPDH
Oncorhynchus tshawyt
Crassostrea gigas GA
Marisa sp GAPDH
Pincatda fucata GAFD
octopus proteine
Escherichia ceoli GAP

[VSVVDLTCR
VSVVDLTCR
VSVVDLTCR

Figure 3: Multiple sequencealignment of Sardina pilchardusand OctopusvulgarisGAPDHscompar ed with 16 GAPDHS,
selected toincluder epresentativesof themain aquaticand terrestrial vertebratephylaand onebacterial species, by usingthe
CLUSTAL X (v. 1.8) program (Thompson et al., 1997).The 170 amino acid sequencescor responding totheproteinsencoded
by the RT-PCR amplified cDNA fragmentsof the GapC genesfrom sar dina and octopuscor respond to a conser ved internal
region of GAPDH. Conserved amino acid residuesthroughout all thealigned sequencesar efar med, and thosedigtinctively
found in molluscsand bacterial GAPDH sequencesar eindicated by red marks.

tant evolutionary positionsfor the Sardinaand Octo-
pus GAPDHs. The Sardinaprotein conform acluster
with other tel eost fishes homol ogswithin awell sup-
ported assembly of GAPDHsof other main vertebrate
groups, whilethe Octopus protein arrangewith other
molluscan homologsin arather basal assembly near to
microbial (fungal and bacterial) GAPDHs. GAPDH
paral ogsof other mayor invertebrate groupsdisplay in
between these vertebratesand molluscan assemblings.
Interestingly, asecond cluster of teleost fishesGAPDHSs
isasofound, probably dueto the ocurrence of enzyme
isoforms, aswasreported for many vertebrates 122540,

Sardinaand Octopus GAPDHs shared asequence
identity of 86% and 75% with the Homo sapiensand
33% and 32% with Escherichiacoli GAPDH respec-
tively. Theactivesite 3D structuresof both Octopus

and SardinaGAPDHswere based in the structure of
the templates of thistwo species, asthey fulfil both
thecriteriaof high percent sequenceidentity and high
resolution of the model determined structure. The
holoforms have been determined at 1, 75and 1.8 A,
respectively for Sardinaand Octopus enzymes. The
final modelswere elaborated with the SPDBV 37SP5
program. (Figure5)

DISCUSSION

GAPDH isthemost highly conserved protein of dl
glycolyticenzymes. It playsakey rolein central carbon
metabolism and shows both genetic and post-tranda-
tional regulations. Thisenzymeisresponsiblefor the
oxidative phosphorylation of G3Pin the presence of
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Figure4: Aand B.A: Evolutionary relationshipsof sardineand octopus GAPDHsobtained using the Neighbor-Joining
method. Selected GAPDH sequencesrepresenting themain vertebrate and invertebr ate phylogenetic groupswereused. A
fungal (S. cerevisiae) and an bacterial (E. coli ) GAPDH sequencesar e shown asoutgroups. Thebootstrapped consensus
distance tree was inferred from 10000 replicates. The scale bar represents 0.02 amino acid substitutions per site. All
positionscontaining alignment gapsand missing datawer e eliminated only in pairwise sequence comparisons (Pairwise
deletion option). Therewer eatotal of 170 amino acid positionsin thefinal dataset. Phylogenetic analyseswereconducted in
MEGAA4. B: Evolutionary relationshipsof sardineand octopus GAPDHsobtained usng theM inimum Evolution method. The
optimal distance treewith the sum of branch length = 1,96 is shown. M E tree was sear ched using the Close-Neighbor -
Inter change (CNI) algorithm at a sear ch level of 1. TheNeighbor-Joining algorithmwasused to gener atetheinitial tree.
Other parameter sasaboveindicated. Phylogenetic analyseswer econducted in MEGAA4.

NA D+ andinorganic phosphate. Inthiswork, GAPDH
from Sardinapilchardusskeletd muscleandarmmuscle
of Octopusvulgariswere purified to el ectrophoretic
homogeneity fromasoluble proteinfraction. TABLE 1
summarizes arepresentative purification protocol for
thetwo species. A value of approximately 35 unitsmg
of protein was obtained for the specific activity of
Sardinapurified GAPDH with ayield of 25% and a
purificationfactor of approximately 77 fold. Whilefor
theoctopusone, avaueof approximately 9.2 U/mg of
proteln was obtai ned for the specific activity and apu-
rificationfactor of about 26 fold. Thisdifferencein spe-
cificactivity and factor of purification between thetwo
speciesmay beexplained by the short shelf lifeof Oc-
topusmuscle, duetoitshigh autolytic activity, 25times
greater than in gadoids and 3 times greater than in
squidi*?, Dye-affinity chromatography on Blue
Sepharose seemsto be effectivefor the purification of
Sardina and Octopus GAPDHSs, asfor other NAD+
dependent GAPDH purificationg®1345, No additional
purification stepswererequired to obtain homogenous
GAPDH samples. Asstated above, SDS-PAGE of the

purified GAPDHs showed asingle protein bands cor-
responding to 36 and 37 kDa, in both species Octopus
sp and Sardina.sp, Thisresults, compared withthena-
tivesmolecular weights (154 kDaand 153kDa), sug-
geststhat the enzymes hasahomotetrameric structure
likethemgority of other GAPDHssofar studied(19240],
However, the Sardinaenzyme subunit exhibited an es-
timated molecular weight of 37 kDathat issomewhat
higher than the one reported for bacterial speciesand
mollusk species (35 or 36 kDa), but it’s very near to
vauereported for the pleurodel specieand mammdian
specieslike human or jerboa GAPDH!13.16],

Thepl value was estimated by theisoel ectric fo-
cusing technique. A single protein band was detected
with different valuesof pl for thetwo species, respec-
tively 7.9for Sardina. sp and 6.6 for the Octopus sp,
the purified GAPDHswere found to be homogeneous.
Thisresultindicatesthat only oneisoform of the en-
zyme, athough with quite different molecular proper-
ties, occursin the muscle of each one of thetwo spe-
cies, strongly suggesting that asingle GapC geneen-
coding aprotein with differencesin somekey amino
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Figure4 C: Evolutionary relationshipsof sardineand octo-
pusGAPDHsobtained by Maximum Likdihood analysis. Tree
reconstr uction wasper for med with the Quartet puzzling pro-
cedureand parameter sestimated using Quartet samplingon
a NJ tree. Bootstrap analysis of 10,000 re-samplings was
performed and per cent valuesar e presented. The per cent-
ages of replicate treesin which the associated sequences
clustered together in higher than 50% of the bootstrap test
areshown next to the branches. Nodeswith lessthan 50%
support are collapsed. Thescalebar represents0.1 amino
acid substitutionsper site. Phylogenetic analyseswer e con-
ducted in Tree-Puzzlev. 5.2.

acidresidues(i.e,, catayticsiteregion) isexpressedin
thesetissues. A single GAPDH isoform hasbeen also
found in other animd tissuesand microorganisms, both
prokaryotes and eukaryotes19232s1, However, it does
not seemto beageneral rule, asthe presence of sev-
eral GAPDH isoforms has been reported in phyloge-
neticaly very different organismg1639. Concerning the
kinetics parametersof GAPDH, theKm vauesfor D-
G3P and NAD+, have been determined, being respec-
tively 73.4and 92 uM, for Sardina, and 320 and 66uM,
for Octopus(TABLE 2). Thesevaluesare comparable
tothosefoundfor cytosolic GAPDHspurified from other
eukaryotes, both protists (Tetrahymenapyriformis)!3,
lower metazoa, likethe mollusk Loligo vulgaris#y, or
mammalianslikeHomo sapiensor Jaculusorientaig642,
However, on thewholethekinetic parameter analyses
show that the Octopusenzymeiscatalytically |esseffi-
cient. Thisindicates possibledifferencesinthemecha

GAPDH1

nism of the catalytic reaction. Thekinetic parameter
val ues obtained for the two marine species, Sardina
and Octopus, GAPDHsdiffer inanumber of instances
from those described previously for GAPDHsfrom
other sourceg1213.1640] ref|ecting protein differences
between species.

Sequences alignment, phylogenetic analysis and
activesitemodelling

The two cDNA obtained from independent RT-
PCR experimentsfor each specieswere sequenced and
the derived amino acid sequence correspondsto ahighly
consarved region of thecatal ytic subunit including many
residues strictly conserved in GAPDHsfrom very di-
verseorganismsl. These sequencesweredigned and
compared with other selected GAPDHsrepresenting
main vertebratesand invertebrates Phyl ogenetic groups.
However, thelimitedinformation availableon mollus-
can GAPDHsallowed including sequences of afew
oyster species (Bivalva) and only one gastropod
(Hdioatis). Infact, the Octopus sequence presented here
isthefirst GAPDH sequencereported so far of aspe-
cies of the Cephal opoda.clade, for which recent stud-
iesproved muscle specidizationsin itsmotor systemi),
The GAPDHSs sequence aignment of thetwo marine
species, Sardina pilchardus and Octopus vulgaris
sharing high percent identity. Theconservationisdightly
higher in the catal ytic domain between 147 and 320
Amino acids, corresponding to themost conserved re-
gionfor al GAPDHssofar studied especially the histi-
dine176involvedinthe catalysisreaction (Figure 3).
Theminor differences between thetwo sequencesin-
cludedifferent content and distribution of several amino
acidslikeleucine 175, glycine 195, threonine 198 and
201 intheamino acids sequence of octopusthat’s not
present in the other sequences. On theother hand, the
Sardina pilchardus GAPDH sequence comprisestwo
other histidineres dues(162 and 164) that arenot found
inthe Octopusvul garis sequence, and the presence of
theamino acid serineintheposition 172 seemsto char-
acterizethegroup of teleost fishes, but themost impor-
tant remark istheidentity of threeamino acids (Aspar-
tate, Glycinand Serinerespectively at thepositions 192,
195 and 206) not only in the sequence of Octopus
vulgaris, and other mollusks sequences (Crassostrea
gigas, Marisa sp. and Pinctada fucata), but alsoin
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the sequence of Escherichiacoli.

The phylogenetic trees obtained shows anal o-
gousevol utionary rel ationshipsamong the GAPDHSs
of teleost fishes and molluscan sequencesand revead
that whilethe SardinaGAPDH isclosely related to
homol ogs of other tel eost fishes and near to the group
of amphibian enzymeswhilethemolluscan GAPDHS,
including the Octopusenzyme conform adistant more
deeply branching group, closely related to fungal and
bacterial orthologs. Rather than a paraphyleticrela
tionship between the molluscan and vertebrates
GAPDHSstheseresults may reflect an ancestra char-
acter of thefirst group of enzymes. It should be noted
that these results depict the molecular phylogeny of
the GAPDH protein only and they do not necessar-
ily represent phyl ogenetic rel ationships between meta-
zoan species. Thisinteresting divergenceisin agree-
ment with the catal ytic and structural differencesre-
ported inthis paper. However, it remainsto be clari-
fiedif thisisactually dueto true phylogenetic rela-
tionships among anciently-diverged phylogenetic
clades or to specific specialization of GAPDH inthe

molluscan muscle, atissuein which aparticular gly-
colytic metabolismisfeasible. On the other hand,
the possibility of anomal ous phylogenetic rel ation-
shipsdueto horizonta genetransfer and enzymefunc-
tional substitution, reported among other GAPDH-
based phyl ogeniess 1113, cannot beruled out. In any
case, the comparative study presented in thiswork
on purified proteins and novel gene sequenceswill
shed new light on the functional and evolutionary re-
lationship of the GAPDHsfrom representative spe-
ciesof two main groups of marine animals. Current
work iscurrently underway in our |aboratoriesto go
further on thisresearch.

Sardinaand Octopus GAPDHsshared ardlatively
high sequenceidentity with the Homo sapiensand Es-
cherichia. coli GAPDHS, respectively, in accordance
with the high conservation between homol ogsfrom dl
phylaranging from bacteriato vertebrate. Thecrystal
structuresof both Octopusand SardinaGAPDHswere
based in the structure of thetemplates of thistwo spe-
cies, asthey fulfil both the criteriaof high percent se-
guenceidentity and high resol ution structure determi-

Figure5: Sereoviewsof themodeled GAPDH structures of Sardina pilchardusand Octopusvulgarisobtained from the
secondary gtructurealignment. Theback bone of sar dina and octopus GAPDH sar eshown asgold and blueribbons, respec-
tively. Notetheunor dered extralop of theoctopusGAPDH (whitecircle). Thefigurewascr eated with the SWI1SS-PDBVIEWER

program.
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nation. Thequality of thefina modelsreflectsthese-
guenceidentity shared between Octopusvulgarisand
Sardina pilchardus GAPDHswith exceptioninasmall
regionwhich seemsnot locatedinthecatdyticste. The
fina modelscorresponding to one subunit of theholo-
enzymeisshowninFigureb.

CONCLUSION

TheNAD*dependent cytosolic glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, EC 1.2.1.12) has
been purified to homogeneity from muscl etissues of
Sardina pilchardus and arm muscle of Octopus
vulgaris. Comparative studiesrevealed that thetwo
proteinsdiffer by their subunit molecular masses, pl
vauesand kineticsparameters. Molecular phylogenetic
studi esusing the amino acid sequences obtained from
thecDNA fragmentscorresponding to aninterna region
of the GapC genesfrom sardine and octopus confirm
thedistant phylogenetic positions of the GAPDHs of
these two marine species, and suggest their possible
uses as molecular markers for seafood analysis and
marine speciestracesbility.
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