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Abstract In the mitochondrial FoF; ATP-synthase/ATPase
complex, subunits & and 3 are part of the extrinsic portion
that catalyses ATP synthesis. Since there are no reports
about genes and proteins from these subunits in crusta-
ceans, we analyzed the cDNA sequences of both subunits
in the whiteleg shrimp Litopenaeus vannamei and their
phylogenetic relationships. We also investigated the effect
of hypoxia on shrimp by measuring changes in the mRNA
amounts of atpa and atpB. Our results confirmed highly
conserved regions for both subunits and underlined unique
features among others. The ATPP deduced protein of
shrimp was less conserved in size and sequence than
ATPo. The relative mRNA amounts of atpa and atpf
changed in shrimp pleopods; hypoxia at 1.5 mg/L caused
an increase in atpf transcripts and a subsequent decrease
when shrimp were re-oxygenated. Results confirm that
changes in the mRNAs of the ATP-synthase subunits are
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part of the mechanisms allowing shrimp to deal with the
metabolic adjustment displayed to tolerate hypoxia.
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Introduction

The mitochondrial FoF; ATP-synthase complex is a
multimeric enzyme that catalyzes the synthesis of adeno-
sine triphosphate (ATP) from adenosine diphosphate
(ADP) and inorganic phosphate (P;). This catalytic process
is triggered by the electrochemical gradient of protons
generated along the electron transport chain in the
mitochondrion (Pedersen 2007). This enzyme synthesizes
95% of the ATP molecules in cells, and its function is
closely related to the presence of oxygen that takes
electrons yielded by this electron transport chain (Alberts
et al. 2008). The FoF; ATP synthase is formed by two
major components, a catalytic headpiece F;, and a base-
piece/stalk membrane-embedded Fo. Minor components
involve subunits which are encoded in the nucleus and in
the mitochondrion genome (Walker et al. 1991). As other
nucleus-encoded proteins, the ATP-synthase subunits
posses a short N-terminal sequence that signals their
importation into the mitochondrion (Schatz and Butow
1983). The catalytic building block of F; is formed by a
subcomplex of 3« and 33 subunits (Abrahams et al. 1994;
Boyer 1997); all of them are encoded in the nuclear
genome, translated in the cytoplasm, and imported into the
mitochondrion as pre-proteins (Walker and Runswick
1983; Breen 1988).
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In eukaryotic organisms the main regulatory mechanisms
that act in the oxidative phosphorylation system
(OXPHOS) include substrate availability (NADH, ADP),
membrane potential, allosteric regulation, reversible phos-
phorylation, and the expression of tissue-specific isoforms
(Hiittemann et al. 2008). In the ATP-synthase complex,
subunits « and {3 have been deeply studied in animal and
plant models because they directly participate during
catalysis and the existence of various isoforms from both
genes have been confirmed in some species to participate
during enzyme regulation in a tissue-function-specific
manner (Kataoka and Biswas 1991; Lalanne et al. 1998;
Hoskins et al. 2007).

Studies on the mitochondrial FoF; ATP synthase from
invertebrate species are scarce, especially in crustaceans.
One complete mRNA sequence of afp3 in the crayfish
Pacifastacus leniusculus has been reported in the GenBank
(Accession Number DQ874396), and few partial sequences
of atpa from crustaceans have been found as ESTs
(expressed sequences tags) in the same data base.

Marine crustaceans are commonly exposed to fluctuating
dissolved oxygen concentrations (OC) in water along their
life cycle. Hypoxia is the condition that results from low
oxygen concentrations in marine coastal waters affecting
organisms fitness and survival (Wu et al. 2002). The
biological responses of crustaceans to hypoxia include a
metabolic reorganization, the switch to anaerobic metabo-
lism, avoidance behaviour, increase in the frequency of
ventilatory movements and metabolic rate depression
(Morris et al. 2005).

In this study we analyzed, for the first time, the atpa and
atpf3 subunits of the mitochondrial FoF; ATP-synthase
complex from the Pacific white shrimp Litopenaeus
vannamei to obtain basic information that includes the
description of the complementary DNA (cDNA) sequences,
phylogenetic relationships, the steady-state mRNA detec-
tion of both subunits in gills and pleopods, and the effect of
hypoxia on the expression of the codifying genes to obtain
new insights related to the organization of ATP synthesis in
this marine invertebrate.

Materials and methods
Animals and bioassays

A bioassay was conducted in the laboratory with adult L.
vannamei shrimp weighing 30+1 g. Shrimp were acclima-
tized to laboratory conditions for 8 days in marine water at
28 °C, 35 ppt salinity, constant aeration at 6 mg/L OC, and
commercial food was supplied twice a day. After
acclimation, five shrimp were decapitated and gills were
dissected and submerged in 250 pL of TRIzol reagent
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(Invitrogen, Carlsbad, CA) for total RNA isolation and
cDNA sequencing purposes.

A preliminary assay was conducted to determine the
gradually decreasing of dissolved OC in water, as it occurs
in coastal waters or aquaculture ponds, by removing air-
stones from an experimental 1,000 L tank containing 30
shrimp at a constant water volume. Dissolved oxygen
concentration in water was continuously measured with a
digital oxymeter until water reached the lowest OC value
recorded (1.5 mg/L), which remained constant.

The hypoxia assay was conducted using 270 adult
shrimp that were randomly distributed in nine 1,000 L
tanks (n=30 each) and kept under normoxia (6 mg/L). After
acclimation, all shrimp were starved for 24 h, then three
tanks were kept at normoxia as the control group and three
shrimp were collected from each tank. The air supply was
stopped in the six remaining tanks to induce hypoxia. Three
shrimp were collected from each tank when OC decreased
to 4.0, 2.0, and 1.5 mg/L with intervals of 4-5 h between
samplings. Then, the six tanks were gradually re-
oxygenated by placing air-stones in each tank, and when
the OC reached 7 mg/L, three last shrimp were collected.

Molting stages were previously determined in all shrimp
according to the setogenesis phase (formation of new seta
in uropods) (Chan et al. 1988). All experimental organisms
included in the assay were at intermolt stage. Once
collected, shrimp were decapitated and gills and pleopods
were dissected and stored in TRIzol reagent (Invitrogen,
Carlsbad, CA) at —80 °C until used.

Each shrimp was weighed and 400 pL of hemolymph
were extracted from the base of the fifth pereiopod with a
I-mL syringe containing two volumes of pre-cooled shrimp
anticoagulant solution containing 300 mM NaCl, 10 mM
KCl, 10 mM HEPES, 10 mM EDTA at pH 7.3 (Vargas-
Albores et al. 1993). Each hemolymph sample was
centrifuged at 7,000 x g for 10 min at 4 °C. Plasma and
hemocytes were separated, and both were stored at —80 °C
until used. Glucose and lactate concentrations were measured
with commercial kits for medical diagnosis (RANDOX,
GL2614 and LC2389, Antrim, UK) as indicators of the
hypoxia effect on shrimp plasma.

Atpa and atp3 cDNA sequencing

Total RNA was isolated from gills using TRIzol reagent
following the manufacturer instructions. Five ug of total
RNA were used to synthesize cDNA using the GeneRacer
kit as specified by the manufacturer (Invitrogen, Carlsbad
CA). The cDNA was used as a template for PCR
amplifications. Various specific oligonucleotides were
designed for each subunit based on mRNA and ESTs
sequences available at the GenBank for atpa (BF024234,
FE066413, and FE100354, Gross et al. 2001), and for atp(
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(DQ874396) from crustacean and other invertebrate species
(Table 1).

PCR amplifications were carried out to obtain the full
cDNA sequence of both subunits. A BD Advantage 2
polymerase mix (BD Biosciences Clontech, Palo Alto, CA)
was used in a total volume reaction of 25 pL that included
1 uL of cDNA (equivalent to 250 ng total RNA), specific
forward or reverse oligonucleotides (Table 1), and one of
the forward or reverse oligonucleotides provided in the
RACE kit to amplify 5'- and 3'- ends. A thermocycler
(DNA Engine, BioRad, Hercules, CA) was used at the
following conditions: 3 min at 94 °C (1 cycle); 30 s at 94 °C,
30 s at 60-62 °C, and 1 min at 68 °C for (30 cycles). The
resulting PCR products were analyzed in 1.5% agarose gels
(Sambrook and Russell 2001) and stained with SYBR Safe
(Invitrogen, Carlsbad, CA). PCR products were purified and
cloned using a TOPO TA cloning kit (Invitrogen, Carlsbad,
CA) and sequenced at Macrogene Inc. (Seoul, Korea).

The predicted amino acid sequence of both subunits was
obtained in the web site http://au.expasy.org/tools/. Sequence
analyses were performed using Blast (N, X and P), and
Clustal W algorithms (Thompson et al. 1994; Altschul et al.
1997). The Mitoprot software was used to predict and
analyze the mitochondrial protein sequences (http://ihg2.
helmholtz-muenchen.de/ihg/mitoprot.html; Claros and
Vincens 1995).

Phylogenetic analysis

Phylogenetic relationships of ATPx and ATPP were
determined including both complete sequences from L.
vannamei (ATPx GQ848643 and ATP( GQ848644); we
included available sequences of ATPwx: Drosophila mela-
nogaster (NP_726243); Drosophila yakuba (XP_002092136);
Bombix mori (NP_001040233); Pediculus humanus corporis
(EEB14270); Aedes aegypti (XP_001655906); Mus musculus

(NP_031531); Xenopus laevis (NP_001081246); Xenopus
tropicalis (NP_001025610); Danio rerio (NP_001070823);
Salmo salar (ACN10935); Caenorhabditis elegans
(NP_001021526); Anopheles gambiae (XP_314018); Ixodes
scapularis (EEC16574); Bos taurus (NP_777109); Homo
sapiens (NP_004037); Escherichia coli (AAA24735); Pinc-
tada fucata (ABJ51956); Gallus gallus (NP989617); Saccha-
romyces cerevisiae (NP_009453), and ATPB: D.
melanogaster (CAAS50332); D. yakuba (XP_002099634);
Drosophila pseudoobscura pseudoobscura (EAL29273); B.
mori (NP_001040450); P. humanus corporis (EEB19469); A.
aegypti (XP001656737); Culex quinquefasciatus
(XP_001847944); M. musculus (AAB86421); B. taurus
(NP_786990); H. sapiens (AAAS51808); X. laevis
(NP_001080126); X. tropicalis (NP_001001256); D. rerio
(NP_001019600); C. elegans (NP _498111); I scapularis
(EEC17118); Pacifastacus leniusculus (ABI34071); P. fucata
(ABC86835); S. cerevisiae (NP_012655); and E. coli
(AAA24737).

All sequences were aligned using Clustal W algorithm
(Thompson et al. 1994) and construction of phylogenetic
hypothesis from the dataset was done using the neighbor
joining (NJ), and maximum parsimony (MP) methods. Both,
nucleotide and amino acid sequences were used during
constructions, and as the same topology was observed for
both criteria, only the amino acid trees were analyzed.

Atpa and atp mRNA quantification by qRT-PCR

Dissected gills and pleopods from experimental groups
were homogenized using TRIzol (Invitrogen, Carlsbad, CA,
USA) as specified by the manufacturer. Total RNA
concentration was evaluated spectrophotometrically (260/
280 nm) and RNA integrity was analyzed in a 1.5%
formaldehyde-agarose gel electrophoresis (Sambrook and
Russell 2001). DNA was removed from RNA samples by

Table 1 Specific

Sequence (5'-3")

cDNA positions (nt)

oligonucleotides used for Gene  Oligonucleotide name

PCR amplification of

shrimp F; ATP-synthase Atpac . ATPAFw1CB

subunits atpa, atpf3, Atpac ATPAFw2CB

and L§ genes Ao ATPAFw3CB
Atpa ATPARVICB
Atpae ATPARVS
Atpa ATPARvVICB
Atpf3 ATPBFw1CB
ApB  ATPBFw5
ApB  ATPBFw6
A3 ATPBRVICB
A3 ATPBRv6
L8 L8Fw3
L8 L8Rv3

CTCTTCTTTGGCTCGTCAC 27-45
ACAACATGGCTCTCGTCTCC —5-15
TCAACTTGGAGCCCGATAAC 311-330
CCATAGACACGGGCAATACC 248-229
GGAGCAGCATCAGAGGCAGTGGCAGAC 842-816
TTAGCAATCTACCCTAGCCCAC 17331711
GGTGCTGGTGTAGGAAAGAC 613-632
ATCATGTTGGGAGCTGCACAG —3-18
GGTAATGCTGTCGTTGATACT 358-378
GGCTCGTTCATCTGACCGTA 818-799
ATGCGGCCAAGAGTACCAGGACCAACAG 423-399
TAGGCAATGTCATCCCCATT 223-242
TCCTGAAGGAAGCTTTACACG 320-300
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digestion with DNase I (Roche, Indianapolis, IN) according
to manufacturer instructions. To evaluate mRNA concen-
tration from shrimp samples, 4 pg of total RNA were
reverse transcribed using the Superscript III first strand
synthesis system (Invitrogen, Carlsbad, CA,) and oligo (dT)
oligonucleotide.

We assessed the steady-state mRNA amount of afpa and
atp3 using an iQ5 multicolor real-time PCR detection system
(BioRad, Hercules, CA). Specific oligonucleotide pairs were
used to amplify atpa (ATPAFw1 and ATPARvI1), and atp(
fragments (ATPBFwl and ATPBRvl). The ribosomal
protein L8 (DQ316258) was used as an internal control gene
to normalize atpa and atp3 expression (Table 1). Real time
PCR amplifications were done in duplicates. Total volume
reactions of 25 uL included 12. 5 pL of 2X iQ SYBR Green
supermix (BioRad, Hercules, CA), 1 uL (20 uM) of the
corresponding forward and reverse oligonucleotides, cDNA
synthesized from 250 ng of total RNA from each individual
sample and water. PCR conditions were: 95 °C for 5 min
followed by 40 cycles at 95 °C for 30 s, 62 °C for 1 min,
68 °C for 55 s with a final melting curve program from 60 °C
to 95 °C increasing 0.3 °C each 20 s. Fluorescence readings
were taken at 68 °C after each amplification cycle.

To calculate changes in mRNA concentration the
2744€T method reported by Livak and Schmittgen (2001)
was used. The calculation is based on the Ct value of each
sample during PCR amplification and the formula
27((CTatprCTLS)hypoxiaf(CTatpx7CTL8)normoxia) . Results are
expressed as the fold change in mRNA steady-state amount
of the target gene normalized to the L8 ribosomal protein
and relative to normoxia conditions (6 mg/L). Data
obtained were analyzed by one way ANOVA and for post
hoc analysis the Tukey test was used. Statistical significance
was considered when p<0.05. Analyses were performed
using Statistica v 8.0 software.

Results
Atpa: cDNA sequence

Two PCR fragments of expected size were amplified from
gills ¢cDNA using oligonucleotide pairs ATPAFw2/
ATPARvS and ATPAFw3/ATPRVY, the resulting fragments
overlapped and produced a confirmed complete cDNA
sequence including the coding region with an open reading
frame which comprises 1,653 base pairs (bp) containing
putative start (ATG) and stop (TAA) codons (GQ848643).
This ¢cDNA sequence comprises in the 5-end, a 138 bp
region that codes a putative signal peptide (46 residues), the
mature protein of 1,515 bp at positions 139-1,653, and
finally the 3'-UTR is 465 bp long including a polyadenylation
signal and the poly A tail (Fig. 1). The atpa cDNA sequence
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of L. vannamei without the signal peptide shows high
identity with those of insect species as the yellow fever
mosquito 4. aegypti (83%, DQ440037; Ribeiro et al. 2007),
the fruit fly D. melanogaster (82%, Y07894), and the
silkworm B. mori (81%, DQ311340).

The deduced amino acid sequence of the pre-protein
ATP«x is 550 residues long, with a predicted molecular
weight of 59.23 kDa (Figs. 1 and 2). The putative signal
peptide of 46 residues in the N-terminal region, which is
supposed to be the mitochondrial import sequence, contains
6 positively charged amino acids and no negatively charged
ones. The ATPa mature protein is 504 amino acids long
with a predicted molecular weight of 54.49 kDa, and an
isoelectric point of 7.80.

Three conserved domains were identified in shrimp ATPx
subunit, (i) the ATP-synt_ab_N domain at positions 66—132,
(ii) the ATP-synt_ab domain (or nucleotide binding domain)
at positions 188—412, which also includes the Walker A
motif at positions 209-216 (GDRQTGKT), and the Walker
B motif at positions 305-309 (LIIYD), both of them
commonly observed in those proteins including nucleotide
binding sites, and finally, (iii) the ATP-synt ab C domain at
positions 424-528 (Fig. 2; Walker et al. 1982).

Fifteen predicted amino acids which help to bind ATP
(binding sites) were detected along the ATP-synt_ab domain
at positions 211, 215, 216, 217, 243, 248, 309, 310, 313, 368,
384, 397, 402, 403, and 413 most of them highly conserved
among species, and thirty four predicted sites of ATPx were
located at the interface with ATP( subunit at positions
155-156, 172-173, 175-176, 179, 181, 211-212, 249-252,
254-255, 258, 319-320, 326-328, 330-331, 336, 340, 343,
347, 384, 387, 398-399, 402, and 413 (Marchler-Bauer et al.
2009; Fig. 2). Some amino acid substitutions were detected
in the L. vannamei protein sequence: T50, S63, N64, R123,
Al42, G163, G164, and L165, and some others were
identified as invertebrate species shared residues: A60, P61,
K62, C487, E507, T514 and A524.

Phylogenetic relationships of shrimp ATPx

For MP, we obtained trees with tree bisection-reconnection
(TBR) branch-swapping heuristic searches in PAUP in
which, all characters were equally weighted and starting
trees were obtained by 1,000 random stepwise additions.
Nodal support was estimated by calculation of non-
parametric bootstrap (1,000 pseudo-replicates, 10 random
addition replicates per pseudo-replicate) proportions
(Felsenstein 1985).

Phylogenetic relationships were investigated for L. vanna-
mei ATPx and other species sequences in the Protein Data
Bank. One hundred and sixty nine of the 570 amino acid
sequences aligned were parsimony informative. Amino acid
NJ and MP trees (length=992 steps, c. 1.=0.749, r. .=0.630)
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M A L V S A R L A S S L A R H L P R A T P Q V A K V L. P A A
GACAACRTERCTCTCETCTCCGCACGTCTTGCCTCTTCTTTGGCTCGTCACCTTCCCAGGGCGACTCCCCAGGTCGCAAAGGTCCTCCCAGCTGCG

A I VvV S R K F T T S N V V S S A E V s T I L E E R I L G A A P K
GCCATTGTGTCCCGCAAGTTCACCACCAGCAATGTGGTGTCCTCGGCCGAAGTGTCCACCATCCTTGAGGAGCGCATCCTGGGTGCTGCCCCCAAG

s N L E E T G R VL S I G D G I ARV Y G L KNI QA E E M V E
TCCAACCTGGAAGAGACAGGACGTGTGCTGAGCATTGGTGACGGTATTGCCCGTGTCTATGGCTTGAAGAACATCCAGGCTGAGGAGATGGTGGAG

F S S G L K GMALNUILE?PDN NV GV YV V F G NDI KL I R E G D
TTCTCCTCTGGACTTAAGGGTATGGCCCTCAACTTGGAGCCCGATAACGTTGGTGTTGTCGTGTTCGGTAATGACAAGCTTATCCGTGAGGGTGAT

I v X R T G A I VDV PV GGEATIILGI RV VD AILGNU?PTI D G K
ATCGTGAAGCGTACTGGAGCCATTGTGGACGTGCCTGTTGGTGAGGCCATCCTGGGCCGTGTTGTGGATGCTCTGGGTAACCCCATTGACGGCAAG

G p I T G G L RARV GV KAUP G I I PRI S V REPMOQT G I
GGTCCTATCACTGGTGGCCTGAGGGCTCGTGTGGGTGTGAAGGCCCCTGGTATCATCCCTCGTATCTCTGTGAGGGAGCCCATGCAGACTGGCATC

K AV DSLVPTIGRGOQRETLTITIGDU RNOQTS G KTA ATIA ATITUDT
AAGGCCGTAGACTCTCTTGTGCCTATTGGTCGTGGCCAGCGAGAGTTGATCATTGGTGATCGTCAGACTGGCAAGACTGCCATTGCCATCGACACC

I I N Q K R F NDAAUEE K K K L Y C I ¥ VA I G Q K R S T V A
ATCATCAACCAGAAGCGATTCAACGATGCTGCTGAGGAAAAGAAGAAACTGTACTGTATCTACGTTGCTATTGGCCAGAAGAGGTCCACTGTGGCC

Q I v K R L T DADAMI I KYTTIVV S AT ASIDA AA APTILOQY L A
CAGATTGTGAAGAGGCTCACTGATGCTGATGCCATGAAGTACACCATTGTGGTGTCTGCCACTGCCTCTGATGCTGCTCCTCTGCAGTATTTGGCC

P Yy s ¢ A M GEPF F RDNGI KHAULTITI Y DIDIL S K QA V A Y
CCCTACTCTGGCTGTGCCATGGGAGAATTCTTCCGTGACAATGGCAAGCACGCCCTGATCATCTATGACGATCTGTCCAAGCAGGCTGTGGCCTAC

R QM S L L LRI RPPGUREA AYPGDVF YL HSURTULTILER A A
CGTCAGATGTCCCTGCTGCTGCGTCGTCCTCCCGGTCGTGAGGCCTACCCTGGTGATGTGTTCTACCTTCACTCCCGTCTCCTTGAGCGTGCTGCC

K M N DTNGGG S L TAUL PV I ETQAGUDV S A Y I P TNV
AAGATGAACGACACCAATGGAGGTGGCTCTCTCACTGCCCTGCCCGTCATCGAGACCCAGGCTGGTGATGTGTCTGCCTACATTCCTACTAACGTG

I s 1 T DGQ I F L ETEL F Y K G I R P ATINV GL S V S R V
ATTTCCATCACTGACGGACAGATCTTCTTGGAGACTGAGCTCTTCTACAAGGGTATTCGTCCTGCCATCAACGTCGGTCTGTCTGTATCCCGTGTA

G S A A Q T K AMI KOQVAGS M KL EL AQY R EAAAUVF A Q F
GGATCCGCTGCCCAGACTAAGGCCATGAAGCAGGTTGCAGGTTCCATGAAGCTGGAATTGGCCCAGTACCGTGAGGCCGCTGCTTTTGCCCAGTTC

G s b L bASTQQL L NRGV RLTET LTI LI K QS GOQY V P M A I
GGTTCTGACTTGGATGCTTCCACCCAACAGCTGCTTAACCGTGGTGTTCGTCTTACTGAGCTCTTGAAGCAGGGACAGTATGTGCCCATGGCCATT

E EQ VAV IY CGV CGHULUDI KMMDU®PS K I TI K FE QE F MA
GAGGAACAGGTTGCCGTCATCTACTGCGGTGTGTGTGGCCACTTGGACAAGATGGACCCCTCCAAGATCACCAAGTTCGAGCAGGAGTTCATGGCC

M L XK T S HQ G L L D NI AU KZEGHTITU®PESDAIKTLI KOQTI VT
ATGCTGAAGACCAGCCACCAGGGACTCCTTGACAACATTGCCAAGGAGGGACACATCACCCCAGAGAGCGATGCCAAGCTGAAGCAGATCGTCACA

D F L A T F Q A *
GACTTCCTGGCCACCTTCCAGGCq:EEhCAGGAAAGGCGATGTCCTTCCTTTGGAAGACAGGCTAGGGAACCAACCAACCAACCAGTGGGCTAGGG

TAGATTGCTAATGGGGGGTGCTGTTGAAGGCTCTTGGGACGGGGGTAGTCAAGTTGTAACCCTAGCACGTTATGTTACTCTTTTTGAAATGCACAT
GAATGCTTGGTTTGCACCTGCCCCAAGGGACTTTAACGTGAGAAAATGATGTATATATGTTACAGCCAATGTCAACATGTCTTTTTTTTTTTGAGA
ACACATCCTGCAGAGTAAAACATGAAAATTTTTCCATTTTTATTTCAGATTGTGTATATAATAATTATAAATAATGTCCCTTTATGAAGACTTGTC
ATACCAAAGTATGATCTATAAGGATAGTCGAATTTGGAGGAGTCTGTACAGGTTCTTAATAAAGAGGGACCTTTTTCTTGAAAAAAAAAAAAAARA

AAADADARARAR

Fig. 1 Shrimp atpov ¢cDNA and deduced amino acid sequences. indicate the poly A signal, the poly A tail is shown at the end.
Framed nucleotides indicate start, and stop codons. Untranslated Underlined amino acids at 5'-end show the signal peptide sequence
sequence at 3’ -end in bold letters; double underlined sequence

showed a similar topology for the main groups of (ATG) and a stop codon (TAA) at positions 1 and 1,579,
Crustacean, Insecta and Vertebrata. Crustaceans were a  respectively. Untranslated regions were 3 bp in the 5'- end,
close sister group of Insecta in NJ criteria, and close to  and 211 bp in the 3'-end which included the polyadenylation
Insecta + Vertebrata in MP (Fig. 3). signal and the poly A tail (Fig. 4). It showed an 82% identity

with the atp3 mRNA from the crayfish Pacifastacus

Atp3 cDNA sequence leniusculus (DQ874396), which is the only cDNA sequence

that has been reported from crustaceans to date. The deduced

The full length atpf cDNA from shrimp gills  pre-protein ATP is 525 amino acids long with a predicted
(GQB848644) is 1,792 bp long. It includes a start codon  molecular mass of 55.96 kDa and a theoretical isoelectric
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ATP-synt_ab_N

Lvannamei MALVSARLASSLARHLPRATPQVA- -KVLPAAATIVSRKFTTSNVVS- - - -SAEVSTILEERILGAAPKSNLEETGRVLSIGD 76
Aaegypti MSMISARLAAQVARQLPRTASQVA-KIAVPAVTVAARNLHVSAANR- - - -GAEISSILEERILGSAPKADLEETGRVLSIGD 77
Dmelanogas MSIFSARLASSVARNLPKAANQVACKAAYPAASLAARKLHVASTQR----SAEISNILEERILGVAPKADLEETGRVLSIGD 78
Bmori MSLISARIAGSVARRLPNAATQVS-KVAVPAVAVASRKLHVSTTHK- - - -AAEISTILEERILGAAPKADLEETGRVLSIGD 77
Xlaevis - -MLSVRVAAALARALPRQSGLVS - KKALGAAFVATRNIHASGVWLQKSGTAEVSSILEERILGADTTADLEETGRVLSIGD 79
Ggallus - -MLSVRVAAVFARSLPRQAGLVS -RNALGAAFVATRNIHASKMRFQKTGTAEVSSILEERILGADTSAELEETGRVLSIGD 79
Hsapiens - -MLSVRVAAAVVRALPRRAGLVS-RNALGSSFIAARNFHASNTHLQKTGTAEMSSILEERILGADTSVDLEETGRVLSIGD 79
Ccarpio - -MLSGRVAAALARTLPRRAGFVS -KNVAAAACVGAKNLHTARPWLOQKTGTAEVSSILEEKILGADTSAALEETGRVLSIGD 79
Pfucata - -MLSARLAASLVRQLPRAAPKVC-QHALGAGLISAKKFSTSTHHHTAGASAEVSSILEERILGQTTQAGLEETGRVLSIGD 79
Scerevisiae -MLARTAAIRSLSRTLINSTKAAR---PAAAALASTRRLASTKAQP----- TEVSSILEERIKGVSDEANLNETGRVLAVGD 73
Btaurus - -MLSVRVAAAVARALPRRAGLVS -KNALGSSFIAARNLHASNSRLQKTGTAEVSSILEERILGADTSVDLEETGRVLSIGD 79
Ecoli = =  seeemeememeemeeeeeememmememmemeeme MQLNS---------- TEISELIKQRIAQFNVVSEAHNEGTIVSVSD 36
koek aaa * * *

Lvannamei GIARVYGLKNIQAEEMVEFSSGLKGMALNLEPDNVGVVVFGNDKLIREGDIVKRTGAIVDVPVGEAILGRVVDALGNPIDGK 158

Aaegypti GIARVYGLKNIQADEMVEFSSGLKGMALNLEPDNVGVVVFGNDKLIKEGDIVKRTGAIVDVPVGDELLGRVVDALGNAIDGK 159
Dmelanogas GIARVYGLNNIQADEMVEFSSGLKGMALNLEPDNVGVVVFGNDKLIKQGDIVKRTGAIVDVPVGDELLGRVVDALGNAIDGK 160

Bmori GIARVYGLKNIQAEEMVEFSSGLKGMALNLEPDNVGVVVFGNDKLIKEGDIVKRTGAIVDVPVGEQILGRVVDALGNPIDGK 159
Xlaevis GIARVYGLRNVQAEEMVEFSSGLKGMSLNLEPDNVGVVVFGNDKLIKEGDIVKRTGAIVDVPVGDELLGRVVDALGNTIDGK 161
Ggallus GIARVYGLRNVQAEEMVEFFFGLKGMSLNLEPDNVGVVVFGNDRLIKEGDVVKRTGAIVDVPVGEELLGRVVVALGNPIDGK 161
Hsapiens GIARVHGLRNVQAEEMVEFSSGLKGMSLNLEPDNVGVVVFGNDKLIKEGDIVKRTGAIVDVPVGEELLGRVVDALGNAIDGK 161
Ccarpio GIARVYGLRNVQAEEMVEFSSGLKGMSLKLEPENVGVVVFGNDKLIKEGDIVKRTGAIVDVPVGEELLGRVVDALGNAIDGK 161
Pfucata GIARVYGLKNIQAEEMVEFSSGLKGMALNLERDNVGVVVFGNDKLIKEGDIVKRTGAIVDVPVGKELLGRVVDALGNPIDGK 161

Scerevisiae GIARVFGLNNIQAEELVEFSSGVKGMALNLEPGQVGIVLFGSDRLVKEGELVKRTGNIVDVPVGPGLLGRVVDALGNPIDGK 155

Btaurus GIARVHGLRNVQAEEMVEFSSGLKGMSLNLEPDNVGVVVFGNDKLIKEGDIVKRTGAIVDVPVGEELLGRVVDALGNAIDGK 161
Ecoli GVIRIHGLADCMQGEMISLPGNRYAIALNLERDSVGAVVMGPYADLAEGMKVKCTGRILEVPVGRGLLGRVVNTLGAPIDGK 118
k. ok, kk . *.a s . Lk kk LRk k. ook : Tk *k kk k. o.kkkk skkkkk  kk kkkk
ATP-synt_ab WalkerA
Lvannamei  GPITGGLRARVGVKAPGIIPRISVREPMQOTGIKAVDSLVPIGRGQRELT I-A ATAIDTIINQKRENDAAEEKKKLY 240
Aaegypti GEIKTNQRFRVGIKAPGIIPRVSVREPMQTGIKAVDSLVPIGRGQRELIIGDRQTGKTALAIDTI INQQRFNNGTDESKKLY 241

Dmelanogas GAINTKDRFRVGIKAPGIIPRVSVREPMQTGIKAVDSLVPIGRGQRELIIGDRQTGKTALAIDTIINQKRFNEAQDESKKLY 242

Bmori GPIDTKSRMRVGIKAPGIIPRVSVREPMQTGIKAVDSLVPIGRGQRELIIGDRQTGKTALAIDTIINQQRFNKGEDEKKKLY 241
Xlaevis GPIGSKTRRRVGLKAPGIIPRISVREPMQTGIKAVDSLVPIGRGQRELIIGDRQTGKTSIAIDTIINQKRFNDGTDEKKKLY 243
Ggallus GPITSKTRRRVGLKAPGIIPRISVREPMQTGIKAVDSLVPIGRGQRELIIGDRQTGKTSIAIDTIINQKRFNDGTDEKKKLY 243

Hsapiens GPIGSKTRRRVGLKAPGIIPRISVREPMQTGIKAVDSLVPIGRGQRELIIGDRQTGKTSIAIDTIINQKRFNDGSDEKKKLY 243
Ccarpio GPLGSKQRRRVGLKAPGIIPRISVREPMQTGIKAVDSLVPIGRGQRELIIGDRQTGKTAIAIDTIINQKRFNDGTEEKKKLY 243
Pfucata GPITSPDRQRVGVKAPGIIPRISVKEPMQTGIKTVDSLVPIGRGQRELIIGDRQTGKTAIAIDTIINQKRFNDGTNEKAKLY 243
Scerevisiae GPIDAAGRSRAQVKAPGILPRRSVHEPVQTGLKAVDALVPIGRGQRELIIGDRQTGKTAVALDTILNQKRWNNGSDESKKLY 237

Btaurus GPIGSKARRRVGLKAPGIIPRISVREPMQTGIKAVDSLVPIGRGQRELIIGDRQTGKTSIAIDTIINQKRFNDGTDEKKKLY 243
Ecoli GPLDHDGFSAVEAIAPGVIERQSVDQPVQTGYKAVDSMIPIGRGQRELIIGDRQTGKTALAIDAIINQR- - -~~~ -~ DSGIK 192
* : . Kkkk o oo * k% sk okkk kokk .. ckkkkkkkkkkkkkkkkkkk . ok ook ok kk
WalkerB
Lvannamei  CIYVAIGOKRSTVAQIVKRLTDADAMKYT IVVSATASDAAPLQYLAPYSGCAMGEFFRDNGKHAL%]LSKQAVAYRQMS 32
Aaegypti CIYVAIGQKRSTVAQIVKRLTDAGAMNYTIIVSATASDAAPLQYLAPYSGCAMGEYFRDNGKHALIIYDDLSKQAVAYRQMS 323

Dmelanogas CIYVAIGQKRSTVAQIVKRLTDSGAMGYSVIVSATASDAAPLQYLAPYSGCAMGEYFRDKGKHALIIYDDLSKQAVAYRQMS 324
Bmori CIYVAIGQKRSTVAQIVKRLTDAGAINYTIIVSATASDAAPLQYLAPYSGCAMGEFFRDNGKHALIIYDDLSKQAVAYRQMS 323
Xlaevis CIYVAIGQKRSTVAQLVKRLTDADAMKYTIVVSATASDAAPLQYLAPYSGCSMGEYFRDNGKHALIIYDDLSKQAVAYRQMS 325
Ggallus CIYVAIGQKRSTVAQLVKRLTDADAMKYTIVVSATASDAAPLQYLAPYSGCSMGEYFRDNGKHALIIYDDLSKQAVAYRQMS 325

Fig. 2 ATP« multiple protein alignment. (*) identical residues; (:) framed residues indicate motifs and grey highlighted amino acids are
conservative substitutions; and (.) semiconservative substitutions. substitutions found in invertebrates
Underlined residues indicate the three conserved domains. Black
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Fig. 2 (continued)

CIYVAIGQKRSTVAQLVKRLTDADAMKYTIVVSATASDAAPLQYLAPYSGCSMGEYFRDNGKHALIIYDDLSKQAVAYRQMS
CIYVAIGQKRSTVAQLVKRLTDADAMKYTIVVSATASDAAPLQYLAPYSGCSMGGYFRDNGKHALIIYDDLSKQAVAYRQMS
CIYVAIGQKRSTVAQIVKRLTDADAMKYTVIVSATASDAAPLQYLAPYSGCAMGEFFRDNGMHALIIYDDLSKQAVAYRQOMS
CVYVAVGQKRSTVAQLVQTLEQHDAMKYSIIVAATASEAAPLQYLAPFTAASIGEWFRDNGKHALIVYDDLSKQAVAYRQLS
CIYVAIGQKRSTVAQLVKRLTDADAMKYTIVVSATASDAAPLQYLAPYSGCSMGEYFRDNGKHALIIYDDLSKQAVAYRQOMS
CIYVAIGQKASTISNVVRKLEEHGALANTIVVVATASESAALQYLARMPVALMGEYFRDRGEDALIIYDDLSKQAVAYRQIS

*:***:*** **::::*: * : .*: :::* ****::*.***** . . :* :***.* .***:*************:*
LLLRRPPGREAYPGDVFYLHSRLLERAAKMNDTN- -~~~ ~-~-~-~~ GGGSLTALPVIETQAGDVSAYIPTNVISITDGQIFLE
LLLRRPPGREAYPGDVFYLHSRLLERAAKMNPTL------~----~- GGGSLTALPVIETQAGDVSAYIPTNVISITDGQIFLE
LLLRRPPGREAYPGDVFYLHSRLLERAAKMSPAM---~---~-~--~ GGGSLTALPVIETQAGDVSAYIPTNVISITDGQIFLE
LLLRRPPGREAYPGDVFYLHSRLLERAAKMSDKM---~-~~-~----~- GGGSLTALPVIETQAGDVSAYIPTNVISITDGQIFLE
LLLRRPPGREAYPGDVFYLHSRLLERAAKMNDHF - ---------- GGGSLTALPVIETQAGDVSAYIPTNVISITDGQIFLE
LLLRRPPGREAYPGDVFYLHSRLLERAAKMNDSF------~----~- GGGSLTALPAIETQAGDVSAYIPTNVISITDGQIFLE
LLLRRPPGREAYPGDVFYLHSRLLERAAKMNDAF------~----~- GGGSLTALPVIETQAGDVSAYIPTNVISITDGQIFLE
LLLRRPPGREAYPGDVFYLHSRLLERAAKMNDNF - --~--~-~----~- GGGSLTALPVIETQAGDVSAYIPTNVISITDGQIFLE
LLLRRPPGREAYPGDVFYLHSRLLERAAKMNDDN---~--~-~---~~ GGGSLTALPVIETQAGDVSAYIPTNVISITDGQIFLE
LLLRRPPGREAYPGDVFYLHPRLLERAAKLSEKE----------- GSGSLTALPVIETQGGDVSAYIPTNVISITDGQIFLE
LLLRRPPGREAYPGDVFYLHSRLLERAAKMNDAF---~---~----~- GGGSLTALPVIETQAGDVSAYIPTNVISITDGQIFLE
LLLRRPPGREAFPGDVFYLHSRLLERAARVNAEYVEAFTKGEVKGKTGSLTALPIIETQAGDVSAFVPTNVISITDGQIFLE
kkkkkkhkhkhhkk chhhhhhhkh Khkkkkkk, . Kokkkkkk khkkk Khhkkkk,  hkkkkkkkA ARk kK

ATP-synt_ab_C
TELFYKGIRPAINVGLSVSRVGSAAQTKAMKQVAGSMKLELAQYREAAAFAQFGSDLDASTQQLLNRGVRLTELLKQGQYVP
TELFYKGIRPAINVGLSVSRVGSAAQTKAMKQVAGSMKLELAQYREVAAFAQFGSDLDAATQQLLNRGVRLTELLKQGQYVP
TELFYKGIRPAINVGLSVSRVGSAAQTKAMKQVAGSMKLELAQYREVAAFAQFGSDLDAATQQLLNRGVRLTELLKQGQYVP
TELFYKGIRPAINVGLSVSRVGSAAQTKAMKQVAGSMKLELAQYREVAAFAQFGSDLDAATQQLLNRGMRLTELLKQGQYVP
TELFYKGIRPAINVGLSVSRVGSAAQTRAMKQVAGTMKLELAQYREVAAFAQFGSDLDAATQQLLNRGVRLTELLKQGQYVP
TELFYKGIRPAINVGLSVSRVGSAAQTRAMKQVAGTMKLELAQYREVAAFAQFGSDLDAATQQLLNRGVRLTELLKQGQYVP
TELFYKGIRPAINVGLSVSRVGSAAQTRAMKQVAGTMKLELAQYREVAAFAQFGSDLDAATQQLLSRGVRLTELLKQGQYSP
TELFYKGIRPAINVGLSVSRVGSAAQTRGMKQVAGTMKLELAQYREVAAFAQFGSDLDAATQQLLNRGVRLTELLKQGQYSP
TELFYKGVRPAINVGLSVSRVGSAAQTKAMKQVAGSMKLELAQYREVAAFAQFGSDLDQATONLLNRGVRLTELLKQAQYVP
AELFYKGIRPAINVGLSVSRVGSAAQVKALKQVAGSLKLFLAQYREVAAFAQFGSDLDASTKQTLVRGERLTQLLKQNQYSP
TELFYKGIRPAINVGLSVSRVGSAAQTRAMKQVAGTMKLELAQYREVAAFAQFGSDLDAATQQLLSRGVRLTELLKQGQYSP
TNLFNAGIRPAVNPGISVSRVGGAAQTKIMKKLSGGIRTALAQYRELAAFSQFASDLDDATRNQLDHGOKVTELLKQKQYAP

kK kookkk ok kookkkkkk kkk . ckiook .. kokkkkk kkkookk kkkk k.. Kk ok oKk kkkk Kk K

MATEEQVAVIYCGVCGHLDKMDPSKITKFEQEFMAMLKTSHQGLLDNIAKEGHITPESDAKLKQIVTDFLATFQA-- 550

MAIEEQVAVIYCGVRGYLDKMDPSKITAFEREFLAHVKTNEKALLSQIATDGKISDETEAKLKNVVTSFMSTEFSG-- 551
MAIEDQVAVIYCGVRGHLDKMDPAKITKFEKEFLQHIKTSEQALLDTIAKDGAISEASDAKLKDIVAKFMSTFQG-- 552
MATIEEQVAIIYCGVRGHLDKLDPSKITAFEKEFTQHIKTSHQGLLSTIAKDGQITPESDASLKKIVTDFLATFTQSQ 553
MAIEEQVTVIYAGVRGHLDKMEPSKITKFESAFLAHVKSQHQELLATIRADGKISEQADAKLKEIVLNFLSTFEA-- 553
MAIEEQVAVIYAGVKSHLDKLEPSKITKFESAFLAHVLSQHQALLSTIRTEGKISDQTEAKLKEIFTNFLSTFEA-- 553
MAIEEQVAVIYAGVRGYLDKLEPSKITKFENAFLSHVVSQHQALLGTIRADGKISEQSDAKLKEIVTNFLAGFEA-- 553

MAIEEQVAVINAGVRGHLDKMDPSKITKFEKAFLQHVISQQTDLFAATIRTDGKISEASDAKLKEVVLNFLASFE--- 552
MAIEEQVAVIYAGVKGRLDKVDPSRITEFEAAFVSHIRGSQQELLGQIRKDGQITEASDAKLKEVVTQFLSTFEA-- 553
LATEEQVPLIYAGVNGHLDGIELSRIGEFESSFLSYLKSNHNELLTEIREKGELSKELLASLKSATESFVATF---- 545

MAIEEQVAVIYAGVRGYLDKLEPSKITKFENAFLSHVISQHQALLSKIRTDGKISEESDAKLKEIVINFLAGFEA-- 553
MSVAQQSLVLFAAERGYLADVELSKIGSFEAALLAYVDRDHAPLMQEINQTGGYNDEIEGKLKGILDSFKATQSW-- 513

i HESN .x HEREE : : A * . L RE ¥
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Fig. 3 Topology of phylogenetic trees recovered using neighbor joining (a), and maximum parsimony (b) from amino acid sequences of the
white shrimp ATPx. Numbers above the nodes represent nonparametric bootstrap percentages

point of 5.03. The putative signal peptide contains 43 amino
acids, 6 positively charged and no negatively charged residues
as observed in the signal peptide of the ATPx subunit (Fig. 4).
The mature protein comprises 482 amino acids, a predicted
molecular mass of 51.45 kDa and an isoelectric point of 4.78.

The three conserved domains from the ATP{ protein
were identified in this sequence as: (i) ATP-synt ab N
domain which includes residues 59-126, (ii) the ATP-
synt_ab domain between residues 182—402 containing the

@ Springer

Walker A motif (GGAGVGKT), which forms a P-loop
responsible for triphosphate binding at positions 203-210,
and five residues (LLFID) that were identified as the
Walker B motif at positions 299-303; the third domain,
ATP-synt ab C was found at positions 415-525 (Fig. 5).
Additional conserved sequences were found in shrimp
ATPf3 as DELSEED which includes residues 441-447,
and forms a negatively charged loop near to the site where
the IF; inhibitor, which regulates the hydrolytic activity of the
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M L G A A O R A Cc oS T I L. K A A K P A V V S K G L O N V G
ATAATITTGGGAGCTGCACAGCGCGCTTGCTCCACCATCCTAAAGGCAGCGAAGCCTGCTGTCGTCTCCAAGGGCCTGCAAAATGTAGGC

S K T L P A L Y T C Q R N Y A A K A E A A T Q T G V A N G S
TCCAAGACTCTTCCAGCGCTCTACACCTGCCAGCGCAACTATGCTGCCAAGGCTGAGGCTGCCACCCAGACTGGTGTGGCCAATGGCAGT

v v A VvV I G AV VD VQF D GEL PP I LN AILEV AN R S
GTAGTAGCTGTCATTGGTGCTGTGGTGGACGTCCAGTTCGATGGAGAGCTCCCCCCTATTCTCAATGCTCTTGAGGTTGCCAACCGCTCC

PR L VL EV A QHUL G ENT VR TTIAMU DTGTEGUL I R G
CCAAGGCTGGTGCTTGAGGTTGCTCAGCATCTTGGTGAGAACACTGTCCGCACCATTGCTATGGATGGTACTGAGGGTCTCATCCGTGGT

N A VVDTSGS P I s I PV GG?P G TULGUR I INUV I G E P I
AATGCTGTCGTTGATACTGGAAGCCCCATCTCCATCCCTGTTGGTCCTGGTACTCTTGGCCGCATTATCAATGTGATTGGTGAGCCCATT

D ER G P I P TEHF S A I HA EAUPUDVFV EM SV E Q E I
GATGAACGTGGCCCCATTCCCACTGAACACTTCTCTGCTATTCATGCTGAGGCTCCCGACTTCGTTGAGATGTCTGTCGAGCAGGAGATT

L v T G I KV VDI LILA AUPY S K GG K I GL F G G A G V G K
CTCGTAACTGGCATCAAGGTGGTCGACCTCTTGGCCCCATACTCCAAGGGAGGAAAGATTGGTCTGTTCGGTGGTGCTGGTGTAGGAAAG

T v L I M E L I NNV A KA AMHGG Y S V F A G V G E R T R E
ACTGTACTTATCATGGAACTGATTAACAACGTTGCCAAGGCTCACGGTGGTTACTCAGTATTTGCTGGTGTGGGAGAGCGCACCCGTGAG

G N DL Y HEMTIE S GV I S L K DD T s KV S L VY G Q M
GGTAACGATCTGTACCACGAGATGATTGAGTCTGGTGTCATCTCTCTGAAGGATGATACCTCCAAGGTATCTCTCGTGTACGGTCAGATG

N E P P GA RAUR VAL TGUL TV AEY F RDOQE G Q D V L
AACGAGCCCCCAGGTGCCCGTGCCCGTGTCGCCCTGACTGGTCTGACTGTGGCCGAGTACTTCCGTGATCAGGAAGGTCAAGATGTGCTG

L F I D NI F R F T QAG S EV S AL L G R I P S A V G Y Q
CTCTTCATTGACAACATTTTCCGCTTCACACAAGCTGGTTCCGAGGTGTCTGCCCTGCTGGGTCGTATCCCATCTGCTGTAGGTTACCAG

p T L A TDMG S M Q E R I TT T KIKGS I T S V Q A I Y V
CCTACTCTGGCCACTGACATGGGTAGCATGCAGGAAAGAATTACTACCACCAAGAAGGGATCAATTACCTCTGTGCAGGCCATCTATGTA

P A DDUL TD PAPATTF A HL DATTV L S R G I A E L
CCTGCTGATGACTTGACTGATCCTGCCCCAGCCACCACCTTCGCTCACTTGGACGCTACTACTGTGTTGTCTCGTGGTATTGCCGAGTTG

G I Y P A VD?PULDS I SR I MDA ANTITIGHEHYNUVAR
GGTATTTACCCTGCTGTGGATCCTCTCGATTCCATCTCCCGTATCATGGACGCCAACATCATCGGACACGAACATTACAATGTTGCCCGT

s v K I L. Q DHKXK SL DI I A I L GMUDETL S E E D K L
AGTGTGCAGAAGATTCTTCAGGATCATAAGTCGCTCCAGGATATTATTGCTATCTTGGGTATGGATGAATTGTCTGAGGAGGACAAGCTC

T VvV AR A R K I Q K F L S Q P F Q VA E V F T G Y S G K F V
ACAGTCGCCCGTGCACGTAAGATCCAGAAGTTCCTGTCACAGCCTTTCCAAGTGGCTGAGGTGTTTACTGGCTACTCTGGAAAGTTCGTT

s L. pD?P I R S PF K E I L A G K Y D DL P EA P F Y M Q G S
TCCCTGCCTGATCCCATCAGGAGCTTCAAGGAAATTCTGGCTGGCAAGTACGATGACCTCCCTGAAGCTCCCTTCTACATGCAAGGAAGT

I E DV I E K AE QL A A Q P S *
ATTGAGGATGTCATTGAAAAGGCAGAACAGTTGGCTGCCCAGCACAGCTAAGGAGGAAATATAATTGTGGGGTATTTTAACATGTGTACA

GGGCTCTGGAAAGAAATATCCATGTTCTCTTTGTTGCAAAGTAAGGGCCAAGTGGTCGTGTTCTTAGACTATGGCAAAACAATATTTTAG
GGGTACTCCGAGAATCTGGAGTAACTTCTGTTGTACAGAATTCCAGTGATAATGTAAATTTATATAAATAATCCAGAAACCCAAAAAAAA

AAAAAAAAAAAAAAAAAAAARAA

Fig. 4 Shrimp afp3 cDNA and deduced amino acid sequences. sequence indicate the poly A signal, the poly A tail is shown at the
Framed nucleotides indicate start, and stop codons. Untranslated end. Underlined amino acids at 5-end show the signal peptide
sequences at 5'- and 3'-ends in bold letters; double underlined sequence

FoF, ATP-synthase, interacts with the enzyme (Cabezon et ATP3 subunit at positions: 151, 168, 170, 171, 173, 175, 236—
al. 2001). The GERXXE sequence was detected at positions 238, 241, 269-271, 276, 307, 310, 314, 320-322, 324, 325,
234-239, this is suggested to play a role in the process of 330, 334, 341, 358, 361, 362, 366, 373, 375-377, 388, 389,
ATP hydrolysis by interacting with subunit alpha at the 398, 399, 401, and 403. Along the ATPf3 we identified amino
catalytic site (Wada et al. 2000; Fig. 5). acid substitutions shared only by crustacean species as P.

Eleven ATP binding sites were detected along the ATP(3 leniusculus, and L. vannamei at specific sites as G74, E75,
protein at positions 206, 209, 210, 211, 235, 236, 239, 303,  N120, S130, G136, E158, S161, D169, S194, D258, S263,
307, 392, and 393, all of them are highly conserved between 1401, H428, S487, E490, and P503. Some other substitutions
eukaryotes. Thirty nine sites were located at the interface with as S59, A6, 1117, V123, H159, A407, H412, S420, P482,
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ATP-synt_ab_N

Lvannamei  MLGAAQRACST- - - - ILKAAKPAVVSKGLONVGSKTLPALYTCORNYAAKAEAATQTGVANGSVVAVIGAVVDVQFDGE-LP 77
Pleniuscul MLGAAARACSS----VLKAAKPAVASLSLONGGARTVPAVYTAHRNYAAKAEAATQTGVATGKVVAVIGAVVDVQFEGE-LP 77
Bmori MLGAI----- SRVGSGILAVKSVAEKSLSECGKIVAVNAVNK - - RDYAAKSAGKGQ- - - - - GKVVAVIGAVVDVQFEDN-LP 69
Dmelanogas MF------------- ALRAASKADKNLLPFLGQLSRSHAAK------ AAKAAAAAN----- GKIVAVIGAVVDVQFDDN-LP 57
Aaegypti = --------------- MLSSLRNVLSTGSRVQADLVRNYAAK- - - - - AAAKAAAGAQ--- - - GKVVAVIGAVVDVQFDDN-LP 56
Ccarpio MLGAVGRCCTG- - - -ALQALRPGVTPLKA- - - - LNGAPAALFSRRDYVAPAAAAAA - - -ASGRIVAVIGAVVDVQFDED-LP 70
Xlaevis MLGAVGRCSAG- - - -ALRALKPTSSPVQLGONLLRYSPAALHSRRDYAAQTSAAAKPGTASGRIVAVIGAVVDVQFDED-LP 77
Hsapiens MLGFVGRVAAAPASGALRRLTP-SASLPPAQLLLRAAPTAVHPVRDYAAQTSPSPKAGAATGRIVAVIGAVVDVQFDEG-LP 80
Btaurus MLGLVGRVVAASASGALRGLSP-SAPLPQAQLLLRAAPAALQPARDYAAQASPSPKAGATTGRIVAVIGAVVDVQFDEG-LP 80
Pfucata MMHAVRRACAG- - - - VFKTSNSFIGTTSNTCSHAKVIPSYLSTRRHYAAEPKAAAAT - - TPGKVVSVIGAVVDVQFEDS-LP 75
Scerevisiae --------------- MVLPRLYTATSRAAFKAAKQSAPLLSTSWKRCMASAAQSTP- - - ITGKVTAVIGAIVDVHFEQSELP 64
ECOL1  mm e e e e e oo MATGKIVQVIGAVVDVEFPQDAVP 24

* T . ****:***.* :*
Lvannamei  PILNALEVANRSPRLVLEVAQHLGENTVRTIAMDGTEGLIRGNAVVDTGSPISIPVGPGTLGRIINVIGEPIDERGPIPTEH 159
Pleniuscul PILNSLEVENRTPRLVLEVAQHLGENTVRTIAMDGTEGLVRGNAVRDTGSPISIPVGPGTLGRIINVIGEPIDERGPVPTEF 159
Bmori PILNALEVQNRSPRLVLEVAQHLGENTVRTIAMDGTEGLVRGQPVLDSGSPIRIPVGAETLGRI INVIGEPIDERGPIPTDK 151
Dmelanogas PILNALEVDNRSPRLVLEVAQHLGENTVRTIAMDGTEGLVRGQKVLDTGYPIRIPVGAETLGRIINVIGEPIDERGPIDTDK 139
Aaegypti PILNALEVQERGSRLVLEVAQHLGENTVRTIAMDGTEGLVRGQRVLDTGSPIRIPVGAETLGRIINVIGEPIDERGPIETNL 138
Ccarpio PILNALEVAGRDTRLVLEVAQHLGENTVRTIAMDGTEGLVRGQKVLDTGAPIRIPVGPETLGRIMNVIGEPIDERGPITTKQ 152
Xlaevis PILNALEVQGRDTRLVLEVAQHLGENTVRTIAMDGTEGLVRGQKVLDAGTPIRIPVGPETLGRIMNVIGEPIDERGPITTKQ 159
Hsapiens PILNALEVQGRETRLVLEVAQHLGESTVRTIAMDGTEGLVRGQKVLDSGAPIKIPVGPETLGRIMNVIGEPIDERGPIKTKQ 162
Btaurus PILNALEVQGRETRLVLEVAQHLGESTVRTIAMDGTEGLVRGQKVLDSGAPIRIPVGPETLGRIMNVIGEPIDERGPIKTKQ 162
Pfucata PILNALEVKNRKPRLILEVAQHLGENTVRTIAMDGTEGVVRGMECIDSGFPIRIPVGPATLGRIINVIGEPIDERGPVQTDK 157
Scerevisiae AILNALEIKTPQGKLVLEVAQHLGENTVRTIAMDGTEGLVRGEKVLDTGGPISVPVGRETLGRIINVIGEPIDERGPIKSKL 146
Ecoli RVYDALEVQNGNERLVLEVQQQLGGGIVRTIAMGSSDGLRRGLDVKDLEHPIEVPVGKATLGRIMNVLGEPVDMKGEIGEEE 106

. ::*-k: :*:*** *:** ******..::*: * * * * Kk :*** *****:**:***:* :*
ATP-synt_ab WalkerA

Lvannamei  FSATHAEAPDFVEMSVEQEILVIGIKVVDLLAPYSKGGKIGLHEGAGUGKRVLIMELINNVAKAHGGYSVFAGVEERTRECGN 241
Pleniuscul YSAIHAEAPDFVNMSVEQEILVTGIKVVDLLAPYSKGGKIGLFGGAGVGKTVLIMELINNVAKAHGGYSVFAGVGERTREGN 241
Bmori TAATHAEAPEFVDMSVQQEILVTGIKVVDLLAPYAKGGKIGLFGGAGVGKTVLIMELINNVAKAHGGYSVFAGVGERTREGN 233
Dmelanogas TAAIHAEAPEFVQMSVEQEILVTGIKVVDLLAPYAKGGKIGLFGGAGVGKTVLIMELINNVAKAHGGYSVFAGVGERTREGN 221
Aaegypti SAPTHAEAPEFIDMSVEQEILVTGIKVVDLLAPYAKGGKIGLFGGAGVGKTVLIMELINNVAKAHGGYSVFAGVGERTREGN 220
Ccarpio TAPIHAEAPEFTDMSVEQEILVTGIKVVDLLAPYAKGGKIGLFGGAGVGKTVLIMELINNVAKAHGGYSVFAGVGERTREGN 234
Xlaevis FAATHAEAPEFVEMSVEQEILVTGIKVVDLLAPYAKGGKIGLFGGAGVGKTVLIMELINNVAKAHGGYSVFAGVGERTREGN 241
Hsapiens FAPIHAEAPEFMEMSVEQEILVTGIKVVDLLAPYAKGGKIGLFGGAGVGKTVLIMELINNVAKAHGGYSVFAGVGERTREGN 244
Btaurus FAATHAEAPEFVEMSVEQEILVTGIKVVDLLAPYAKGGKIGLFGGAGVGKTVLIMELINNVAKAHGGYSVFAGVGERTREGN 244
Pfucata LLPIHAEAPEFVEMSVEQEILETGIKVVDLLAPYAKGGKIGLFGGAGVGKTVLIMELINNVAKAHGGYSVFAGVGERTREGN 239
Scerevisiae RKPIHADPPSFAEQSTSAEILETGIKVVDLLAPYARGGKIGLFGGAGVGKTVFIQELINNIAKAHGGFSVFTGVGERTREGN 228
Ecoli RWATHRAAPSYEELSNSQELLETGIKVIDLMCPFAKGGKVGLFGGAGVGKTVNMMELIRNIATEHSGYSVFAGVGERTREGN 188

Lk K X T * kook kkkkk o kk . koo.okkkkkkkhkkkkhkkkk Kkkk ok ook Kk kkk o kkkkkkkkkk
Lvannamei DLYHEMIESGVISLKDDTSKVSLVYGQMNEPPGARARVALTGLTVAEYFRDQEGQDJ%EEE&EIFRFTQAGSEVSALLGRIP 323
Pleniuscul DLYHEMIESGVISLKDDTSKVSLVYGQMNEPPGARARVALTGLTVAEYFRDQEGQDVLLFIDNIFRFTQAGSEVSALLGRIP 323
Bmori DLYHEMIESGVISLKDKTSKVALVYGQMNEPPGARARVALTGLTVAEYFRDQEGQDVLLFIDNIFRFTQAGSEVSALLGRIP 315
Dmelanogas DLYNEMIEGGVISLKDKTSKVALVYGQMNEPPGARARVALTGLTVAEYFRDQEGQODVLLFIDNIFRFTQAGSEVSALLGRIP 303
Aaegypti DLYNEMIEGGVISLKDKTSKVALVYGQMNEPPGARARVALTGLTVAEYFRDQEGQDVLLFIDNIFRFTQAGSEVSALLGRIP 302
Ccarpio DLYHEMIESGVINLKDTTSKVALVYGQMNEPPGARARVALTGLTVAEYFRDQEGQDVLLFIDNIFRFTQAGSEVSALLGRIP 316
Xlaevis DLYHEMIESGVINLKDTTSKVALVYGQOMNEPPGARARVALTGLTVAEYFRDQEGQDVLLFIDNIFRFTQAGSEVSALLGRIP 323
Hsapiens DLYHEMIESGVINLKDATSKVALVYGQMNEPPGARARVALTGLTVAEYFRDQEGQDVLLFIDNIFRFTQAGSEVSALLGRIP 326
Btaurus DLYHEMIESGVINLKDATSKVALVYGQMNEPPGARARVALTGLTVAEYFRDQEGQDVLLFIDNIFRFTQAGSEVSALLGRIP 326
Pfucata DLYHEMITSKVISLTDDTSKVSLVYGQOMNEPPGARARVALTGLTVAEYFRDQEGQDVLLFIDNIFRFTQAGSEVSALLGRIP 321
Scerevisiae DLYREMKETGVINLEGE-SKVALVFGQMNEPPGARARVALTGLTIAEYFRDEEGQDVLLFIDNIFRFTQAGSEVSALLGRIP 309
Ecoli DFYHEMTDSNVI------ DKVSLVYGQMNEPPGNRLRVALTGLTMAEKFRD - EGRDVLLFVDNIYRYTLAGTEVSALLGRMP 263

*:*.** * % .**:**:******‘k* * ********:** * % % **:*****:***:*:* **:********:*
Lvannamei  SAVGYQPTLATDMGSMQERITTTKKGSITSVQAIYVPADDLTDPAPATTFAHLDATTVLSRGIAELGIYPAVDPLDSISRIM 405
Pleniuscul SAVGYQPTLATDMGTMQERITTTKKGSITSVQAIYVPADDLTDPAPATTFAHLDATTVLSRGIAELGIYPAVDPLDSISRIM 405
Bmori SAVGYQPTLATDMGTMQERITTTKKGSITSVQAIYVPADDLTDPAPATTFAHLDATTVLSRAIAELGIYPAVDPLDSTSRIM 397
Dmelanogas SAVGYQPTLATDMGSMQERITTTKKGSITSVQAIYVPADDLTDPAPATTFAHLDATTVLSRAIAELGIYPAVDPLDSTSRIM 385
Aaegypti SAVGYQPTLATDMGSMQERITTTKKGSITSVQAIYVPADDLTDPAPATTFAHLDATTVLSRATIAELGIYPAVDPLDSTSRIM 384
Ccarpio SAVGYQPTLATDMGTMQERITTTKKGSITSVQAIYVPADDLTDPAPATTFAHLDATTVLSRATIAELGIYPAVDPLDSTSRIM 398
Xlaevis SAVGYQPTLATDMGTMQERITTTKKGSITSVQAIYVPADDLTDPAPATTFAHLDATTVLSRAIAELGIYPAVDPLDSTSRIM 405
Hsapiens SAVGYQPTLATDMGTMQERITTTKKGSITSVQAIYVPADDLTDPAPATTFAHLDATTVLSRATIAELGIYPAVDPLDSTSRIM 408
Btaurus SAVGYQPTLATDMGTMQERITTTKKGSITSVQAIYVPADDLTDPAPATTFAHLDATTVLSRATIAELGIYPAVDPLDSTSRIM 408
Pfucata SAVGYQPTLATDMGTMQERITTTKKGSITSVQAIYVPADDLTDPAPATTFAHLDATTVLSRGISELGIYPAVGPLDSTSRIL 403
Scerevisiae SAVGYQPTLATDMGLLQERITTTKKGSVTSVQAVYVPADDLTDPAPATTFAHLDATTVLSRGISELGIYPAVDPLDSKSRLL 391
Ecoli SAVGYQPTLAEEMGVLQERITSTKTGSITSVQAVYVPADDLTDPSPATTFAHLDATVVLSRQIASLGIYPAVDPLDSTSRQL 345

Fokkkkkhkkhk  sohk cokkkkk kk Kk kkkkk  kkkkhkhkkk  kkkkkkkhhkk  kkkk Kk, kkkkkkk kkkk Kkk

Fig. 5 ATP multiple protein alignment. (*) identical residues; (:)
conservative substitutions; and (.) semiconservative substitutions.
Underlined residues indicate the three conserved domains. Black
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framed residues indicate motifs and other conserved sequences. Grey
highlighted amino acids are substitutions found in crustaceans
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Lvannamei DANIIGHEHYNVARSVOKITLODHKSTODITATLGMDELSEEDKLTVARARKIQKFLSQPFQVAEVETGYSGKEVSLPDPIRS 487
Pleniuscul DPNIIGAEHYNVARAVQKILQDHKSLQDIIAILGMDELSEEDKLTVARARKIQKFLSQPFQVAEVFTGYSGKFVSLEKTIAS 487
Bmori DPNIIGAEHYNVARGVQKILODYKSLQDIIAILGMDELSEEDKLTVARARKIQRFLSQPFQVAEVFTGHAGKLVPLEETIKG 479
Dmelanogas DPNIIGQEHYNVARGVQKILQDYKSLQDIIAILGMDELSEEDKLTVARARKIQRFLSQPFQVAEVFTGHAGKLVPLEQTIKG 467
Aaegypti DPNIIGAEHYNIARGVQKILQDYKSLQDIIAILGMDELSEEDKLTVARARKIQRFLSQPFQVAEVFTGHAGKLVPLEETIKG 466
Ccarpio DPNIVGSEHYDVARGVQKILQDYKSLQDIIAILGMDELSEEDKLTVARARKIQRFLSQPFQVAEVFTGHLGKLVPLKDTIKG 480
Xlaevis DPNIVGLEHYDVARGVQKILODYKSLQDIIAILGMDELSEEDKLTVSRARKIQRFLSQPFQVAEVFTGHLGKLVPLKDTIKG 487
Hsapiens DPNIVGSEHYDVARGVQKILQODYKSLQDIIAILGMDELSEEDKLTVSRARKIQRFLSQPFQVAEVFTGHMGKLVPLKETIKG 490
Btaurus DPNIVGSEHYDVARGVQKILQDYKSLQDIIAILGMDELSEEDKLTVSRARKIQRFLSQPFQVAEVFTGHLGKLVPLKETIKG 490
Pfucata DPNVVGQEHYRVARGVQKILQDFRSLQDIIAILGMDELSEEDKLTVTRARKIQRFLSQPFQVAEVFTGSAGKYVPLKETILG 485
Scerevisiae DAAVVGQEHYDVASKVQETLQTYKSLQDIIAILGMDELSEQDKLTVERARKIQRFLSQPFAVAEVFTGIPGKLVRLKDTVAS 473
Ecoli DPLVVGQEHYDTARGVQSILORYQELKDIIAILGMDELSEEDKLVVARARKIQRFLSQPFFVAEVFTGSPGKYVSLKDTIRG 427
k. sak kkk ok kk | Kk . kokkkkkkKKRKRKRKRK  kkk K KAKKKKk  hkkkKkKk KAkARKRKK  KkKk K K
Lvannamei FKEILAGKYDDLPEAPFYMOGSIEDVIEKAEQLAAQPS- 525
Pleniuscul FKEILAGKYDHLPKLPSTCRGDIQDVLEKAEQLATQGS- 525
Bmori FSKILAGDYDHLPEVAFYMVGPIEEVVAKADTLAKNA-- 516
Dmelanogas FSAILAGDYDHLPEVAFYMVGPIEEVVEKADRLAKEAA- 505
Aaegypti FTKILNGELDHLPEVAFYMVGPIEEVVEKAERLAKEAA- 504
Ccarpio FKAILGGEYDALPEQAFYMVGPIEEVVQKAEKLAEEHS- 518
Xlaevis FQQILHGAYDNLPEQAFYMVGPIEEAVTKAEKLAEEHS- 525
Hsapiens FOQQILAGEYDHLPEQAFYMVGPIEEAVAKADKLAEEHSS 529
Btaurus FOQILAGEYDHLPEQAFYMVGPIEEAVAKADKLAEEHS- 528
Pfucata FQOILOGDYDHLPEVAFYMVGNIEEVVQKAERLAEEQS- 523
Scerevisiae FKAVLEGKYDNIPEHAFYMVGGIEDVVAKAEKLAAEAN- 511
Ecoli FKGIMEGEYDHLPEQAFYMVGSIEEAVEKAKKL------ 460

ATP-synt_ab_C

* PP * k.| * k... kx| K

Fig. 5 (continued)

DA483, P484, R486, D498, A502, Q507, S509, 1514, A522, and
P524 were only detected for L. vannamei ATP( and could
result in structural /functional changes (Fig. 5).

Phylogenetic relationships of shrimp ATP{3

Phylogenetic relationships among L. vannamei ATP3 and
available sequences from related groups were investigated
using complete amino acid sequences. One hundred and
fifty five of the 601 amino acid sequences aligned were
parsimony informative. Amino acid NJ and MP trees
(length=883 steps, c. 1.=0.695, r. 1.=0.635) showed the
same topology for the main groups of Insecta, Vertebrata,
and Crustacean. Crustaceans are a close sister of the main
groups of Insecta, Vertebrata, Acari, and Nematode for both
criteria. Both criteria produced trees with higher similar
topology and bootstrap (Fig. 6).

Atpa and atp3 steady-state mRNAs from shrimp at hypoxia

No differences were observed between controls and shrimp at
4 and 2 mg/L OC, but higher concentrations of lactate were
found in shrimp exposed for 4 h to 1.5 mg/L (0.26 mg/mL),
this value was 80% higher than the plasma lactate concentra-
tion of shrimp exposed to 2 mg/L (0.05 mg/mL; P<0.05).
After re-oxygenation at 7 mg/L, lactate concentrations
decreased 42% (0.15 mg/mL) compared with shrimp
exposed to hypoxia at 1.5 mg/L. Glucose concentrations in
plasma changed in a similar trend as lactate, and the highest
values of glucose were detected in shrimp exposed to

1.5 mg/L (0.36 mg/mL), an 88% increase over that found
in shrimp exposed to 2 mg/L (0.04 mg/ mL).

The steady-state mRNA concentrations of afpa and atpf3
in gills and pleopods were evaluated as affected by OC in
water (6, 4, 2, 1.5, and re-oxygenation at 7 mg/L). We found
no statistical differences in the mRNA amounts of atpa in
both tissues at hypoxia (P>0.05), even though a decrease of
56 and 47% was observed in gills and pleopods when OC in
water declined to 1.5 mg/L, compared to those at normoxia
6 mg/L (Figs. 7a and 8a). Moreover, no statistical difference
in the relative expression of a#p3 was detected in both tissues
(P>0.05), but conversely to that observed in the afpa
variations, a slight increase of 28% in the hypoxia group at
2.0 mg/L was detected in gills, and an increase of 70% was
detected in pleopods in the hypoxia group at 1.5 mg/L
(Figs. 7b and 8b). Thus, no evidence of a coordinated change
was observed between atpa and afp3 subunits.

Discussion

The mitochondrial multimeric complexes that are part of
the oxidative phosphorylation system (OXPHOS) have
scarcely been studied in crustaceans, regardless of their
importance in the energetic metabolism that allows these
organisms to surpass the environmental changes they face.
To our knowledge this is the first report of a complete atpa
cDNA sequence from crustaceans, and the second for atp/3
subunit of the mitochondrial ATP-synthase complex. To
date, there are only a few reports about the study of both
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Fig. 6 Topology of phylogenetic trees recovered using neighbor joining (a), and maximum parsimony (b) from amino acid sequences of the
white shrimp ATPf3. Numbers above the nodes represent nonparametric bootstrap percentages

shrimp subunits and/or other ATP-synthase subunits
(Muhlia-Almazan et al. 2008).

Although mRNA isoforms have been described for bovine
and human (Pierce et al. 1992), we did not find differences
between analysed sequences from different shrimp tissues,
neither for atpa transcripts, nor for atp (data not shown),
suggesting that no additional mRNA isoforms are synthe-
sized from genes encoding the mRNAs characterized in this

@ Springer

study; however the possibility of additional genes encoding
other transcripts for both atpa and a#pf already exists.
Analyses showed that the shrimp deduced proteins of
ATPx and ATP{ subunits are highly conserved, both
containing the three major domains, the two Walker motifs
and specific ATP-binding sites characterizing these proteins
(Walker and Runswick 1983; Walker et al. 1989; Abrahams
et al. 1994; Atteia et al. 1997), and some other above
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Fig. 7 Relative expression of A A
atpa, and B atpf transcripts in 1.0 -
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mentioned elements that allow them to integrate the water-
soluble F; motor that forms the catalytic portion of the enzyme
(Von Ballmoos et al. 2009). Our results are in agreement with
the current paradigm that the central role of these proteins in
ATP synthesis is due to subtle interactions among subunits,
which are only possible by complex complementarities.
Hence selective pressure must punish mutants and what we
see is highly conserved proteins (Pefia et al. 1995).

In addition to conserved characteristics, we detected unique
elements in the amino acid sequences of the N-terminal signal
peptides of both shrimp subunits when compared with other
species. The signal peptide of shrimp ATP« subunit shares
length and gaps with those from insect species (residues 46
to 48; Pefia et al. 1995); signal peptides from vertebrate
species are usually 49 residues long and show different
conserved residues (Walker et al. 1985). The shrimp ATPf3
signal peptide sequence showed no identity with invertebrate
or vertebrate species; however, it showed a high identity
percentage, 82%, when compared to that of the crayfish
P leniusculus sharing length and gaps, thus both crustacean
sequences were different from those of other invertebrate and
vertebrate species. These results are in agreement with
knowledge indicating that the signal peptide of mitochondrial
proteins is highly variable, both in length and sequence, and
that conserved elements are limited to their basic character
and secondary structure (Hendrick et al. 1989). The predicted
molecular weight of both shrimp ATP-synthase subunits also
differed when compared to other taxa groups. The ATPx
subunit is highly conserved in molecular mass among

Fig. 8 Relative expression of A A
atpa, and B atpf transcripts in 1.0 -
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species, but ATPf is larger than those proteins from other
invertebrates and similar to those from vertebrates.

The results of phylogenetics based upon MP and ML
analyses of the nucleotide and amino acid sequences provided
similar basic topology branch support by both criteria, as the
general topology of the trees shown in the entire analysis.
Higher values were obtained for amino acid than for
nucleotide trees due to the presence of synonymous codons.
Genetic distances and parsimony bootstrap showed strong
statistical bootstrap support for the association of L. vannamei
to Insecta and Vertebrata clade. NJ ATPo showed monophyly
to Insecta, but MP moves monophyly to a lower branch
including Nematoda and Protist. This information confirms
our previous observations about this subunit.

The ATP(3 sequences were more reliable showing the clade
of crustaceans as a sister of all the Insecta, Vertebrata and
isolated from Nematode and Protist. NJ and MP of ATP(
showed monophyly to a main group of Insecta and Vertebrata
fixing the monophyly to a lower branch close to Mollusca and
constructing a big clade. ATP3 were more consistent in
showing the phylogentic relationships in a broad scale as a
result of the conservation of the sequences. Conservation of
both units may not be an artifact to conclude the relationships
of the main clades in this study given the limited number of
taxa whose data were available to be included in this research.

Unique characteristics found in shrimp proteins ATPx
and ATPf3 in this research should be deeply analyzed since
some of these registered substitutions could be related to
specific enzymatic properties of the soluble F;-ATP
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synthase portion, as reported by Li and Neufeld (2001),
after they isolated and characterized this portion from the
gills of the crayfish Orconectes virilis. They emphasized the
high ATPase activity of the enzyme, as well as sensitivities
to inhibitors and modulators that distinguish the crustacean
enzyme from all those previously examined. As observed in
figures, crustacean proteins can share specific amino acid
substitutions with microbial, vertebrate and invertebrate spe-
cies, suggesting these species as interesting models to study.

Crustaceans exposed to hypoxia biochemical compensa-
tion evolve as a complex and highly integrated series of
responses to maintain cellular homeostasis by adjusting
various metabolic pathways, where ATP synthesis/hydrolysis
is crucial (McMahon 2001). The exposure to oxygen
depleted water increases ventilation frequency since gills
O, diffusion is affected (Morris and Callaghan 1998),
implying an increase in the energy demand of shrimp. In
addition, studies state that a reduction in metabolism is a
manner of avoiding anaerobiosis (Hochachka 1988). How-
ever, as hypoxia continues, shrimp produce lactate as the end
product of anaerobic metabolism, and the concentration of
cellular ATP decreases. All these physiological responses
agree with those observed in our experimental shrimp
exposed to increasing degrees of hypoxia, confirming the
hypoxia-compensating status along the assay.

No coordinated changes were detected in the mRNA
amounts of these two nucleus-encoded subunits along the
assay. Previously, the presence of coordinated mechanisms
was reported when comparing the nuclear and mitochondrial
subunits of the enzyme (Muhlia-Almazan et al. 2008);
however, it seems not to be the case between nuclear subunits
from both evaluated tissues.

Concerning the relative expression of atp/3 in shrimp
pleopods, an up-regulation of 3-fold was observed in the
lowest OC (1.5 mg/L). This increase was also observed for
atp6 and atp9 mRNAs of shrimp at hypoxia in the digestive
gland (Martinez-Cruz 2007); this observation supports the
suggestion that the expression of the nuclear azp subunit is
strictly coordinated with the expression of atp6 (Peiia et al.
1995), which is a mitochondrially encoded subunit in the
fruit fly D. melanogaster. In the grass shrimp, Palaemonetes
pugio, exposed to 1.5 mg/L. OC for 3 days, an increase in the
atpf mRNA concentration was detected and, in agreement
with our results, this increase was not coordinated since no
changes were detected in the mRNA concentration of both
nuclear atp( and atpd subunits (Brown-Peterson et al. 2008).

The increase of atp3 mRNAs in pleopods during
hypoxia, and the subsequent decrease as response to
normoxia during re-oxygenation agrees with our previous
observations (Martinez-Cruz 2007). These changes are
explained as a response to a decreasing OC of water by
synthesizing new ATP-synthase complexes in the early
phase of hypoxia, in order to maintain the mitochondrial
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membrane potential by using the still available intracellular
ATP molecules. Then, after oxidative phosphorylation is
reduced or absent, and the accumulation of lactate reduces
tissues pH, ATP-synthases will change from ATP producers
to powerful ATP consumers as observed in the ischemic
myocardium of vertebrates (Di Lisa et al. 1998).

We propose that the increasing amount of mRNAs in
response to hypoxia, and the existence of coordinated
mechanisms of gene’s expression, as we previously reported
in shrimp (Muhlia-Almazan et al. 2008) are tissue-specific
responses. Each of these responses are tightly related to
tissues function since gills in this research, and muscle in the
previous report (Martinez-Cruz 2007) were not affected by
the oxygen reduction, and no coordinated expression was
observed in this report between nuclear encoded genes of the
ATP-synthase subunits.

Previous studies in shrimp confirm our proposal by
demonstrating that the genes expression profile of a tissue
is tightly related to its function (Clavero-Salas et al. 2007).
To date, the amount of mRNA of some of the ATP-synthase
subunits from crustaceans and other marine invertebrates
have been reported to be affected by factors as viral
infections, osmotic stress and hypoxia in different tissues as
the midgut gland, gills, and hemocytes, which affects their
primary role (De la Vega et al. 2007; Zhao et al. 2007;
Sofianez-Organis et al. 2009).

The results of this study suggest that changes in the amount
of mRNAs encoding the FoF; ATP-synthase subunits are part
of the mechanisms allowing shrimp to deal with metabolic
adjustment to tolerate hypoxia. This new information about
mitochondrial enzymes from marine invertebrates as crusta-
ceans not only confirms predictable elements about the
catalytic subunits of the ATP synthase, but also allowed us to
detect those species-specific characters that could explain
organism adaptive features to their aquatic environment.
Future studies should be addressed to deeply analyse a
predictive model of the F; portion of shrimp ATP synthase.
The isolation and characterization of the subcomplex and its
forming parts, and ATPase kinetics will help to understand
and explain shrimp enzyme differences.
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