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Abstract
We provide a kinetic characterization of (Na+, K+)-ATPase activity in a posterior gill microsomal fraction from the grapsid 
crab Goniopsis cruentata. (Na+, K+)-ATPase activity constitutes 95% of total ATPase activity, and sucrose density centrifuga-
tion reveals an ATPase activity peak between 25 and 35% sucrose, distributed into two, partially separated protein fractions. 
The (Na+, K+)-ATPase α-subunit is localized throughout the ionocyte cytoplasm and has an Mr of ≈ 10 kDa and hydrolyzes 
ATP obeying cooperative kinetics. Low (VM = 186.0 ± 9.3 nmol Pi min−1 mg−1 protein and K0.5 = 0.085 ± 0.004 mmol L−1) 
and high (VM = 153.4 ± 7.7 nmol Pi min−1 mg−1 protein and K0.5 = 0.013 ± 0.0006 mmol L−1) affinity ATP binding sites 
were characterized. At low ATP concentrations, excess Mg2+ stimulates the enzyme, triggering exposure of a high-affinity 
binding site that accounts for 50% of (Na+, K+)-ATPase activity. Stimulation by Mg2+ (VM = 425.9 ± 25.5 nmol Pi min−1 m
g−1 protein, K0.5 = 0.16 ± 0.01 mmol L−1), K+ (VM = 485.3 ± 24.3 nmol Pi min−1 mg−1 protein, K0.5 = 0.9 ± 0.05 mmol L−1), 
Na+ (VM = 425.0 ± 23.4 nmol Pi min−1 mg−1 protein, K0.5 = 5.1 ± 0.3 mmol L−1) and NH4

+ (VM = 497.9 ± 24.9 nmol Pi min−1 
mg−1 protein, K0.5 = 9.7 ± 0.5 mmol L−1) obeys cooperative kinetics. Ouabain inhibits up to 95% of ATPase activity with 
KI = 196.6 ± 9.8 µmol L−1. This first kinetic characterization of the gill (Na+, K+)-ATPase in Goniopsis cruentata enables 
better comprehension of the biochemical underpinnings of osmoregulatory ability in this semi-terrestrial mangrove crab.
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Introduction

Some semi-terrestrial crustaceans are among the few animal 
species that can respire in both water and in air since they 
can, respectively, employ their gills or lung-like branchial 
chambers for gas exchange in these media (Wolvenkamp 
and Waterman 1960). Despite such respiratory adaptations, 
variable salinity environments also represent a significant 
physiological challenge, and movements among habitats 
along salinity gradients demand considerable osmoregula-
tory adjustment (Rahi et al. 2018; Betancur-R et al. 2012). 
Mangroves constitute a steep transitional zone between 

marine and inland ecosystems and are characterized by a 
depositional coastal environment, including fine sediments 
with a high organic content, and a tidal regimen (Donato 
et al. 2011). The invertebrate fauna of the mangrove eco-
system consists primarily of decapod crustaceans, which are 
exposed to a variable tidal salinity regime, elevated tempera-
tures, and desiccation (Donato et al. 2011).

Since fully amphibious species must survive both in air 
and in water, their evolution from aquatic ancestors likely 
passed through a transitional phase (Morris 2001; Hartnoll 
1988). During this transition, recognized adaptations ena-
bling the use of water and/or air for gas exchange include 
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a reduction in gill number and surface area compared to 
aquatic crabs (Cameron 1981), an enlarged branchial cham-
ber (Diaz and Rodriguez 1977), branchiostegites possess-
ing a cutaneous lung-like respiratory epithelium (Innes and 
Taylor 1986) and water retention in the branchial chambers 
(Wood and Randall 1981). The branchial chambers of both 
aquatic and terrestrial crabs are ventilated by scaphogna-
thites that can pump either water or air (Wilkens and Young 
1992).

Osmoregulation constitutes the main physiological pro-
cess by which crustaceans maintain ionic gradients between 
their body fluids and the surrounding medium (Mantel and 
Farmer 1983; Freire et al. 2008; Morris 2001). The ability 
to regulate hemolymph osmotic and ionic concentrations 
(Péqueux 1995) is accomplished mainly by the multi-func-
tional gills (Freire et al. 2008), together with the antennal 
glands (McNamara et al. 2015) and the intestine (McNamara 
et al. 2005). The gill epithelial cells also play a central role 
in hemolymph acid–base regulation and in the excretion of 
nitrogenous metabolic end products (Péqueux, 1995; Lucu 
and Towle 2003; Weihrauch et al. 2004, 2017). Considering 
that semi-terrestrial and terrestrial crabs often inhabit bur-
rows whose terminal chambers lie above the water table, 
water availability constitutes a limiting factor, driving a suite 
of morphological, physiological, and behavioral adaptations 
that underpin both water acquisition and retention (Cameron 
1981). Thus, maintaining salt and water equilibria likely rep-
resents a further physiological challenge to semi-terrestrial 
species in addition to less effective gas exchange compared 
to fully aquatic species (Gannon et al. 2000; Burggren 1992).

The phyllobranchiate gills of brachyuran crustaceans 
are arranged in gill chambers formed between the tho-
racic wall and the branchiostegites and are termed pleuro-
branchiae owing to their insertion into the thoracic pleura, 
where they receive afferent and efferent vessels (Mantel and 
Farmer 1983). Each gill consists of a series of numerous 
flattened lamellae (Taylor and Taylor 1992), and different 
gills exhibit notable structural and functional differences: 
the 4–5 anterior gill pairs are the main sites of gas exchange 
while the 3–4 posterior pairs constitute sites of ion trans-
port in hyper- and/or hypo-osmoregulating species (Freire 
et al. 2008; Péqueux 1995; Taylor and Taylor 1992). The 
lamellar epithelium of the posterior gills of osmoregulating 
marine and brackish water crabs is symmetrically thickened 
and consists of ionocytes and pillar cells (Taylor and Taylor 
1992). This epithelium exhibits features characteristic of 
ion-transporting tissues such as a numerous mitochondria 
associated with basal membrane invaginations (Mantel and 
Farmer 1983; Onken and McNamara 2002), apical evagina-
tions (Copeland and Fitzjarrell 1968; Péqueux 1995), and 
elevated (Na+, K+)-ATPase (Towle et al. 1976) and carbonic 
anhydrase activities (Henry and Cameron 1982).

The gill-based osmoregulatory mechanisms of decapods 
from distinct osmotic niches have been studied intensively 
(Péqueux 1995; Onken and McNamara 2002; Weihrauch 
et al. 2004; Freire et al. 2008; McNamara and Faria 2012). 
While enzymes such as the (Na+, K+)-ATPase, V(H+)-
ATPase and carbonic anhydrase, the Cl–/HCO3

− and Na+/
H+ exchangers and the Na+/K+/2Cl− symporter are involved 
in ion transport, their roles in osmoregulatory mechanisms 
are still unclear (Onken and Putzenlechner 1995; Tsai and 
Lin 2007; Freire et al. 2008; McNamara and Faria 2012; 
Henry et al. 2012).

The (Na+, K+)-ATPase is a PIIc-type integral membrane 
ATPase (Chourasia and Sastry 2012) that exchanges three 
cytosolic Na+ for two extracellular K+ across cell mem-
branes per molecule of ATP hydrolyzed (Jorgensen et al. 
2003; Martin 2005). The resulting ionic gradients guar-
antee the secondary transport of other ions and molecules 
important for various cellular functions such as salt uptake 
and secretion and NH4

+ excretion across the gill epithelium 
in crustaceans (McNamara and Faria 2012). The (Na+, 
K+)-ATPase consists of a ≈ 110-kDa catalytic α-subunit 
that possesses ten transmembrane segments and connecting 
loops, which contain the binding sites for Na+, K+ and ATP, 
the D369 aspartate residue and the inhibitory ouabain-binding 
site (Palmgren and Nissen 2011). The enzyme also possesses 
a ≈ 55-kDa β-subunit involved in K+ occlusion and in the 
regulation of Na+ and K+ affinities, which plays an impor-
tant role in the correct folding, membrane insertion, and 
delivery of the catalytically active α-subunits to the plasma 
membrane (Kaplan 2002; Durr et al. 2009). In many cell 
types, including crustacean gill epithelia (Silva et al. 2012), 
the αβ-subunit complex interacts with the gamma subunit, 
a small regulatory transmembrane peptide of about 7 kDa 
belonging to the FXYD protein family (Geering 2008).

The (Na+, K+)-ATPase occurs in two main conforma-
tions, E1 and E2, both phosphorylated at the D369 aspartate 
residue. During the transition from the E1P conformational 
state, showing high affinity for intracellular Na+, to the E2P 
state, characterized by high affinity for extracellular K+, the 
binding of K+ accelerates dephosphorylation of the E2P 
form (Morth et al. 2009; Clausen et al. 2017). The crys-
tal structure of E1·AlF4−·ADP·3Na+ from pig kidney sug-
gests that coupling between the ion- and nucleotide-binding 
sites is mediated by helix M5 (Kanai et al. 2013). Crys-
tallographic studies also show that the N-domain exhibits 
either low- or high-affinity ATP binding sites, depending 
on conformational state (Morth et al. 2007; Shinoda et al. 
2009; Chourasia and Sastry 2012; Nyblom et al. 2013). In 
the presence of Na+, the E1 conformation binds ATP with 
high affinity (Kanai et al. 2013; Nyblom et al. 2013) while 
in the presence of K+, the E2 conformation binds ATP with 
low affinity (Morth et al. 2007; Shinoda et al. 2009). The 
high-affinity ATP binding site can be induced by Na+-like 
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substances such as Tris+ (Middleton et al. 2015; Jiang et al. 
2017). However, while these ions promote nucleotide bind-
ing with similar efficiency, the enzyme does not assume 
the Na+-like E1 form, low K+ leading to the dissociation of 
bound ADP (Middleton et al. 2015).

Magnesium ions are an essential cofactor for the (Na+, 
K+)-ATPase (Apell et al. 2017), and while not transported, 
Mg2+ is essential for activity; no phosphorylation occurs 
in its absence (Glynn 1985; Karlish 2003; Leone et  al. 
2017; Apell et al. 2017). Free Mg2+ concentrations above 
3 mmol L−1 apparently shift the E1–E2 equilibrium toward 
the E2 conformation (Tribuzy et al. 2002). Under physi-
ological conditions, Mg2+ (≤ 2 mmol L−1) is both a modu-
lator and substrate of the (Na+, K+)-ATPase (Glynn 1985; 
Karlish 2003; Apell et al. 2017). The binding of ATP as a 
Mg2+ complex to the ATP binding site at the cytoplasmic 
N-domain of the (Na+, K+)-ATPase allows phosphorylation 
of the aspartate residue in the P domain (Glynn 1985; Karl-
ish 2003; Apell et al. 2017).

The red mangrove crab Goniopsis cruentata Latreille 
1803, known as the “maria mulata” or “aratu vermelho” 
in Brazil, is a semi-terrestrial brachyuran widely distrib-
uted throughout the western Atlantic Ocean, from southern 
Florida in the United States of America to southern Brazil, 
where it occurs from Pará to Santa Catarina States (Melo 
1996). The crabs are found in salinities ranging from 6 to 
33‰S, and inhabit cracks, logs, fallen tree trunks and roots, 
and are unable to survive for more than 48 h in or out of 
water (Zanders 1978). The gill epithelium consists of iono-
cytes and pillar cells that traverse the gill lamellae at regular 
intervals (Martelo and Zanders 1986). The basal region of 
the ionocytes is characterized by extensive invaginations 
associated with mitochondria which increase in crabs accli-
mated to low salinity. Epithelial ultrastructure does not dif-
fer appreciably in crabs acclimated to 53‰S compared to 
35‰S, although the apical evaginations increase both in 
number and in height (Martelo and Zanders 1986).

Semi-terrestrial crabs capable of living in air or water 
rely on their gills for gas exchange when in water but can 
switch to the cutaneous epithelium of the lung-like branchi-
ostegite when in air (Maitland 1990). However, both water 
and air likely pass over the gills of G. cruentata, since a 
well-developed respiratory epithelium lining the branchial 
chamber appears to be absent (Little 1983). Although con-
sidered a transitional crab, G. cruentata is found mainly in 
the lower, wetter parts of mangroves, in tree roots or bur-
rows containing some water and, like the sympatric blue 
land crab Cardisoma guanhumi (Wood and Randall 1981), 
can retain water in the branchial chamber when active in 
air. The variable salinity conditions of the mangrove habitat 
and the scarce information available on the biochemical pro-
cesses underlying ion transport by G. cruentata gills make 

this semi-terrestrial species an attractive model in which to 
characterize the gill (Na+, K+)-ATPase.

In this study, we provide an extensive kinetic charac-
terization of (Na+, K+)-ATPase activity in a posterior gill 
microsomal fraction from fresh caught G. cruentata. We 
also investigate the enzyme distribution in the microsomal 
fraction and its cellular localization in the posterior gill 
lamellae. This is the first study to characterize the gill (Na+, 
K+)-ATPase in the red mangrove crab G. cruentata.

Materials and Methods

Material

All solutions were prepared using Millipore MilliQ 
ultrapure, apyrogenic water. Tris (hydroxymethyl) ami-
nomethane, ATP di-Tris salt, NADH, NAD+, pyruvate kinase 
(PK), phosphoenolpyruvate (PEP), imidazole, N-(2-hydrox-
yethyl) piperazine-N′-ethane sulfonic acid (HEPES), lactate 
dehydrogenase (LDH), glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), ouabain, phosphoglycerate kinase 
(PGK), 4′,6-diamidino-2-phenylindole (DAPI), nitroblue 
tetrazolium (NBT), 5-bromo-4-chloro-3-indole phosphate 
(BCIP), alamethicin, bovine serum albumin, theophylline, 
thapsigargin, aurovertin, ethacrynic acid, ethylene glycol 
tetraacetic acid (EGTA), ethylene diamine tetraacetic acid 
(EDTA), bafilomycin A1, sodium orthovanadate, and anti-
mouse IgG alkaline phosphatase conjugate were purchased 
from the Sigma Chemical Company (Saint Louis, USA). 
Ethanol, dimethyl sulfoxide (DMSO) and triethanolamine 
(TEA) were from Merck (Darmstadt, Germany). The pro-
tease inhibitor cocktail (1 mmol L−1 benzamidine, 5 µmol 
L−1 antipain, 5 µmol L−1 leupeptin, 1 µmol L−1 pepstatin A 
and 5 µmol L−1 phenyl-methane-sulfonyl-fluoride) was from 
Calbiochem (Darmstadt, Germany). Mouse monoclonal 
IgG α-5 antibody raised against chicken (Na+, K+)-ATPase 
α-subunit was from the Development Studies Hybridoma 
Bank (Iowa, USA). Spectra Multicolor Broad Range Protein 
Ladder (10–260 kDa) was purchased from Thermo Scientific 
(Rockford, USA). Alexa-fluor 488 conjugated donkey anti-
mouse IgG was from Invitrogen (Carlsbad, USA). Optimal 
Cutting Temperature Compound was from Sakura Tissue-
Tek (Torrance, USA); Fluoromount-G and p-formaldehyde 
were purchased from Electron Microscopy Sciences (Hat-
field, USA). Polyvinylidene difluoride (PVDF) membranes 
were from BioRad (Hercules, USA). Ammonium sulfate-
depleted PK, LDH, GAPDH, and PGK suspensions and 
stock solution of ATP were prepared according to Leone 
et al. (2015). When necessary, enzyme solutions were con-
centrated on YM-10 Amicon Ultra filters. All cations were 
used as chloride salts.
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Crabs and Gill Dissection

Adult Goniopsis cruentata were caught using baited traps 
from Barra Seca mangrove (23° 24′ 58.9″ S, 45° 3′ 2.9″ W), 
Ubatuba, São Paulo State, Brazil. The crabs were transported 
to the laboratory in individual plastic boxes (20 × 20 cm2) 
containing a 1-cm layer of mangrove water (21‰S) and 
then held in glass aquaria containing a 1-cm layer of man-
grove water with free access to a dry surface for 1–2 days, at 
≈ 25 °C, under a natural photoperiod of 14-h daylight until 
preparation of the microsomal fraction. Crabs were fed on 
alternate days with shrimp tails, and the uneaten fragments 
were removed the following morning.

For each homogenate prepared, 5–10 intermolt specimens 
of about 3 cm carapace width were anesthetized by chilling 
in crushed ice for 5 min and then killed by sectioning the 
cerebral and thoracic ganglia. The four posterior most gill 
pairs (approximately 1.5 g wet weight) were rapidly excised 
and placed in ice-cold homogenization buffer (20 mmol L−1 
imidazole buffer, pH 6.8, containing 250 mmol L−1 sucrose, 
6 mmol L−1 EDTA, Tris.HCl 6 mmol L−1 and a protease 
inhibitor cocktail).

Preparation of the Gill Microsomal Fraction

The gills were rapidly diced and homogenized in a Potter 
homogenizer (600 rpm) in homogenization buffer (20 mL 
buffer/g wet gill tissue). After centrifuging the crude extract 
at 20,000×g for 35 min at 4 °C, the supernatant was placed 
on crushed ice and the pellet was resuspended in an equal 
volume of homogenization buffer. After a second centrifuga-
tion as above, the two supernatants were gently pooled and 
centrifuged at 100,000×g for 90 min at 4 °C. The resulting 
pellet containing the microsomal fraction was homogenized 
in homogenization buffer (15 mL buffer/g). Finally, 0.5-mL 
aliquots were rapidly frozen in liquid nitrogen and stored at 
− 20 °C. No appreciable loss of (Na+, K+)-ATPase activity 
was seen after 4 months’ storage of the microsomal prepara-
tion. All experiments were performed using the microsomal 
preparation held in a crushed ice bath for no longer than 4 h.

Measurement of Protein Concentration

Protein concentration was estimated according to Read 
and Northcote (1981) using bovine serum albumin as the 
standard.

Continuous‑Density Sucrose Gradient 
Centrifugation

To accompany the distribution of the (Na+, K+)-ATPase in 
the microsomal preparation, an aliquot (2.5 mg protein) of 
the ATPase-rich gill microsomal preparation was layered 

into a 10 to 50% (w/w) continuous-density sucrose gradient 
in 20 mmol L−1 imidazole buffer, pH 6.8 and centrifuged 
at 180,000×g and 4 °C, for 3 h, using a Hitachi PV50T2 
vertical rotor. Fractions (0.5 mL) collected from the bottom 
of the gradient were then assayed for total ATPase activity, 
ouabain-insensitive ATPase activity, protein concentration, 
and refractive index.

SDS‑PAGE and Western Blotting Analyses

SDS-PAGE of the microsomal preparation from the poste-
rior gill tissue was performed in 5–20% gels as described by 
Laemmli (1970), using 4 and 50 μg protein/lane for protein 
staining and blotting analyses, respectively. After electro-
phoresis, the gel was split, one half being stained with silver 
nitrate and the other electro-blotted in a Hoefer SE200 sys-
tem using a nitrocellulose membrane (Towbin et al. 1979). 
The membrane was then blocked with 10% bovine serum 
albumin, freshly prepared in TBS-Tween buffer (50 mmol 
L−1 Tris–HCl buffer, pH 8.0, containing 150 mmol L−1 NaCl 
and 0.1% Tween 20) for 90 min under constant agitation. 
After washing, the membrane was incubated overnight at 
4 °C in a 1:150 dilution of the α-5 monoclonal antibody, 
rewashed, and incubated with an alkaline phosphatase conju-
gated, anti-IgG mouse secondary antibody. Specific antibody 
binding was developed in 100 mmol L−1 Tris–HCl buffer, 
pH 9.5, containing 100 mmol L−1 NaCl, 5 mmol L−1 MgCl2, 
0.2 mmol L−1 NBT, and 0.8 mmol L−1 BCIP. Western blot-
ting was also performed in 6–12% SDS-PAGE gels using 50 
μg protein/lane. All analyses were repeated three times using 
different microsomal preparations.

Immunolocalization of the Gill (Na+, K+)‑ATPase

Seventh, right-side posterior gills were dissected and incu-
bated in a fixative solution containing 2% p-formaldehyde in 
a phosphate-buffered saline (PBS, 10 mmol L−1 Na2HPO4, 
2 mmol L−1 KH2PO4, 137 mmol L−1 NaCl, 2.7 mmol L−1 
KCl, 290 mOsm kg−1 H2O), pH 7.4, for 1 h, then embed-
ded in Optimal Cutting Temperature Compound Tissue-
Tek® (Sakura Finetek Inc., Torrance, CA). Briefly, 15-μm 
thick cryosections were taken parallel to the gill long axis 
at − 20 °C using a Microm HM 505E Cryostatic Microtome 
(Walldorf, Germany). The sections were pre-incubated for 
20 min with 100 mmol L−1 glycine in PBS and then for 
10 min in a blocking solution containing 1% bovine serum 
albumin plus 0.1% gelatin in PBS. The (Na+, K+)-ATPase 
α-subunit was immunolocalized using a primary monoclo-
nal mouse IgG α-5 anti-chicken (Na+, K+)-ATPase anti-
body and a secondary donkey anti-mouse IgG antibody 
conjugated with Alexa-fluor 488 according to Pinto et al. 
(2016). To locate nuclei, sections were stained for 20 min 
with DAPI, diluted 1:200 in PBS. Sections were mounted 
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with Fluoromount-G slide mounting medium on Knittel 
Starfrost slides with coverslips (Bielefeld, Germany). Con-
focal images were obtained with a Leica TCS SP5 confocal 
laser scanning microscope (Leica Microsystems, Mannheim, 
Germany), using an argon laser for Alexa-fluor 488 staining 
or a diode laser for DAPI staining.

Measurement of (Na+, K+)‑ATPase Activity

Total ATPase activity was assayed at 25 °C using a PK/
LDH coupling system in which ATP hydrolysis was cou-
pled to NADH oxidation (Leone et al. 2015). In this system, 
the phosphate released during ATP hydrolysis by the (Na+, 
K+)-ATPase is converted to ATP while phosphoenolpyru-
vate is converted to pyruvate by pyruvate kinase. Pyruvate 
is converted to lactate concomitant to NADH oxidation. The 
rate of ATP hydrolysis by the (Na+, K+)-ATPase can be esti-
mated by monitoring NADH oxidation. The oxidation of 
NADH was monitored at 340 nm (ε340nm, pH 7.5 = 6200 M−1 
cm−1) in a Shimadzu UV-1800 spectrophotometer equipped 
with thermostated cell holders. Standard conditions were 
as follows: 50 mmol L−1 HEPES buffer, pH 7.5, contain-
ing 1 mmol L−1 ATP, 3 mmol L−1 MgCl2, 50 mmol L−1 
NaCl, 10 mmol L−1 KCl, 10 µg alamethicin, 0.21 mmol L−1 
NADH, 3.18 mmol L−1 PEP, 82 mg PK (49 U), 110 mg LDH 
(94 U), plus the microsomal preparation (10–20 μL), in a 
final volume of 1 mL. The activity was also assayed under 
stoichiometric ATP and Mg2+ concentrations.

Alternatively, ATPase activity was estimated using a 
GAPDH/PGK-linked system coupled to the reduction of 
NAD+ at 340 nm (Leone et al. 2015). This system was used 
only to examine the effects of K+ and NH4

+ since K+ is 
a cofactor for pyruvate kinase. Standard conditions were: 
50 mmol L−1 HEPES buffer, pH 7.5, containing 1 mmol 
L−1 ATP, 3 mmol L−1 MgCl2, 50 mmol L−1 NaCl, 10 mmol 
L−1 KCl, 10 µg alamethicin, 4.28 mmol L−1 NAD+, 1 mmol 
L−1 sodium phosphate, 2 mmol L−1 G3P, 150 mg GAPDH 
(24 U), 20 mg PGK (9 U), and the microsomal preparation 
(10–20 μL), in a final volume of 1 mL. The two coupling 
systems gave equivalent results with a difference of less than 
10%.

ATP hydrolysis was also estimated using 3 mmol L−1 
ouabain to assess ouabain-insensitive activity. The differ-
ence in activity measured without (total ATPase activity) 
or with ouabain (ouabain-insensitive activity) represents 
the (Na+, K+)-ATPase activity. ATP hydrolysis was also 
estimated after 10 min pre-incubation with alamethicin (1 
μg/mg microsomal protein) to verify the presence of sealed 
vesicles. Controls without added enzyme were also included 
in each experiment to quantify non-enzymatic substrate 
hydrolysis. Initial velocities were constant for at least 15 min 
provided that less than 5% of the total NADH (or NAD+) 
was oxidized (or reduced). Neither NADH, PEP, LDH, PK, 

NAD+, G3P, PGK nor GAPDH was rate-limiting over the 
initial course of the assay, and no activity could be measured 
without NADH or NAD+. (Na+, K+)-ATPase activity was 
checked for linearity between 10 and 50 mg total protein; 
total microsomal protein added to the cuvette always fell 
well within the linear range of the assay.

For each ATP, Mg2+, Na+, K+, NH4
+ and ouabain con-

centration, the reaction rate was estimated in duplicate using 
identical aliquots from the same preparation. The mean val-
ues for the duplicates were used to fit the corresponding sat-
uration curves, each of which was repeated three times using 
a different microsomal homogenate (N = 3). The curves 
provided in the figures were fitted using the mean values 
(± SD, N = 3) for each of the three different homogenates. 
One enzyme unit (U) is defined as the amount of enzyme 
that hydrolyzes 1.0 nmol of ATP per minute, at 25 °C, and 
the (Na+, K+)-ATPase specific activity (U mg−1) appearing 
in the figures represents nmol Pi min−1 mg−1 protein.

Synthesis of [γ‑32P]‑ATP

Synthesis of γ32P-ATP disodium salt was performed as 
described by Walseth and Johnson (1979) modified by Maia 
et al. (1983).

Phosphorylation/dephosphorylation of gill 
microsomes by [γ‑32P]‑ATP

Aliquots of the gill microsomal (Na+, K+)-ATPase con-
taining 40 μg protein were incubated at 27 °C for 10 min 
in an assay medium consisting of 50 mmol L−1 HEPES 
buffer, pH 7.5, 0.03 mmol L−1 MgCl2 and 50 mmol L−1 
NaCl. The phosphorylation reaction was started by adding 
0.02 mL 0.75 mmol L−1 ATP/γ32P-ATP (specific activity 
of 1 × 105 cpm/nmol) in a final volume of 0.5 mL (control 
E-P). After standing for 3 min at 27 °C, dephosphorylation 
was initiated by adding 0.05 mL 50 mmol L−1 ADP (ADP-
induced dephosphorylation) or 0.025 mL of 2 mol L−1 KCl 
(K+-induced dephosphorylation) to each phosphorylation 
medium, the reaction proceeding for 5 min.

After stopping the reaction by adding 2 mL 125 mmol 
L−1 perchloric acid containing 5 mmol L−1 phosphoric acid 
and 5 mmol L−1 sodium pyrophosphate, the resulting mix-
ture containing the 32P-phosphorylated enzyme (E-P) was 
filtered on 0.45-μm HAWP Millipore filters. The filters were 
washed three times with 2 mL 125 mmol L−1 perchloric acid 
and four times with 50 mmol L−1 perchloric acid (Fontes 
et al. 1992) to reduce signal in the blanks, and dried. Radio-
activity was counted using a Beckman LS6500 liquid scintil-
lation counter. Controls were performed in triplicate using 
the enzyme denatured previously with perchloric acid before 
the addition of [γ-32P]-ATP. Each experiment was repeated 
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three times using a different microsomal preparation (N = 3). 
Results are given as the mean ± SD.

Estimation of Kinetic Parameters

SigrafW (Leone et al. 2005) was used to calculate the kinetic 
parameters VM (maximum velocity), K0.5 (apparent dissocia-
tion constant), KM (Michaelis–Menten constant), and the nH 
(Hill coefficient) values for ATP hydrolysis under the differ-
ent assay conditions. The apparent dissociation constant, KI, 
of the enzyme-inhibitor complex was estimated as described 
by Leone et al. (2015).

The kinetic parameters furnished in the tables are calcu-
lated values and represent the mean ± SD derived from three 
different microsomal preparations (N = 3). The data were 
submitted to descriptive statistical analysis for parametric 
representation. SigrafW software can be freely obtained 
from http://porta​l.ffclr​p.usp.br/sites​/fdale​one/downl​oads.

Calculation of Free ATP, Mg2+, and ATP‑Mg Species 
in Solution

The concentrations of free species of ATP, Mg2+, and ATP-
Mg in solution were calculated according to Fabiato (1988) 
in congruence with the following equilibria: 

in which pK1 = 6.53, pK2 = 4.06, pK3 = 1.00, pK4 = 1.00, 
pK5 = 4.22, pK6 = 2.24, pK7 = 1.58 and Me = Mg2+.

Results

Immunolocalization of the Gill (Na+, K+)‑ATPase

Fluorescent immunolabeling revealed that the (Na+, 
K+)-ATPase is distributed evenly throughout the gill lamel-
lae, most epidermal cells showing intense signal (Fig. 1). 
The lamellae consist of a single-layered epithelium overlain 

by cuticle. Occasional paired pillar cells interspersed among 
the ionocytes project from either side of the lamella, nar-
rowing at their opposing basal regions in the lamella center. 
The spaces between opposing pillar cell pairs form a system 
of irregular lacunae through which the hemolymph flows. 

Fig. 1   Subcellular immunolocalization of the (Na+, K+)-ATPase in 
posterior gill lamellae from Goniopsis cruentata. Phase contrast/con-
focal microscopy of the gill epithelium in a cryosection taken along 
the longitudinal gill axis revealing the lamellar architecture of the 
seventh gill. c Cuticle, pc pillar cells, h hemolymph lacunae. (Na+, 
K+)-ATPase α-subunit immunolabeling (green) is intense throughout 
the epidermal cell cytoplasm. Nuclei (blue) are stained with DAPI. 
Immunolabeling with mouse monoclonal IgG α-5 antibody against 
chicken (Na+, K+)-ATPase α-subunit. Fluorescent signal revealed 
with donkey anti-mouse IgG secondary antibody conjugated with 
Alexa-fluor 488 (495/519 nm). Scale bar 50 μm

Detailed immunolabeling showed that the (Na+, K+)-ATPase 
is distributed throughout the entire epithelial cell cytoplasm.

Continuous‑Density Sucrose Gradient 
Centrifugation Analysis

Centrifugation of the (Na+, K+)-ATPase microsomal prep-
aration from the posterior gills of freshly caught crabs 
revealed an ATPase activity peak with a heavy shoulder 
lying between 25 and 35% sucrose density and apparently 
distributed into two membrane fractions partially separated 

http://portal.ffclrp.usp.br/sites/fdaleone/downloads
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along the gradient (Fig. 2). The fraction appearing at the 
lower sucrose concentrations showed a protein content two-
fold less than that at the higher concentrations. The ouabain-
insensitive ATPase activity measured along the gradient 

suggests that the microsomal fraction contains ATP hydro-
lyzing enzymes other than the (Na+, K+)-ATPase.

SDS‑PAGE and Western Blotting Analyses

SDS-PAGE of the microsomal fraction revealed protein pro-
file characteristic of membrane protein (Fig. 3a). Western 
blotting analyses identified a broad immunoreactive band of 
Mr ≈ 110–115 kDa, corresponding to the (Na+, K+)-ATPase 
α-subunit (Fig. 3b). This broad band appears to be charac-
teristic of the G. cruentata enzyme since SDS-PAGE per-
formed in a 6–12% gels also revealed only a single immu-
noreactive band (Fig. 3c).

Fig. 2   Sucrose density gradient centrifugation of a microsomal frac-
tion from the posterior gill tissue of Goniopsis cruentata. An aliquot 
containing 2.5 mg protein was layered into a 10–50% (w/w) continu-
ous sucrose density gradient. Fractions (0.5 mL) were collected from 
the bottom of the gradient and were analyzed in duplicate for total 
ATPase activity (filled circle); ouabain-insensitive ATPase activity 
(filled square); (Na+, K+)-ATPase activity (open circle); protein con-
centration (open triangle) and sucrose concentration (open square)

Fig. 3   SDS-PAGE and Western blot analyses of microsomal frac-
tions from the posterior gill tissue of Goniopsis cruentata. a Silver 
nitrate-stained SDS-PAGE (5–20%) using 4 µg gill tissue microsomal 
protein. b Western blotting (SDS-PAGE 5–20%) against the (Na+, 
K+)-ATPase α-subunit, revealed with an anti-mouse IgG alkaline 
phosphatase conjugate, using 50 µg gill tissue microsomal protein. c 
Western blotting (SDS-PAGE 6–12%) against the (Na+, K+)-ATPase 
α-subunit, revealed with an anti-mouse IgG alkaline phosphatase 
conjugate, using 50 µg gill tissue microsomal protein identifying an 
intensely staining band of ≈ 110  kDa. d Spectra Multicolor Broad 
Range Protein Ladder (10–180 kDa) standard used for 6–12% SDS-
PAGE

Fig. 4   Effect of ATP concentration on (Na+, K+)-ATPase activity 
from the posterior gill tissue of Goniopsis cruentata. Activity was 
assayed continuously at 25  °C in 50  mmol L−1 HEPES buffer, pH 
7.5, containing 3 mmol L−1 MgCl2, 50 mmol L−1 NaCI, 10 mmol L−1 
KCl, 10  µg alamethicin, 0.21  mmol  L−1 NADH, 3.18  mmol  L−1 
PEP, 49U PK and 94 U LDH, using duplicate aliquots from the 
same microsomal preparation (about 44  µg protein) as described in 
the Materials and Methods. Mean values (± SD) for the duplicates 
were used to fit each corresponding curve, which was repeated uti-
lizing three different microsomal preparations (N = 3). a Modulation 
by ATP. Inset: total ATPase activity (filled circle), ouabain-insen-
sitive ATPase activity (open circle). b Calculated concentrations of 
free species in solution: ATP (filled circle), Mg2+ (open circle) and 
Mg·ATP (open square)
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(Na+, K+)‑ATPase Activity in the Posterior Gill 
Microsomal Preparation

Maximum activities estimated with or without alame-
thicin were 512.9 ± 25.6  nmol Pi min−1 mg−1 protein 
and 419.4 ± 20.9  nmol Pi min−1 mg−1 protein, respec-
tively, revealing that ≈ 20% of the ATPase is occluded in 
sealed vesicles. Ouabain inhibition revealed that the (Na+, 
K+)-ATPase represents up to 95% of the total ATPase activ-
ity of the microsomal preparation.

Increasing ATP concentrations from 10−7 to 2 × 10−3 mol 
L−1 stimulated (Na+, K+)-ATPase activity to a maximum 
of ≈ 480 nmol Pi min−1 mg−1 protein following a well-
defined, biphasic saturation curve (Fig. 4a). Under saturating 
Mg2+ (3 mmol L−1), K+ (10 mmol L−1), and Na+ (50 mmol 
L−1) concentrations, the low-affinity ATP binding site 
showed VM = 186.0 ± 9.3 nmol Pi min−1 mg−1 protein and 
K0.5 = 0.085 ± 0.004 mmol L−1 while the high-affinity ATP 
binding site, accounting for 50% of (Na+, K+)-ATPase activ-
ity, showed VM = 153.4 ± 7.7 nmol Pi min−1 mg−1 protein 
and K0.5 = 0.013 ± 0.001 mmol L−1 (Table 1). ATP hydroly-
sis obeyed cooperative kinetics (Table 1). These data show 
that the increase in (Na+, K+)-ATPase activity correlates 
with the increase in Mg-ATP concentration, and not with 
free ATP, since for each total ATP concentration assayed, 
Mg-ATP concentration is ≈ 100-fold greater than that of 
free ATP (Fig. 4b). A maximum ouabain-insensitive ATPase 
activity of ≈ 30 nmol Pi min−1 mg−1 protein was measured 
over the same ATP concentration range (inset to Fig. 4a). 
A significant (Na+, K+)-ATPase activity of ≈ 140 nmol Pi 
min−1 mg−1 protein was found at ATP concentrations as low 
as 10−7 mmol L−1. 

Under stoichiometric concentrations of ATP and 
Mg2+, a single saturation curve was revealed as Mg-ATP 

concentration increased from 10−8 to 7 × 10−4 mol L−1 
(Fig. 5a). The substrate was hydrolyzed following site–site 
interactions with VM = 443.0 ± 22.1 nmol Pi min−1 mg−1 
protein and K0.5 = 0.060 ± 0.003 mmol L−1 (Table 1). The 
ouabain-insensitive ATPase activity (30 nmol Pi min−1 
mg−1 protein) also was stimulated up to 60 nmol Pi min−1 
mg−1 protein over the same Mg-ATP concentration range 
(inset to Fig.  5a). Under stoichiometric ATP and Mg2+ 
concentrations, steady-state analysis of (Na+, K+)-ATPase 
activity showed ≈ 20  nmol Pi min−1 mg−1 protein for 

Table 1   Kinetic parameters for the stimulation by ATP, Mg2+, Na+, 
K+ and NH4

+, and KI for ouabain inhibition of posterior gill microso-
mal (Na+, K+)-ATPase activity in Goniopsis cruentata 

a High-affinity ATP binding site
b Low-affinity ATP binding site
c Calculated according to Fabiato (1988) under stoichiometric concen-
trations of ATP and Mg2+

Modulator VM
(nmol Pi min−1 mg−1)

K0.5 or KM
(mmol L−1)

nH KI
(μmol L−1)

ATP 153.4 ± 7.7a 0.013 ± 0.001 1.3
186.0 ± 9.3b 0.085 ± 0.004 3.0

Mg-ATPc 443.0 ± 22.1 0.060 ± 0.003 4.0
Mg2+ 425.9 ± 25.5 0.16 ± 0.01 2.6
Na+ 425.0 ± 23.4 5.1 ± 0.3 1.5
K+ 485.3 ± 24.3 0.9 ± 0.05 0,9
NH4

+ 497.9 ± 24.9 9.7 ± 0.5 1.2
Ouabain 196.6 ± 9.8

Fig. 5   (Na+, K+)-ATPase activity from the posterior gill tissue 
of Goniopsis cruentata assayed under stoichiometric ATP and 
MgCl2 concentrations. Activity was assayed continuously at 25  °C 
in 50  mmol L−1 HEPES buffer, pH 7.5, containing 50  mmol L−1 
NaCI, 10 mmol L−1 KCl, 10 µg alamethicin, 0.21 mmol L−1 NADH, 
3.18  mmol L−1 PEP, 49U PK and 94U LDH, using duplicate ali-
quots from the same microsomal preparation (about 44  µg protein) 
as described in Materials and Methods. Mean values (± SD) for the 
duplicates were used to fit each corresponding curve, which was 
repeated utilizing three different microsomal preparations (N = 3). a 
Modulation by Mg-ATP. Inset: total ATPase activity (filled circle), 
ouabain-insensitive ATPase activity (open circle). b Calculated con-
centrations of free species in solution: ATP (filled circle filled circle), 
Mg2+ (open square), and Mg-ATP (open circle)
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ATP concentrations as low as 10−8 mol L−1 compared to 
≈ 140 nmol Pi min−1 mg−1 protein seen under excess Mg2+ 
(see Fig. 4a).

In the absence of Mg2+, no (Na+, K+)-ATPase activ-
ity was found. Under saturating ATP (1 mmol L−1), K+ 
(10 mmol L−1) and Na+ (50 mmol L−1) concentrations, 
increasing Mg2+ concentrations from 10−5 to 2 × 10−3 
mol L−1 stimulated (Na+, K+)-ATPase activity up to 
425.9 ± 25.5 nmol Pi min−1 mg−1 protein, following coop-
erative kinetics (nH = 2.6) with K0.5 = 0.16 ± 0.01 mmol 
L−1 (Fig. 6a and Table 1). Low (Na+, K+)-ATPase activity 
(less than 40 nmol Pi min−1 mg−1 protein) was registered 
at Mg2+ concentrations below 10−5 mol L−1. Stimulation 

of ouabain-insensitive ATPase activity over the same Mg2+ 
concentration range (inset to Fig. 6a) represented less than 
10% of the total ATPase activity. Analysis of the free species 
of ATP, Mg2+, and Mg·ATP in solution confirmed that the 
stimulation of (Na+, K+)-ATPase activity is due to Mg·ATP 
and not to free Mg2+ (Fig. 6b). At 10−5 mol L−1 MgCl2, 
Mg·ATP concentration is almost tenfold greater than that 
of free Mg2+.

Under saturating ATP (1 mmol L−1), Mg2+ (3 mmol L−1), 
and K+ (10 mmol L−1) concentrations, the Na+-dependent 
(Na+, K+)-ATPase activity showed a saturation curve obey-
ing cooperative kinetics with VM = 425.0 ± 23.4 nmol Pi 
min−1 mg−1 protein and K0.5 = 5.1 ± 0.3 mmol L−1 (Fig. 7 
and Table 1). A ouabain-insensitive ATPase activity of 
around 10% was found over the same Na+ concentration 
range (inset to Fig. 7) although there was no stimulation by 
increasing Na+ concentration.

Individually, both K+ and NH4
+ stimulated (Na+, 

K+)-ATPase activity (Fig. 8). In the absence of NH4
+, under 

saturating ATP (1 mmol L−1), Mg2+ (3 mmol L−1), and Na+ 
(50 mmol L−1) concentrations, K+ from 10−6 to 3 × 10−2 
mol L−1 stimulated the enzyme following Michaelis–Menten 
kinetics (nH = 1.0), reaching VM = 485.3 ± 24.3 nmol Pi 
min−1 mg−1 protein with K0.5 =  0.9 ± 0.05 mmol L−1 (Fig. 8a 
and Table  1). The ouabain-insensitive ATPase activity 
was unaffected over this K+ concentration range (inset to 
Fig. 8a). In the absence of K+, NH4

+ between 10−5 mol L−1 

Fig. 6   Effect of magnesium ion concentration on (Na+, K+)-ATPase 
activity from the posterior gill tissue of Goniopsis cruentata. Activity 
was assayed continuously at 25  °C in 50  mmol L−1 HEPES buffer, 
pH 7.5, containing 1 mmol L−1 ATP, 50 mmol L−1 NaCl, 10 mmol 
L−1 KCl, 0.21 mmol L−1 NADH, 10 µg alamethicin, 3.18 mmol L−1 
PEP, 49U PK, and 94U LDH, using duplicate aliquots from the same 
microsomal preparation (about 44 μg protein) as described in Materi-
als and Methods. Mean (± SD) values for the duplicates were used 
to fit each corresponding curve, which was repeated utilizing three 
different microsomal preparations (N = 3). a Modulation by MgCl2—
Inset: total ATPase activity (filled circle), ouabain-insensitive ATPase 
activity (open circle). b Calculated concentrations of free species 
in solution: ATP (filled triangle), Mg2+ (open circle), and Mg·ATP 
(filled circle)

Fig. 7   Effect of sodium ion concentration on (Na+, K+)-ATPase 
activity from the posterior gill tissue of Goniopsis cruentata. Activ-
ity was assayed continuously at 25 °C in 50 mmol L−1 HEPES buffer, 
pH 7.5, containing 1 mmol L−1 ATP, 3 mmol L−1 MgCl2, 10 mmol 
L−1 KCl, 10 µg alamethicin, 0.21 mmol L−1 NADH, 3.18 mmol L−1 
PEP, 49U PK and 94U LDH, using duplicate aliquots from the same 
microsomal preparation (about 44 μg protein) as given in Materials 
and Methods. Mean (± SD) values for the duplicates were used to 
fit each corresponding curve, which was repeated utilizing three dif-
ferent microsomal preparations (N = 3). Inset: total ATPase activity 
(filled circle), ouabain-insensitive ATPase activity (open circle)
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and 7 × 10−2 mol L−1 also stimulated enzyme activity, obey-
ing cooperative kinetics (Fig. 8b). Under the above saturat-
ing conditions, VM was 497.9 ± 24.9 nmol Pi min−1 mg−1 
protein with K0.5 = 9.7 ± 0.50 mmol L−1 (Table 1). Ouabain-
insensitive ATPase activity was unaltered over this NH4

+ 
concentration range (inset to Fig. 8b). Further, NH4

+ plus K+ 
only stimulated (Na+, K+)-ATPase activity slightly (< 10%, 
data not shown).

Analysis of Phosphoenzyme Formation/
Decomposition

Phosphoenzyme formation/decomposition was analyzed 
as a function of Mg2+ concentration to better understand 
why the high-affinity ATP binding site was not exposed at 
stoichiometric ATP and Mg2+ concentrations (Table 2). 
Phosphorylation with 0.03 mmol L−1 ATP and 0.03 mmol 
L−1 Mg2+ showed a maximum titer of phosphorylated 
enzyme of 0.283 ± 0.002 nmol Pi mg−1 protein, consid-
ered to be the control titer for E-P formation. K+-induced 
(100 mmol L−1) dephosphorylation was 0.247 ± 0.009 nmol 
Pi mg−1 (≈ 87% control titer), suggesting that only 13% of 
the total phosphorylated enzyme was dephosphorylated 
at 2.244 × 10−5 mol L−1 Mg2+. In contrast, at 5 mmol L−1 
ADP, just 0.078 ± 0.004 nmol L−1 (≈ 27% control titer) 

Fig. 8   Effect of potassium and ammonium ion concentrations on 
(Na+, K+)-ATPase activity from the posterior gill tissue of Goni-
opsis cruentata crab. Activity was assayed continuously at 25  °C 
in 50  mmol L−1 HEPES buffer, pH 7.5, containing 1  mmol L−1 
ATP, 3  mmol L−1 MgCl2, 50  mmol L−1 NaCl, 10  µg alamethicin, 
4.28 mmol L−1 NAD+, 1 mmol L−1 sodium phosphate, 2 mmol L−1 
G3P, 12U GAPDH and 9U PGK using duplicate aliquots from the 
same microsomal preparation (about 44 μg protein) as described in 
Materials and Methods. Mean values (± SD) for the duplicates were 
used to fit each corresponding curve, which was repeated utilizing 
three different microsomal preparations (N = 3). a Modulation by 
K+ in the absence of NH4

+. b Modulation by NH4
+ in the absence 

of K+ Insets: total ATPase activity (filled circle), ouabain-insensitive 
ATPase activity (open circle)

Table 2   Dephosphorylation of posterior gill microsomes from Goni-
opsis cruentata under stoichiometric ATP and free Mg2+ concentra-
tions

a Calculated according to Fabiato (1988)
b 50  mmol L−1 HEPES buffer, pH 7.5, 0.03  mmol L−1 ATP, 
0.03 mmol L−1 MgCl2 and 50 mmol L−1 NaCl

Condition E-P level
(nmol Pi mg−1 pro-
tein)

% Total E-P Free [Mg2+]a

(mmol L−1)

Controlb 0.283 ± 0.002 100 2.244 × 10−5

ADP 
(5 mmol L−1)

0.078 ± 0.004 27.5 2.244 × 10−5

K+ 
(100 mmol L−1)

0.247 ± 0.009 87.3 2.244 × 10−5

Fig. 9   Inhibition by ouabain of (Na+, K+)-ATPase activity from the 
posterior gill tissue of Goniopsis cruentata. Activity was assayed 
continuously at 25  °C in 50 mmol L−1 HEPES buffer, pH 7.5, con-
taining 1  mmol L−1 ATP, 50  mmol L−1 NaCI, 3  mmol L−1 MgCl2, 
10  mmol L−1 KCl, 10  µg alamethicin, 0.21  mmol L−1 NADH, 
3.18  mmol L−1 PEP, 49U PK and 94U LDH, using duplicate ali-
quots from the same microsomal preparation (about 44 μg protein) 
as described in Materials and Methods. Mean values (± SD) for the 
duplicates were used to fit each corresponding curve, which was 
repeated utilizing three different microsomal preparations (N = 3). 
Inset: Dixon plot for estimation of KI in which vc is the reaction rate 
corresponding to (Na+, K+)-ATPase activity alone
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of phosphorylated enzyme was measured, suggesting that 
≈ 73% of the phosphorylated enzyme was dephosphorylated.

Inhibition by Ouabain

The monophasic inhibition curve seen using 10−5 to 5 × 10−3 
mol L−1 ouabain suggests a single ouabain-binding site 
(Fig. 9). The decrease in activity to ≈ 50 nmol Pi min−1 
mg−1 protein suggests that ≈ 95% of the microsomal ATPase 
activity corresponds to the (Na+, K+)-ATPase. The calcu-
lated KI value for ouabain inhibition was 196.6 ± 9.8 μmol 
L−1 (inset to Fig. 9, Table 1).

Discussion

We provide an extensive kinetic characterization of the 
(Na+, K+)-ATPase from the posterior ion-transporting gills 
of the red mangrove crab Goniopsis cruentata. The (Na+, 
K+)-ATPase constitutes up to 95% of total gill ATPase 
activity in the microsomal preparation, is distributed evenly 
throughout the gill epithelium, and has an Mr of ≈ 110 kDa. 
At very low ATP concentrations and under excess Mg2+, a 
high-affinity ATP binding site accounting for 50% of total 
(Na+, K+)-ATPase activity was revealed. The enzyme is 
stimulated by NH4

+; however, synergistic stimulation by 
K+ plus NH4

+ was not seen.
The epithelial architecture of the phyllobranchiate gill 

lamellae of G. cruentata conforms to the typical crab plan 
(Freire et al. 2008). The lamellae consist of a single-lay-
ered epithelium overlain by cuticle, sustained by occasional 
paired pillar cells. The (Na+, K+)-ATPase is located through-
out all the epidermal cells, as seen in Cardisoma guanhumi 
(Farias et al. 2017) but contrasting with Callinectes sapidus 
and Carcinus maenas in which the enzyme is located in the 
basal invaginations of the epithelial ionocytes among the 
pillar cells (Towle and Kays 1986).

The single (Na+, K+)-ATPase peak with a heavy shoulder 
(see Fig. 2) revealed by sucrose gradient centrifugation is 
similar to the euryhaline blue crab Callinectes danae (Masui 
et al. 2002, 2009) but contrasts with findings for the semi-
terrestrial mangrove crab Cardisoma guanhumi (Farias et al. 
2017), the freshwater crab Dilocarcinus pagei (Furriel et al. 
2010) and the blue crab Callinectes ornatus (Garçon et al. 
2007), all of which show two distinct (Na+, K+)-ATPase 
peaks. Gill homogenization may produce membrane frag-
ments derived from different regions of the gill epithelium 
or with distinct lipid to protein ratios (Furriel et al. 2010; 
Lucena et al. 2012), which might account for membrane 
fragments of different densities. However, whether these dif-
ferences are species-specific or are artifacts resulting from 
the homogenization process remains to be established.

The broad immunoreactive band seen by Western blot 
(see Fig. 3b, c) suggests that only a single (Na+, K+)-ATPase 
α-subunit isoform is present in the microsomal fraction as 
seen in several crustacean species (Masui et al. 2002; Garçon 
et al. 2007; Leone et al. 2014, 2015). The existence of just a 
single isoform is corroborated by the single ouabain titration 
curve (see Fig. 9).

Compared to the sympatric semi-terrestrial crab C. guan-
humi (Farias et al. 2017), both the high-affinity ATP bind-
ing site and the elevated basal (Na+, K+)-ATPase activity 
of ≈ 140 nmol Pi min−1 mg−1 protein seen at ATP concen-
trations as low as 10−7 mmol L−1 represent novel kinetic 
characteristics of the G. cruentata enzyme. This high basal 
(Na+, K+)-ATPase activity is not due to ATPase activities 
other than the (Na+, K+)-ATPase since the ouabain-insensi-
tive ATPase activity is only 30 nmol Pi min−1 mg−1 protein 
(see Fig. 4a) and is stimulated up to 60 nmol Pi min−1 mg−1 
protein over the same Mg·ATP concentration range (see inset 
to Fig. 4b). Rather, such activity is a consequence of excess 
free Mg2+ that triggers the exposure of a high-affinity ATP 
binding site (see Fig. 5 and Table 2).

High- and low-affinity ATP binding sites on the (Na+, 
K+)-ATPase are well known (Glynn 1985; Ward and 
Cavieres 1998). However, despite the plethora of crystal-
lographic data suggesting a binding site within the (Na+, 
K+)-ATPase N-domain (Kanai et al. 2013; Nyblom et al. 
2013; Chourasia and Sastry 2012; Shinoda et  al. 2009; 
Morth et al. 2007), its exact localization on the enzyme mol-
ecule remains an open question (Morth et al. 2007). Experi-
ments employing the fluorescent dye RH-421 and techniques 
like fluorescence energy transfer, molecular docking and 
site-directed mutagenesis on the (Na+, K+)-ATPase C45 loop 
fragment that contains the N and P domains, have identified 
the Phe482 residue as the center of the nucleotide-binding 
pocket responsible for orienting the adenine moiety dur-
ing ATP binding (Kubala et al. 2003; Huliciak et al. 2017). 
Molecular dynamics studies (Tejral et al. 2017) postulate 
new cytoplasmic domain subconformations in which the 
N-domain alternates between “open,” “semi-open,” and 
“closed” conformations. The “open” and “semi-open” con-
formations (E2-related forms, with or without occluded K+) 
may bind two ATP molecules simultaneously (GROMACS 
data). However, in the “closed” conformation (E1 and 
Na+-related form) only a single ATP molecule can bind and 
be hydrolyzed with subsequent transphosphorylation of the 
Asp369 residue. These findings are similar to those for crys-
tal structures with a single interchangeable ATP site. The 
high-affinity ATP binding site of the G. cruentata enzyme 
accounts for ≈ 60% of (Na+, K+)-ATPase activity, in contrast 
to just 10% for the mammalian and some crustacean (Na+, 
K+)-ATPases (Leone et al. 2017). With these exceptions, the 
kinetic characteristics of the low- and high-affinity binding 
sites are similar to those of Ucides cordatus (Leone et al. 
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2020), C. danae (Masui et al. 2002), Clibanarius vittatus 
(Gonçalves et al. 2006; Lucena et al. 2012), and Macrobra-
chium amazonicum (Santos et al. 2007).

The allosteric regulation of P-type ATPases by Mg2+ is 
well established (see Apell et al. 2017). Also, free Mg2+ is 
required for (Na+, K+)-ATPase phosphorylation by ATP or 
Pi, and for the conversion of the ADP-sensitive phosphoen-
zyme conformation E1P to the K+-sensitive phosphoenzyme 
conformation E2P (Fukushima and Post 1978; Hegyvary 
and Jorgensen 1981). For G. cruentata, exposure of the 
high-affinity ATP binding site induced by excess Mg2+ may 
be interpreted as follows. Between 10−8 and 10−5 mol L−1 
Mg·ATP, the high-affinity ATP binding site is not exposed 
since free Mg2+ concentrations range between 9.854 × 10−7 
and 2.244 × 10−5 mol L−1 (see Fig. 5b). These concentra-
tions are very low compared to the free Mg2+ concentra-
tion required to trigger exposure of this ATP binding site 
(2.970 × 10−3 mol L−1, Fig. 4b). Thus, occlusion of the high-
affinity ATP binding sites under stoichiometric ATP and 
Mg2+ concentrations results from the very low availability 
of free Mg2+ that cannot sustain the E1P to E2P transition, 
causing a drastic reduction in ATP hydrolysis. Data from 
Table 2 corroborate this interpretation since 100 mmol L−1 
K+ induced only 13% dephosphorylation while the addi-
tion of 5 mmol L−1 ADP induced 73% dephosphorylation. 
At 0.03 mmol L−1 Mg2+ and 0.03 mmol L−1 ATP, the free 
Mg2+ concentration (2.244 × 10−5 mol L−1, see Fig. 5b) lies 
far below the 2.970 × 10−3 mol L−1 necessary to expose the 
high-affinity ATP binding site (see Fig. 4b). Thus, the 13% 
dephosphorylation seen with 100 mmol L−1 K+ (see Table 2) 
prevails since at this concentration (2.244 × 10−5 mol L−1 
free Mg2+), the enzyme is in its E1 conformation that cannot 
be dephosphorylated by K+. Further, the high dephosphoryl-
ation titer seen with 5 mmol L−1 ADP (see Table 2) corrobo-
rates this finding for K+, suggesting that with 2.244 × 10−5 
mol L−1 Mg2+ the enzyme is in its E1 conformation, and the 
E1P to E2P transformation cannot proceed.

Measurements using fluorescein and eosin to detect E1P 
to E2P transitions when performed with increasing free 
Mg2+ concentrations show that the K0.5 for Mg2+ related to 
the E2P transition lies in the range of 0.15 to 0.7 mmol L−1 
(Hegyvary and Jorgensen 1981; Montes et al. 2015), a value 
similar to those estimated here (see Table 1). These data 
reveal unequivocally that the high-affinity ATP binding sites 
are not exposed under stoichiometric ATP and Mg2+ concen-
trations due to the lack of free Mg2+ since only 2.244 × 10−5 
mol L−1 Mg2+ rather than 2.970 × 10−3 mol L−1 is available.

In the absence of Mg2+, the G. cruentata gill enzyme 
shows no (Na+, K+)-ATPase activity, corroborating previ-
ous findings (Masui et al. 2002; Furriel et al. 2000; Glynn, 
1985). However, the inhibition seen above 3 mmol L−1 
Mg2+, like the C. guanhumi enzyme (Farias et al. 2017), 
appears to result from Mg2+ binding to a second binding site 

causing an inhibitory effect (Pedemonte and Beaugé 1983). 
Enzyme affinity for Mg2+ seems to be both habitat- and 
species-specific and its affinity in G. cruentata lies in the 
range of marine species such C. danae (Masui et al. 2002) 
and C. ornatus (Garçon et al. 2007), seabob Xiphopenaeus 
kroyeri (Leone et al. 2015), striped hermit crab C. vitta-
tus (Gonçalves et al. 2006) and mangrove crab C. guan-
humi (Farias et al. 2017). The K0.5 for Mg2+ is lower under 
stoichiometric conditions (K0.5 = 0.06 ± 0.003 mmol L−1 
and Table 1) compared to increasing Mg2+ concentrations 
(K0.5 = 0.16 ± 0.01 mmol L−1 and Table 1), similar to C. 
guanhumi (Farias et al. 2017).

The isoforms of the (Na+, K+)-ATPase α-subunit exhibit 
different apparent affinities for Na+ and K+ when ATP is 
used as a substrate (Blanco and Mercer 1998; Lopez et al. 
2002), depending on the organism, tissue, membrane factors, 
and post-translational modifications (Therien et al. 1996; 
Beaugé et al. 1997; Geering 2001). The apparent affinity of 
the G. cruentata enzyme for Na+ (K0.5 = 5.1 ± 0.30 mmol 
L−1) lies within the range for freshwater, estuarine, and 
semi-terrestrial decapods (4 to 6.5 mmol L−1) (Furriel et al. 
2000; Masui et al. 2002; Gonçalves et al. 2006; Farias et al. 
2017) but is lower compared to marine crabs like Carcinus 
maenas, Cancer pagurus and Macropipus puber (Lucu and 
Towle 2003). Overall, the apparent affinity for Na+ varies 
markedly and has been correlated with habitat salinity (Lucu 
and Towle 2003). However, in our hands, the apparent Na+ 
affinities of gill (Na+, K+)-ATPases of crustaceans from dif-
ferent habitats are similar (Leone et al. 2015) and are unal-
tered by salinity acclimation to dilute medium (Garçon et al. 
2009).

The K+ affinity of the G. cruentata gill (Na+, K+)-ATPase 
is comparable to those of various marine crabs such as C. 
danae (Masui et al. 2002, 2009), C. ornatus (Garçon et al. 
2007), C. vittatus (Gonçalves et al. 2006; Lucena et al. 
2012), and the freshwater crab Potamon potamios (Tentes 
and Stratakis 1991). However, compared to the semi-terres-
trial crab C. guanhumi, the apparent affinity is about six-fold 
higher, suggesting that a different enzyme conformation or 
isoform may be expressed in the gill tissue of G. cruentata. 
In general, K+ affinity does not correlate with salinity accli-
mation in crustaceans since the potassium-binding site of 
the pump faces the hemolymph and not the external environ-
ment (Lucu and Towle 2003).

The K0.5 value for NH4
+ stimulation of G. cruentata (Na+, 

K+)-ATPase activity is ≈ 15-fold higher compared to that 
of the semi-terrestrial C. guanhumi (Farias et al. 2017) but 
comparable to marine crabs like C. ornatus (Garçon et al. 
2007, 2009), C. vittatus (Gonçalves et al. 2006; Lucena et al. 
2012), and C. danae (Masui et al. 2002, 2009). The slight 
stimulation of (Na+, K+)-ATPase activity by NH4

+ plus 
K+ (< 10%), similarly to C. guanhumi (Farias et al. 2017), 
seems to be characteristic of semi-terrestrial crabs. NH4

+ can 
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replace K+ in sustaining ATP hydrolysis by the crustacean 
gill (Na+, K+)-ATPase (Leone et al. 2015, 2017) and can 
substitute for K+ in Na+ transport in C. sapidus (Towle and 
Holleland 1987). Considering that G. cruentata is a benthic 
mangrove species that burrows into sediments under trees 
and rocks, the high K0.5 value (9.7 ± 0.5 mmol L−1) and the 
slight synergistic stimulation by NH4

+ plus K+ do not appear 
to enable a rapid response to increased hemolymph NH4

+ 
against toxic ammonia accumulation.

The (Na+,K+)-ATPase activity estimated in the gill tissue 
of G. cruentata (≈ 95%) is very similar to C. danae (Masui 
et al. 2002) but contrasts with various marine crustaceans 
(80%) (Gonçalves et al. 2006; Garçon et al. 2009; Lucena 
et al. 2012; Farias et al. 2017). The KI for ouabain inhibi-
tion also lies within the range of many crustaceans inhab-
iting freshwater, brackish, and marine habitats (Neufeld 
et al. 1980; Lucu and Towle 2003; Gonçalves et al. 2006; 
Garçon et al. 2009; Furriel et al. 2010; Lucena et al. 2012; 
Leone et al. 2015; Farias et al. 2017). This ample variation 
in KI (10–500 µmol L−1) seen among the Crustacea prob-
ably is due to differences in membrane lipid fluidity (Lucu 
and Towle 2003). The existence of different phosphorylated 
intermediates that occur between the E1P and E2P forms 
of the enzyme may explain these differences in KI values 
(Yoda and Yoda 1982), possibly involving phosphorylated 
E2P enzyme subconformations (Fedosova et al. 1998).

The gill (Na+, K+)-ATPase plays a major role in crusta-
cean osmoregulation (Weihrauch et al. 2009; Leone et al. 
2017). Our findings for the gill enzyme of the red mangrove 
crab, G. cruentata, particularly the elevated activity of the 
high-affinity ATP binding site, further characterize the bio-
chemical adaptations of decapod crustaceans to their spe-
cific biotopes characterized by different salinity regimes and 
degrees of terrestrially.
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