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Na�-K�-ATPase is arguably the most important enzyme in the
animal cell plasma membrane, but the role of the membrane in its
regulation is poorly understood. We investigated the relationship
between Na�-K�-ATPase and membrane microdomains or “lipid
rafts” enriched in sulfatide (sulfogalactosylceramide/SGC), a glyco-
sphingolipid implicated as a cofactor for this enzyme, in the baso-
lateral membrane of rainbow trout gill epithelium. Our studies
demonstrated that when trout adapt to seawater (33 ppt), Na�-K�-
ATPase relocates to these structures. Arylsulfatase-induced desul-
fation of basolateral membrane SGC prevented this relocation and
significantly reduced Na�-K�-ATPase activity in seawater but not
freshwater trout. We contend that Na�-K�-ATPase partitions into
SGC-enriched rafts to help facilitate the up-regulation of its activity
during seawater adaptation.We also suggest that differential parti-
tioning of Na�-K�-ATPase between these novel SGC-enriched reg-
ulatory platforms results in two distinct, physiological Na� trans-
port modes. In addition, we extend the working definition of
cholesterol-dependent raft integrity to structural dependence on
the sulfate moiety of SGC in this membrane.

In all animal cells, the major role of the Na�-K�-ATPase is to main-
tain ion electrochemical gradients across the plasma membrane. It has
been estimated that this action accounts for �25% of standard meta-
bolic rate (1, 2), making the pump energetically among themost impor-
tant proteins in the cell. In vertebrate osmoregulatory epithelia, this role
is modulated to meet the demands of ionic homeostasis (3). We inves-
tigated the possible connection between such modulation and mem-
brane rafts.
Plasma membrane lipid rafts are temporary, non-random aggregates

of primarily cholesterol and sphingolipids that exist as relatively rigid
units in an otherwise more fluid heterogeneous lipid milieu (4). These
structures serve as dynamic foci for transmembrane signaling (5) and
membrane trafficking (6). Many ion transport processes have been
localized in these domains (7), possibly because of regulation by phos-
phatidylinositol-4,5-bisphosphate (8). The fact that Na�-K�-ATPase is
not similarly regulated (8) might explain the few functional microdo-
main studies on this enzyme. Raft-localized Na�-K�-ATPase has been
linked to signal transduction events (9–11), caveolar-related endocyto-
sis (12), and cytoskeletal associated anchoring (13); however, none of
these roles address how raft insertion relates to the primary function of

the enzyme of pumping ions. This role is, however, modulated by asso-
ciation with the glycosphingolipid, sulfogalactosylceramide (SGC)2

(14–17), which can be enriched in rafts (18, 19). Therefore, the lack of
functional studies concerning the partitioning of Na�-K�-ATPase
between membrane subdomains represents a significant gap in under-
standing ion transport.
Rafts are operationally defined as detergent-insoluble at 4 °C (20).

Although this facilitates their separation from soluble/non-raft material
via density gradient centrifugation, it complicates an investigation of
how raft insertion may relate to the activity of Na�-K�-ATPase (or any
enzyme for that matter). Comparisons between the kinetics of raft-
versus non-raft-associated enzymes are questionable because they
would be derived from two thermodynamically different environments
(detergent-insoluble versus detergent-soluble). Given these limitations,
we chose to implement a physiological approach to the conundrum: an
investigation of the membrane-based regulation of Na�-K�-ATPase
activity as a function of saltwater (SW) adaptation in the basolateral
membrane (BLM) of rainbow trout gill epithelium. SW acclimation in
trout involves an increase in gill BLM Na�-K�-ATPase activity associ-
atedwith the transformation of a salt-absorbing epithelium (freshwater)
to a salt-secreting epithelium (saltwater) (21). Thus, an examination of
SW and freshwater (FW) acclimated systems facilitates an evaluation of
the role of rafts in Na�-K�-ATPase dynamics in two physiologically
relevant situations of differing enzyme activity.
Furthermore, we have recently obtained evidence supporting a regu-

latory role for SGC in Na�-K�-ATPase activity in this membrane (22).
SGC has been implicated as a cofactor in Na�-K�-ATPase-associated
K� transport (23, 24). This cofactor model stated that SGC functions to
donate a K� (SGC exhibits a K� � Na� selective charge interaction via
its sulfate group (25)) to the enzyme gate site (i.e. SGC is responsible for
K� import) and has since been supported by extensive biochemical
evidence (14–17). Karlsson (23) proposed that such cofactor function-
ing was achieved via the formation of an annulus of SGC around Na�-
K�-ATPase. We hypothesized that the formation of such an annulus
might occur in SGC-enriched membrane rafts.
Our studies were designed to determine whether changes in Na�-

K�-ATPase activity during SW acclimation were related to the dynam-
ics of raft partitioning during this process. We demonstrate that raft-
based SGC interaction provides a novel regulatory platform for this
enzyme.

MATERIALS AND METHODS

Animals—Rainbow trout obtained from Alma Research Centre
(Alma, ON, Canada) were acclimated to freshwater (n � 60) and 33 ppt
saltwater (n � 60) for 60 days in the Hagen Aqualab, University of
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Guelph. Water temperature was 10 °C, and the lighting was set to a 12
light:12 dark photoperiod. Fish were fed a commercial salmon feed
(Biodiet Grower food pellets, Bio Oregon Inc., Warrenton, OR) once
daily to satiety.

Gill Basolateral Membrane Isolation—Following the acclimation
period, trout were sacrificed, transferred to an ice bucket, and cannu-
lated through the bulbus arteriosus (23-gauge needle, P50 polyethylene
tubing, BD Biosciences). Gills were perfused with saline solution (0.9%
NaCl, 0.5mMNa2EDTA, 10UI/ml heparin, pH 7.8) at a rate of 4ml/min
for 5 min (Gilson peristaltic pump, model minipuls 3, Villers le Bel,
France). The gill tissue was then obtained, and the BLMwas purified as
described (26). Membrane samples were frozen at �80 °C for subse-
quent analysis.

Lipid Raft Isolation—Lipid rafts were isolated according to a modifi-
cation of Radeva and Sharom (27). Gill BLM (1000 �g of BLM protein)
was incubated on ice with 1 ml of lysis buffer (9 mM Tris, 51 mM NaCl,
0.7mMEDTA, 1mMphenylmethylsulfonyl fluoride, 1mMNa3VO4, and
2% protease inhibitor mixture (Roche Pharmaceuticals Nutley, NJ), pH
7.5), which contained 1.5% CHAPS, 0.5% Brij 96V, or 0.5% Triton X (1%
disruptive as determined from the profile of the raft marker GM1).
During the 30-min extraction period, samples were vortexed periodi-
cally. Samples were then centrifuged at 10,000 � g for 10 min at 4 °C.
The postnuclear supernatant (400 �l) was mixed with 800 �l of 60%
sucrose solution (25 mM Tris-HCl and 140 mM NaCl, pH 7.5) and then
subjected to density gradient centrifugation on a discontinuous suc-
rose gradient. The 40% sucrose samplemixture (800�l) was transferred
to a 5-ml Quick Seal tube (Beckman Coulter Canada, Mississauga, ON,
Canada) and carefully overlaid with 30% and then 5% sucrose solutions
(25 mM Tris-HCl and 140 mMNaCl, pH 7.5). Samples were centrifuged
at 402,000 � g in a VTi 65.2 rotor (Beckman Coulter Canada) for 180
min at 4 °C (L7–65Beckmanultracentrifuge). After ultracentrifugation,
sucrose gradients were separated from top to bottom into 13 fractions
(400 �l) by displacement with a density gradient fractionator (model
640, ISCO, Lincoln, NE).

Effect of Arylsulfatase andCholesterol Depletion on Lipid Rafts—Rafts
in the presence of arylsulfatase (Sigma-Aldrich) were isolated by
CHAPS detergent extraction as stated above for gill BLM of SW
exposed trout (1000 �g of BLM protein), except that BLM was prein-
cubated with 0.25 units arylsulfatase/�g of BLM protein for 30 min at
25 °C. We defined this as mild arylsulfatase treatment. Enhanced aryl-
sulfatase treatment involved the addition of another 250 units of aryl-
sulfatase to the postnuclear supernatant, which was then incubated on
ice for 30 min prior to sucrose gradient overlay. SW gill BLM (1000 �g
of BLM protein) was also extracted with 75 mM methyl-�-cyclodextrin
as described (19).

Lipid Raft Analysis—Sucrose gradient fractions (2 �l) were spotted
on nitrocellulose and probed for GM1 by cholera toxin horseradish
peroxidase-conjugate (27) and for SGC by Sulf 1 monoclonal antibody
(28). Sulf 1 was a generous gift from Dr. Pam Fredman (Sahlgrenska
Academy at Goteborg University, Sweden). Rainbow trout gill BLM
contains no other cholera toxin-binding gangliosides3 or Sulf 1-binding
lipids (22). Gradient fractions were prepared forWestern blotting using
amodification ofWessel and Flugge (30). Briefly, 4�l of 5% deoxycholic
acid was added to 200 �l of each fraction, and the samples were incu-
bated on ice for 10 min. Two-hundred eighty microliters of chloroform
and 160 �l of methanol were then added to the 204 �l of solubilized
samples andmixedwell, and samples were spun at 10,000� g for 10min
at 4 °C to concentrate the proteins at the aqueous/organic interface. The

aqueous (top) layer was decanted without disturbing the interface, and
100 �l of 100% ethanol was then added to the organic (lower) phase to
promote its evaporation under a gentle stream of nitrogen. Precipitated
proteins were separated by PAGE as described (31); �-5 monoclonal
antibody (Developmental Studies Hybridoma Bank, University of Iowa)
was used to probe (1/100 dilution) for the Na�-K�-ATPase � subunit
during Western blotting.

Na�-K�-ATPase Activity in the Presence and Absence of Aryl-
sulfatase—Gill BLMNa�-K�-ATPase activity wasmeasured at 25 °C as
described previously (32). Sampleswere preincubated for 30minwith of
10 mM ouabain, 0.1 unit of arylsulfatase/�g of BLM protein, 0.5 units of
arylsulfatase/�g of BLM protein, or 10 mM ouabain � 0.5 units of aryl-
sulfatase/�g of BLM protein for 30 min, and NADH oxidation-depend-
ent ATP hydrolysis was measured spectrophotometrically at 340 nm
(Cary 50 Varian spectrophotometer, Varian, Palo Alto, CA). Na�-K�-
ATPase activity was defined as ouabain-sensitive ATPase and expressed
as �mol of ADP/mg of BLM protein/h.

RESULTS AND DISCUSSION

We discovered that SGC microdomains do exist in rainbow trout
BLM and that Na�-K�-ATPase partitions into these structures during
trout salinity adaptation. Raft isolation by Triton X, Brij 96V, or CHAPS
detergents showed that SGC was solely localized to glycosphingolipid-
enriched microdomains from both FW and SW BLM (co-fractionated
with ganglioside raft marker GM1), whereas Na�-K�-ATPase only
localized to these domains after SW acclimation and up-regulation of
enzyme activity (Figs. 1 and 2); Na�-K�-ATPase activity (ouabain-sen-
sitive ATPase) was reduced following SGC desulfation by exogenous
arylsulfatase only in SW-acclimated fish (Fig. 2). Moreover, mild treat-
ment of BLM with arylsulfatase disrupted Na�-K�-ATPase raft local-
ization as monitored by CHAPS detergent extraction (Fig. 3). Further
additions of arylsulfatase disrupted GM1 profiles of CHAPS rafts in a
similar manner to that seen by treatment with methyl-�-cyclodextrin
(Fig. 4). Cumulatively, our results suggest a new ionically adaptive con-
nection between a membrane-bound transport enzyme and a raft
environment.
These results initially appear counterintuitive; Na�-K�-ATPase par-

titioned into a raft environment of increased rigidity during the up-reg-
ulation of enzyme activity associated with SW exposure. This issue may
be rationalized. We hypothesize that the functioning of an enzyme in a
raft environment might be accomplished by energetic compensation.
Enthalpic-entropic compensation is a feature of cold-adapted enzymes
whereby thermodynamic parameters are adjusted to increase flexibility
and allow for higher catalytic efficiency at low temperatures (33); addi-
tionally enzymes adapted to higher pressure can exhibit pressure-insen-
sitive kinetic properties related to reductions in the volume change
(�V ‡) associated with the formation of the activated complex of the
enzyme (33). The problems associated with catalysis within the rigid
structure of a raftmay be analogous to those faced by enzymes operating
at high pressures and/or low temperatures; therefore, raft-associated
Na�-K�-ATPase (or for that matter any raft enzyme) may also exhibit
reductions in�V ‡ and/or increases in structural flexibility that aremore
conducive to functioning in a more restrictive environment.
TheNa�-K�-ATPase sensitivity to arylsulfatase-induced SGCdesul-

fation we observed is expected, given the precedents in the literature
(14–17). Furthermore, differential sensitivity of SW- and FW-adapted
fish is rational based on the differential raft partitioning we observed.
Arylsulfatase sensitivity is attributable to Na�-K�-ATPase activity
within SGC-enriched rafts. In both FW and SW acclimated trout, SGC
was restricted to GM1-enriched rafts and so desulfation by arylsulfatase3 D. Lingwood, unpublished data.
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must have occurred in rafts; SGC was only available to the raft-parti-
tioned Na�-K�-ATPase. Therefore, we conclude that the arylsulfatase-
sensitive fraction of Na�-K�-ATPase activity in the SW situation is a
measure of catalysis generated from the raft-associated enzyme (�50%
of total original activity). Furthermore, mild treatment of SWBLMwith
arylsulfatase destabilized Na�-K�-ATPase raft partitioning, indicating
that an enzyme interaction involving the sulfate of SGC is required for
raft insertion. A polar interaction between the enzyme and SGC has
been suggested (23), because an additional salt extraction step is
required to purify Na�-K�-ATPase from preparations in which SGC is
also extracted. Such arylsulfatase sensitivity and SGC interactions were
not apparent in FW-adapted fish because Na�-K�-ATPase and SGC
were located in different membrane subdomains. Furthermore, rain-
bow trout gill �-1a and �-1b Na�-K�-ATPase subunit isoforms are

FIGURE 2. Effect of arylsulfatase on gill BLM Na�-K�-ATPase activity (mean �
S.E.) in freshwater- (upper panel) and saltwater- (lower panel) exposed rainbow
trout. Different letters indicate significant differences within each salinity treatment
group (analysis of variance with Tukey’s test, n � 6, p � 0.05); 0.5 units of arylsulfa-
tase/�g of BLM protein had no effect on ouabain-insensitive ATPase activity (not
shown).

FIGURE 3. Effect of arylsulfatase on Na�-K�-ATPase partitioning into CHAPS rafts of
gill epithelial BLM of rainbow trout acclimated to saltwater as visualized by the
density gradient profiles of GM1 (raft marker), SGC, and Na�-K�-ATPase. Upper
panel denotes control rafts, and the lower panel refers to rafts isolated from BLM pre-
treated with 0.25 units of arylsulfatase/�g of BLM protein.

FIGURE 1. Lipid rafts from the BLM of gill epithelium from rainbow trout acclimated to freshwater (left column) and saltwater (right column) as visualized by the density
gradient profiles of GM1 (raft marker), SGC, and Na�-K�-ATPase (immunoreactive bands correspond to the accepted masses for the teleost gill Na�-K�-ATPase � subunit
(52)(�110 kDa) and �� complex (29) (�150 kDa)) extracted with Triton (TX), CHAPS, and Brij 96V detergents.
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differentially expressed following SW transfer (34), whichwe previously
suggestedmight be differentially sensitive to SGC (22). Perhaps only the
isoform up-regulated in SW has the ability to partition into SGC-en-
riched microdomains.
We consider partitioning of Na�-K�-ATPase into SGC-enriched

rafts adaptive with respect to both enzyme activity and saltwater adap-
tation. The insertion of Na�-K�-ATPase into rafts facilitates an arylsul-
fatase-sensitive co-localization of enzyme and cofactor, which would
allow SGC to form an annulus around the enzyme, thus satisfying the
conditions for SGC-assisted K� co-transport according to Karlsson (23,
24) and increase the efficiency of Na�-K�-ATPase activity. Saltwater
adaptation/salt secretion is accomplished by an up-regulation of Na�-
K�-ATPase activity to drive Cl� extrusion against a concentration gra-
dient, which is matched to the passive paracellular exit of Na� (21). The
fraction of arylsulfatase-sensitiveATPase accounted formore than two-
thirds of the increase in Na�-K�-ATPase activity from FW- to SW-ac-
climated fish (Fig. 2). Therefore, we propose that Na�-K�-ATPase
localization to SGC-enriched rafts represents a posttranslational, mem-
brane-based, up-regulation of the activity required for salt secretion.
Because SGC is also a cofactor for other K� transporters (35), partition-
ing into SGC subdomains may be a regulatory mechanism for plasma
membrane K� transport systems in general.
Raft partitioning because of signal transduction (9–12) and cytoskel-

etal (13)-related roles cannot be ruled for Na�-K�-ATPase of SW-ac-
climated trout. Increases in gill Cl� secretion upon SWexposuremay be
linked to activation of the �2-adrenergic receptor pathway in killifish
(36, 37). This pathway involves phospholipase C-associated increases in
inositol triphosphate and intracellular Ca2�, a system that is thought to
also be regulated by the Na�-K�-ATPase raft-dependent activation of
Src kinase (11). Additionally, expression of cytoskeletal elements (e.g.
actin-binding protein and amember of the Rho family known to control
actin) is elevated in the gill of SW-acclimated killifish (38–41). Further-
more actin can directly regulate Na�-K�-ATPase in some cells (42).
These observations correlate with the finding that raft-localized Na�-
K�-ATPase can associate with ankyrin, an actin-binding protein (13).
The extent to which these non-transport-related roles occur for raft-
associated Na�-K�-ATPase in the gill BLM of SW-exposed trout is not
clear; however we would suggest that these mechanisms (transport
function included) are not mutually exclusive of one another.
Given the adaptive significance of a raft-mediated co-localization of

enzyme and cofactor, it is interesting that Na�-K�-ATPase is not raft-
associated in FW trout. Given the experimental impossibility of directly
measuring raft-related enzyme catalysis (see Introduction), an assess-
ment of the functional consequences of segregating Na�-K�-ATPase
into different membrane subdomains cannot be performed at this time.
Nevertheless the literature does generate viable predictions concerning
the result of such a segregation. In Na�-K�-ATPase preparations in

which SGC is removed, there is Na� efflux with no K� influx (43).
Consequently, Karlsson (24) proposed that when SGC and Na�-K�-
ATPase are localized to different cellular compartments, the pump per-
forms Na� uniport without reciprocal K� transport. In the absence of
external K�, such transformations have been observed (44). Interest-
ingly, an ouabain-sensitiveNa� efflux rate equivalent to that obtained in
a medium lacking K� is produced from erythrocytes treated with aryl-
sulfatase (15); native ouabain-sensitive Na� efflux is only restored by
SGC repletion and not K� addition. Also, arylsulfatase treatment of
microsomes from pig kidney medulla inhibits only the ouabain-sensi-
tive, K�-sensitive activity (16) and K�-dependent dephosphorylation of
the Na�-K�-ATPase phosphointermediate (17); restoration in both
cases only occurs following SGC repletion and not K� addition. Cumu-
latively, the literature suggests that whenNa�-K�-ATPase and SGC are
separated in vitro, the pump transports Na� only. Our data shows that
Na�-K�-ATPase and SGC can be selectively segregated, in vivo, within
the membrane itself; the fact that Na�-K�-ATPase is sensitive to exog-
enous arylsulfatase treatment in SW trout but not FW trout implies that
the segregation is a functional separation.Given the above precedents in
the literature we hypothesize that the FWnon-SGC-enriched raft Na�-
K�-ATPase, having limited access to SGC, also transports Na� only,
whereas the 3 Nacyt� :2 K�

ext transport stoichiometry is predominately
conserved by the SW SGC/raft-localized enzyme (Fig. 5).
This decoupling scheme may explain why no Na�-K�-ATPase is

raft-associated in the FW trout, since rainbow trout gill Na�-ATPase
activity is higher in fish acclimated to FW than those adapted to SW
(45). Indeed, it is not known whether Na�-ATPase and Na�-K�-
ATPase are distinct or represent two different “formulations” of the
same enzyme (46). In this model, the enormous energetic loss due to
passive K� leak (24) would be minimized; in situations where Na�-K�-
ATPase is segregated from SGC subdomains, K� leak at a lower level

FIGURE 5. Hypothesis for SGC-enriched raft-based modulation of Na�-K�-ATPase
transport stoichiometry.

FIGURE 4. Effect of methyl-�-cyclodextrin (MBCD) and enhanced arylsulfatase treatment on GM1 and SGC BLM raft profiles from gill BLM of saltwater-exposed rainbow
trout. BLM was preincubated with 0.25 units of arylsulfatase/�g of BLM protein and then treated with another 250 units of arylsulfatase following CHAPS detergent extraction.
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that matches housekeeping levels of Na�-K�-ATPase catalyzed K�

influx could be assumed. This does not necessarily predict that intracel-
lular K� is lower in FW branchial epithelium, but rather, is recycled at a
lower rate. In any event, Na�-ATPase is generally high in all electrolyte-
adsorbing epithelia (47); therefore the extent to which such decoupling
relates to kidney and intestinal systems warrants investigation.
In addition to its relationship with Na�-K�-ATPase, SGC appears

responsible for maintaining raft structure in general. Increased desulfa-
tion (as monitored by loss of Sulf 1 reactivity) resulted in a disruption of
GM1 profiles in a manner similar to that seen when cholesterol is
removed by methyl-�-cyclodextrin (Fig. 4). The majority of lipid rafts
are defined by their cholesterol dependence (4); these results indicated
that rafts of rainbow trout gill BLM are also dependent on the SGC
sulfatemoiety. How SGC and its sulfatemoietymaintain raft integrity is
not clear. SGC can actually interfere with raft-mediated receptor-ligand
binding in vitro (48). Furthermore, artificial SGCmicelles exhibit lower
transition temperatures then those of galactosyl ceramide indicating
that the negatively charged sulfate contributes a repulsive force which
weakens the head group interactions (49). Additionally, SGC and galac-
tosyl ceramide transition temperatures and enthalpies do not depend
significantly on N-acyl chain length suggesting that hydrogen bonding
between the head groups may be stronger than the Van der Waals
interactions between the acyl chains (49).However,OH-SGC fatty acids
show higher transition temperatures than do those of galactosyl ceram-
ide (49). Furthermore, changes in head group angle because of hydrogen
bonding between fatty acid hydroxyls and head group components has
been modeled for SGC (50). It is, therefore, possible that such intramo-
lecular hydrogen bonding occurs within the OH-SGC fatty acid iso-
forms present in rainbow trout gill BLM (22), perhaps offsetting the
repulsion due to a condensed anionic head group.Head group repulsion
could also be offset by a counter-ion. Sphingomyelin, a common raft
component (20), is a suitable lipid-based candidate, but cations should
also be considered. In the presence of 2 M K�, the transition tempera-
ture of SGC is significantly increased, indicating that this cation can
shield the repulsive charge and allow for stronger hydrogen bonding
(49). The relative affinity of the SGC sulfate group for cations is Ca2� �

Mg2� �K� �Na� � Li� (25); perhaps cations in addition to K� could
act to stabilize SGC in rafts.
We have presented evidence that raft-based SGC interactions pro-

vide a regulatory platform for Na�-K�-ATPase catalysis in the BLM of
rainbow trout gill epithelium. Upon SW acclimation, a population of
Na�-K�-ATPase becomes raft-associated, facilitating a direct arylsul-
fatase-sensitive interaction between enzyme and cofactor. This is,
therefore, partly responsible for the increase in Na�-K�-ATPase asso-
ciated with SW adaptation. We also suggest a physiologically based
mechanism of Na�-K�-ATPase decoupling: the traditional 3 Nacyt� :2
Kext

� transport stoichiometry is predominately conserved by the SGC/
raft-localized enzyme, whereas non-SGC/raft-associated Na�-K�-
ATPase may act as a Na�-ATPase. This is a novel concept whereby a
single enzyme could carry out two distinct functions according to its
molecular environment. Although the effects of differential partitioning
to SGC domains are not yet clear for other K� transporters, it suggests
a new role for Na�-K�-ATPase in gill epithelium of freshwater fishes
and perhaps other absorptive tissues. Future studies concerning Na�-
K�-ATPase regulation must account for the relationship of the enzyme
to SGC-enriched membrane rafts; additionally SGC knock-out systems
(51) would prove useful systems to study the effects of SGC-related
manipulations of Na�-K�-ATPase transport stoichiometry. Moreover,
we illustrate the importance of the SGC sulfate moiety in maintaining

raft integrity in this membrane. The extent to which this applies to raft
structure in general warrants further investigation.
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