J. Membrane Biol. 107, 77-88 (1989)

The Joumal of

Membrane Biology

© Springer-Verlag New York Inc. 1989

Sodium D-Glucose Cotransport in the Gill of Marine Mussels: Studies with Intact Tissue

and Brush-Border Membrane Vesicles

Ana M. Pajor,* Debra A. Moon, and Stephen H. Wright
Department of Physiology, College of Medicine, University of Arizona, Tucson, Arizona 85724

Summary. Glucose transport was studied in marine mussels of
the genus Myrilus. Initial observations, with intact animals and
isolated gills, indicated that net uptake of glucose occurred in
mussels by a carrier-mediated, Na*-sensitive process. Subse-
quent studies included use of brush-border membrane vesicles
(BBMYV) in order to characterize this transport in greater detail.
The highest activity of Na*-dependent glucose transport was
found in the brush-border membrane fractions used in this study,
while basal-lateral membrane fractions contained the highest
specific binding of ouabain. Glucose uptake into BBMV showed
specificity for Na*, and concentrative glucose transport was ob-
served in the presence of an inwardly directed Na* gradient.
There was a single saturable pathway for glucose uptake, with an
apparent K, of 3 uM in BBMV and 9 uM in intact gills. The
kinetics of Na* activation of glucose uptake were sigmoidal, with
apparent Hill coefficients of 1.5 in BBMV and 1.2 in isolated
gills, indicating that more than one Na® may be involved in the
transport of each glucose. Harmaline inhibited glucose transport
in mussel BBMV with a K; of 44 uM. The uptake of glucose was
electrogenic and stimulated by an inside-negative membrane po-
tential. The substrate specificity in intact gills and BBMV resem-
bled that of Na*-glucose cotransporters in other systems; D-
glucose and a-methyl glucopyranoside were the most effective
inhibitors of Na*-glucose transport, D-galactose was intermedi-
ate in its inhibition, and there was little or no effect of L-glucose,
D-fructose, 2-deoxy-glucose, or 3-O-methyl glucose. Phlorizin
was an effective inhibitor of Na*-glucose uptake, with an appar-
ent K; of 154 nM in BBMV and 21 n™ in intact gills. While the
qualitative characteristics of glucose transport in the mussel gill
were similar to those in other epithelia, the quantitative charac-
teristics of this process reflect adaptation to the seawater envi-
ronment of this animal.
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Introduction

Soft-bodied marine invertebrates can accumulate
dissolved organic matter, such as amino acids and
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sugars, from seawater directly into the cells of their
integument (Jgrgensen, 1976; Stephens, 1988). In
marine mussels, the primary site for this uptake is
the epithelium of the gill (Pequignat, 1973). There
has been considerable speculation about the poten-
tial role of this transport, particularly in animal nu-
trition (Wright, 1988) and as a mechanism to reduce
diffusional loss of sugars and amino acids to the
environment (Gomme, 1981; Wright & Secomb,
1984, 1986).

Increasing attention is being addressed to the
mechanism and energetics of this process. For ex-
ample, net uptake of amino acids occurs from ambi-
ent concentrations in seawater of less than 1 um
(Manahan, Wright & Stephens, 1983), yet the cellu-
lar amino acid pool of marine invertebrate tissues
exceeds 0.1 M (Zurburg & DeZwaan, 1981). Conse-
quently, integumental transport processes typically
move substrate against chemical gradients in excess
of 10° to 1, and marine bivalves have been shown to
sustain gradients of as much as 107 to 1 (Manahan et
al., 1983; Wright & Secomb, 1986). The energy to
support this transport has been proposed to come
from the inwardly directed electrochemicai gradient
for Na* (see review by Wright, 1988), and evidence
for a direct coupling of alanine and Na* fluxes in the
bivalve gill has recently been reported (Pajor &
Wright, 1987).

In contrast to the numerous reports of amino
acid transport, there have been few studies on the
transport of sugars in marine bivalves, despite indi-
cations that seawater concentrations of carbohy-
drates may exceed those of amino acids by as much
as tenfold (Williams, 1975). The uptake of glucose
into oyster, Crassostrea gigas, gill tissue is sensi-
tive to the concentration of Na*' in the external so-
lution, suggesting that the mechanism of integumen-
tal glucose transport also involves coupling with
Na* (Bamford & Gingles, 1974). This paper de-
scribes the characterization of glucose transport in
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mussels of the genus, Mytilus, through studies that
made use of whole animals, intact gill tissue, and
brush-border membrane vesicles isolated from the
gill. Glucose transport was found to involve an elec-
trogenic, Na*-specific cotransport process, qualita-
tively similar to Na*-dependent glucose transport in
many other epithelial systems (see, e.g., Hopfer,
1987). However, the quantitative characteristics of
this process in marine mussels were unique, and
appear to represent adaptations to the conditions
found in the near-shore environment of these ani-
mals.

Materials and Methods

ANIMALS

Specimens of the common blue mussel (Myfilus edulis) were
purchased from Sea Life Supply, Sand City, CA. California
coastal mussels (Mytilus californianus) were purchased from
Bodega Marine Biological Laboratory, Bodega Bay, CA. They
were maintained in refrigerated aquaria (12°C) containing recir-
culating, aerated artificial seawater (Instant Ocean). Animals
were not fed and were used within two weeks (M. edulis) to six
weeks (M. californianus) of collection.

INTACT MUSSEL EXPERIMENTS

The procedure used in studies involving intact M. californianus
was described by Wright and Secomb (1986). Each animal was
incubated in an artificial seawater (ASW; Cavanaugh, 1956) con-
taining between 3.4 and 4.0 um “C-p-glucose. Samples of the
test medium were collected at intervals and assayed for radioac-
tivity by liquid scintillation counting (Beckman LSC-3801), and
for total D-glucose concentration by the fluorimetric assay of
Hicks and Carey (1968).

ISOLATED GILL EXPERIMENTS

The uptake of glucose into isolated 3. californianus gill tissue
was measured as described by Wright (1985). Excised gills were
suspended in ASW. The gills were preincubated 30 min, and then
transferred to the test solution, which contained, unless noted in
figure legends, 0.5 um “C-p-glucose and 10 uM serotonin (to
activate lateral cilia; Wright, 1979). Uptake was stopped by rins-
ing with ice-cold ASW. A modification of this method was used
for studies involving M. edulis (Pajor & Wright, 1987), since the
gills of this mussel are more fragile than those of M. califor-
nignus. In these studies, rather than being suspended in stirred
solutions, pieces of demibranchs were incubated in test solutions
on a gently rotating shaker. In both procedures, the gill pieces
were blotted dry, weighed, and placed into scintillation vials with
1 ml extraction medium (95% ethanol or 0.1 N HNQ,). Several
hours fater 7 ml of scintillation cocktail (Betaphase) were added
to each vial, and the radioactivity was determined using a liquid
scintillation counter. All counts were corrected for variable
quench. Uptake was expressed as umol glucose accumulated per
gram wet gill weight.
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MEMBRANE PREPARATION

Brush-border membrane vesicles (BBMV) were prepared from
M. edulis gills by differential and sucrose density gradient cen-
trifugation as described in a previous study (Pajor & Wright,
1987). Briefly, the gills were soaked in an artificial seawater con-
taining a high concentration of K+ (115 mM) and | mwM
dithiothreitol (DTT) in order to remove mucus. The gills were
then homogenized in a buffer composed of 500 mm sorbitol,
5 mm ethyleneglycol-bis(8-amino-ethylether)-N-N'-tetraacetic
acid (EGTA), 10 mMm N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid buffered to pH 7.6 with tristhydroxymethyl)-amino-
methane (HEPES-Tris). A crude plasma membrane fraction was
isolated by several differential centrifugation steps. Brush-bor-
der membranes were separated from other membranes using a
linear 30 to 50% (wt/vol) sucrose density gradient. The purity of
the final brush-border membrane preparation was assessed by
monitoring the activity of enzymatic membrane markers, as well
as by measuring rates of cation-dependent amino acid transport.
In a previous study (Pajor & Wright, 1987), it was shown that the
final brush-border vesicle fraction had the highest enrichment
(relative to the initial homogenate) of the apical membrane
marker, y-glutamyl transpeptidase (GGTP; 18-fold), and the low-
est enrichment of the basal-lateral membrane markers, Na,K-
ATPase (0.4-fold} and K-dependent para-nitrophenyl phospha-
tase (PNPPase; 1.8-fold), in addition to the highest activity of
cation-dependent alanine transport.

For most of the studies outlined here, the final brush-border
membrane fraction was resuspended as described previously
(Pajor & Wright, 1987) in a buffer containing 600 mm mannitol
and 10 mM HEPES-Tris at pH 7.6. In the experiments with vesi-
cles containing KCI, the final membrane fraction was resus-
pended in 300 mMm KCl, 10 mm HEPES-Tris at pH 7.6 and left on
ice approximately 6 hr, followed by 30 min at room temperature.

TRANSPORT MEASUREMENTS WITH BBMV

The transport of substrates into membrane vesicles was mea-
sured using a rapid filtration method described by Wright et al.
(1983). The transport reaction was run at room temperature,
stopped with 1 ml ice-cold isosmotic mannitol buffer (600 mm
mannitol, 10 mm HEPES-Tris, pH 7.6), and the reaction mixture
rapidly filtered with suction through a 0.45 um filter (Millipore
HAWP) and washed with 4 ml of cold mannitol buffer. The la-
beled substrate retained on the filter was extracted in scintillation
vials containing 6 ml of scintillation cocktail (Betaphase) and
radioactivity was determined. All uptakes were corrected for
nonspecific binding to membranes and filters.

BINDING MEASUREMENTS

The equilibrium binding of tracer *H-ouabain (1.5 x 10° dpm)
was measured in the same buffer used for measurement of Na,K-
ATPase activity (Mircheff & Wright, 1976): 100 mm NaCl, 10 mm
KCl, 5 mm MgCl,, 3 mm EDTA, 3 mMm ATP, 83.5 mm Tris, pH
8.0. Ninety microliters of this buffer were combined with 10 ul
BBMYV, and binding was allowed to proceed for 10 min. The
incubations were stopped and filtered as in transport experi-
ments. Specific binding to ouabain binding sites on the mem-
brane was determined from the difference between binding in the
presence and absence of 1 mm unlabeled ouabain.
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CHEMICALS

3H-p-glucose (83 Ci/mmol), “C-p-glucose (359 mCi/mmol), "“C-
a-methyl-D-glucopyranoside (150 mCi/mmol) and *H-ouabain
(40 Ci/mmol) were purchased from NEN. All other chemicals
were obtained from Sigma Chemical Corporation. Valinomycin,
FCCP, phloretin, and cytochalasin B were added to transport
buffers as stock solutions in ethanol and the final concentration
of ethanol in these buffers was 1%.

Results

NET UPTAKE OF GLUCOSE IN INTACT MUSSELS

Figure | shows the results of an experiment in
which the rate of disappearance of “C-p-glucose
from the medium, a relative measure of influx, and
the amount of chemically-determined D-glucose in
the medium, an indication of net flux, were moni-
tored over time. Over the course of the 30-min test
period, the influx and net flux of glucose were simi-
lar. This implies that there was little efflux of glu-
cose from the mussel, and that the uptake of ra-
diolabeled glucose was a good measure of net
uptake.

In experiments with three animals, the mean
initial rate of influx was 2.83 = .007 umol/g (wet wt
gill tissue)-hr (n = 2), while the net rate of glucose
clearance was 3.49 = 0.18 umol/g (wet wt gill tis-
sue)-hr (n = 3).

Time CoURSE OF GLUCOSE UPTAKE IN GILLS

The rate of glucose uptake into intact, isolated gills
of M. californianus was linear for at least 10 min
(Fig. 2, inset). There was extensive metabolism of
the accumulated glucose during this period. Chro-
matograms of 80% ethanol extracts of gills pulse-
labeled for 10 min had no demonstrable peak of *C-
glucose. As much as 16% of the accumulated
radioactivity was released to the medium as “CO,,
as shown by trapping of acid-volatile material in
hyamine hydroxide (data not shown). In contrast,
chromatograms of extracts of gills pulse-labeled for
10 min with the glucose analog, “C-a-methyl-p-glu-
copyranoside (a-MG), resulted in almost complete
recovery (99.6%) of accumulated radiolabel from a
single peak that coincided with that of the stock *C-
a-MG. In other epithelial systems, «-MG has been
shown to be transported by the Na*-glucose co-
transporter (Kimmich & Randles, 1981). We elected
to use a 5-min incubation in our subsequent studies
of glucose uptake into intact gill tissue, though the
above results indicate that this may have repre-
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Fig. 1. Influx and net flux of glucose in an intact M. califor-
nianus. The animal was placed into 500 ml of artificial seawater
containing 3.5 umol “C-p-glucose. Samples of this medium were
collected and analyzed for radioactivity (filled circles) or total
glucose concentration (open circles)
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Fig. 2. Time course of 0.5 uM “C-p-glucose uptake into isolated
gills of M. californianus, over 60 sec and (inset) 10 min. Test
solutions consisted of either Na*-containing artificial seawater
(Na-ASW) or ASW in which the Na* was replaced with Li* (Li-
ASW). Each point represents the mean =+ sE of experiments with
gills from four separate animals

sented an underestimate of the initial rate of sub-
strate influx.

Figure 2 also shows the uptake of glucose into
intact gills in Na*-free seawater (the Na* was re-
placed by Li™). Under these conditions, the rate of
glucose uptake was reduced by 96%. Figure 3 sum-
marizes the effects of Na* replacement by monova-
lent cations in both M. californianus and M. edulis.
The initial rate of glucose uptake in Li*-, K*-, or
choline*-ASW was reduced by more than 85%, rel-
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Fig. 3. Effect of replacing Na* in seawater with Li*, K+, or
choline* on the 5-min uptake rate of 0.5 uM C-p-glucose into
isolated gill tissue of M. californianus and M. edulis. The bars
represent means * SE of experiments conducted with three ani-
mals
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Fig. 4. Kinetics of uptake of “C-p-glucose in intact gills of M.
californianus. Test solutions contained ASW, 10 uM serotonin,
and up to 100 uM "C-p-glucose. The points represent means =+
Sk of experiments conducted with gills from four separate ani-
mals. The kinetic constants shown were calculated from nonlin-
ear regressions for the best fit to the Michaelis-Menten equation
(Duggleby, 1981)

ative to the rate of glucose uptake in Na*-contain-
ing ASW.

KINETICS IN INTACT GILLS

Glucose uptake into intact gills of M. californianus
was saturable and adequately described by the Mi-
chaelis-Menten equation

_ Jmax ) [S]
T=% =181 @

where J is the initial rate of uptake from an external
glucose concentration of [S], Jo.x is the maximal
rate of uptake, and K, is the concentration of sub-
strate at which the rate of glucose uptake is 12 J 5y .
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Fig, 5. Distribution of Na*-dependent glucose transport and spe-
cific ouabain binding in a linear 30-50% sucrose density gradient,
Fraction 1 represents the top (30%) of the gradient. The transport
activity or amount of binding is shown as a percent of the total
activity or binding in the gradient. Vesicles contained 600 mm
mannitol, 10 mm HEPES-Tris, pH 7.6. Each point represents the
mean of two determinations. For measurement of glucose trans-
port, transport buffers contained 60 mM mannitol, 260 mm NaCl
or KCl, plus 10 mm HEPES-Tris, pH 7.6, 0.5 uM *H-D-glucose,
25 uM FCCP. Ten-sec uptakes were measured. The Na*t-depen-
dent glucose transport shown represents the difference between
transport in NaCl and KCI. Other conditions are described in
Materials and Methods

In experiments with four animals, the J,,, was
14 + 2 umol/g-hr and the apparent K, was 9 + 1 um
(Fig. 4). There was no indication of any parallel,
nonsaturable pathways for glucose uptake in the in-
tact gill.

DiSTRIBUTION OF TRANSPORT ACTIVITY AND
BINDING IN THE SUCROSE GRADIENT

The preceding experiments showed that there was
net uptake of glucose in mussel gills by a carrier-
mediated, Na*-sensitive process. It was decided to
characterize further the uptake of glucose in mussel
gills using a preparation of isolated brush-border
membranes. In a previous study (Pajor & Wright,
1987), two major membrane populations were sepa-
rated by the sucrose density gradient. The higher
density population near the bottom of the gradient
contained the highest activity of GGTP and highest
rate of cation-dependent alanine transport. This
fraction was concluded to be enriched in brush-bor-
der membranes. The lower density population near
the top of the gradient was enriched in Na,K-
ATPase and K-PNPPase activity and was thought
to represent basal-lateral membranes. As shown in
Fig. 5, the distribution of Na*-dependent glucose
uptake showed a peak near the bottom of the gradi-
ent in fractions previously concluded to represent
the brush-border membranes. The distribution of
Na*-dependent taurine and lysine transport also
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Fig. 6. Time course of b-glucose uptake into brush-border mem-
brane vesicles from mussel gills. The vesicles were resuspended
in 600 mM mannitol, 10 mm HEPES-Tris, pH 7.6. The transport
buffers contained 0.5 uM *H-D-glucose, 60 mM mannitol, 10 mm
HEPES-Tris, pH 7.6 and either 260 mm NaCl, 260 mm KCl, or
260 mMm NaCl plus 10 uM phlorizin. Data points are the means of
triplicate measures of uptake from a single membrane prepara-
tion

showed peaks near the bottom of the gradient
{results not shown). The specific binding of ouabain
(Fig. 5) was distributed with a peak near the top of
the gradient, and coincided with the distribution of
Na,K-ATPase (Pajor & Wright, 1987).

TiME CoURSE OF GLUCOSE UPTAKE IN BBMV

The time course of glucose uptake in BBMV is
shown in Fig. 6. In the presence of an inwardly
directed sodium gradient there was a transient over-
shoot in intravesicular glucose concentration,
which reached a maximum at approximately 2 min.
The glucose concentration in the vesicles then de-
creased slowly and reached an apparent equilibrium
by 6 hr. The peak of the overshoot exceeded the
equilibrium value by 9.4 + 1.8-fold (n = 3). When
Na* was replaced with K*, or when phlorizin, an
inhibitor of Na*-dependent glucose transport in the
gill (see Fig. 15), was added, the overshoot in glu-
cose concentration was abolished and intravesicu-
lar glucose concentrations rose slowly, presumably
by diffusion, to reach apparent equilibrium by 6 hr.
These results support the hypothesis that the trans-
port of glucose and Na* is coupled, since concen-
trative uptake of glucose (the ‘‘overshoot’) was
seen only in the presence of an inwardly directed
gradient of Na*.

The uptake of glucose occurred into an osmoti-
cally active space. The apparent equilibrium space
(i.e., uptake at 6 hr) was progressively reduced
when time course experiments were carried out in
solutions of increasing osmotic concentration (pre-
pared using 260 mmM NaCl, 60 mM mannitol, 10 mm
HEPES-Tris and concentrations of polyethylene
glycol (PEG) 400 ranging from 0 to 600 mm) (data
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Fig. 7. Cation specificity of glucose uptake in BBMV. Initial
rates (10 sec) of uptake were measured. Vesicles were resus-
pended in 600 mM mannitol, 10 mm HEPES-Tris, pH 7.6. Trans-
port buffers contained 0.5 uM *H-D-glucose, 60 mMm mannitol, 10
mum HEPES-Tris, pH 7.6, 25 uM FCCP and either 260 mM NaCl,
LiCl, KCI, CholineCl, N-methyl p-glucamineCl (NMG) or 600
mM mannitol. The uptake is expressed as a percentage of that
seen in NaCl. The data represent the means = SE of experiments
with three membrane preparations

not shown). The equilibrium space in the presence
of 600 mMm PEG was 19% of the control.

CATION SPECIFICITY OF GLUCOSE UPTAKE
IN BBMV

The uptake of glucose in BBMV was dependent
upon the presence of Na* (Fig. 7). The replacement
of Na* by Li*, K*, choline*, N-methyl p-glu-
camine (NMG) or by mannitol reduced the initial
rate of glucose uptake by more than 98%.

KINETICS OF GLucoSE UPTAKE IN BBMY

Preliminary experiments showed that the rate of
glucose uptake in BBMV at 0.5 umM was linear
through 15 sec and at 25 uM, linear up to 10 sec.
Therefore, 10-sec uptakes were used to calculate
initial rates of glucose uptake in the following ki-
netic experiments.

The kinetics of glucose transport under voltage-
clamped conditions (the effects of membrane poten-
tial on glucose transport are discussed in detail in a
later section) are presented in Fig. 8 for a represen-
tative membrane preparation. The uptake of glu-
cose was saturable (inset, Fig. 8) and the kinetics
were adequately described by the Michaelis-Men-
ten equation [Eq. (1)]. The Woolf-Augustinsson-
Hofstee plot (Fig. 8) of the data was linear suggest-
ing the presence of a single saturable process. In
experiments with membranes from four separate
preparations, the Jy.x for glucose transport was 480
+ 84 pmol/mg-min with an apparent K, of 3 £ 1 uM.
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Fig. 8. Kinetics of glucose uptake in BBMV. Woolf-Augustins-
son-Hofstee plot of the initial rate (10 sec) of glucose uptake (J)
at different glucose concentrations [S]. The insert shows the
same data, presented as a Michaelis-Menten plot. Vesicles were
resuspended in 600 mM mannitol, 10 mM HEPES-Tris, pH 7.6.
Transport buffers contained *H-p-glucose (from 0.5 to 100 uM),
260 mm NaCl, 60 mM mannitol, 10 mm HEPES-Tris, pH 7.6 and
25 uM FCCP. Each point represents the mean * SE (some of the
points are larger than the error bars) of triplicate determinations
from a single membrane preparation. The line in the main figure
was determined using a linear regression, but the kinetic parame-
ters (Jmax 580 pmol/mg-min, K, 3 uM) were determined from a
nonlinear regression of the data fit to the Michaelis-Menten equa-
tion (Duggleby, 1981)

NA*-ACTIVATION OF GLUCOSE UPTAKE

The activation of glucose uptake in BBMV ap-
peared to be a sigmoid, rather than hyperbolic,
function of the extravesicular Na* concentration
(Fig. 94). Similar results were obtained in studies
of the effect of Na* on glucose uptake in intact gills
(Fig. 9B). These observations suggest that more
than one Na* ion is involved in the transport of
each glucose molecule across the brush-border
membrane of the gill. For the purposes of compari-
son with other studies, Hill analyses of the data
were carried out. In experiments with four separate
preparations of BBMV, the apparent Hill coeffi-
cient, n, was 1.5 = 0.1, the Ky, was 97 = 10 mM,
and the J.x for uptake of 0.5 uM glucose was 66 + 9
pmol/mg-min. In the isolated gill, n was 1.2 = 0.3,
the Ky, was 142 = 65 mmM, and the J., was 0.9 +
0.2 wmol/g-hr.

INHIBITION OF GLUCOSE TRANSPORT
BY HARMALINE

Harmaline has been shown to inhibit Na*-glucose
cotransport in rabbit kidney BBMV by competing

A.M. Pajor et al.: Glucose Transport in Marine Bivalve Gills

with Na* for binding at the transporter (Aronson &
Bounds, 1980). Figure 10A shows a Dixon plot of
harmaline inhibition of Na*-glucose transport in
mussel gill BBMV at two different concentrations
of Na*. The intersection of the two lines above the
x-axis indicated that harmaline interacted with the
glucose transporter as a competitive inhibitor of
Na* (see Segel, 1975) with a K; of 44 um (Fig. 10).
The interaction between harmaline and the trans-
porter was hyperbolic, as shown by the linear Dixon
plot in Fig. 10, implying that glucose uptake was
inhibited when a single Na* binding site on the
transporter was blocked. Harmaline inhibition of
glucose uptake by intact gills in full-strength seawa-
ter (425 mMm Na*) was also hyperbolic (Fig. 10B).
Under this condition, the concentration of harma-
line which inhibited glucose uptake by 50% (the
ICsp) was 560 = 100 um (1 = 5).

EFFECT OF MEMBRANE POTENTIAL ON GLUCOSE
UPTAKE IN BBMV

The cotransport of Na* with glucose should be elec-
trogenic, bringing a net positive charge into the ves-
icles. To test this prediction, the effects of mem-
brane potential difference (PD) on glucose transport
were examined. The PD of the vesicles was manipu-
lated in three ways. First, diffusion potentials of
anions having different permeabilities in other epi-
thelia were used (Gunther, Schell & Wright, 1984;
Kimmich et al., 1985). The initial rate of Na*-de-
pendent glucose transport was stimulated in the
presence of the permeant anion, thiocyanate
(SCN™), and inhibited in the presence of the imper-
meant anion, isethionate, relative to the uptake in
CI~ (Fig. 11). These voltage-dependent differences
in uptake rate were abolished by addition of the
protonophore, carbonyl cyanide p-trifluoromethoxy
phenylhydrazone (FCCP), which should have
clamped the PD at 0 mV, given equal pH inside and
outside the vesicles (pH 7.6). These observations
support the contention that Na*-dependent glucose
uptake in these membranes is electrogenic and stim-
ulated by an inside-negative membrane potential. In
later studies, 25 um FCCP, and equal pH inside and
outside the vesicles, was routinely used to voltage-
clamp the vesicles at PD = (.

The second approach involved manipulation of
PD through the use of K* diffusion potentials, es-
tablished with K* gradients and the ionophore, va-
linomycin. Figure 124 shows the time course of
glucose uptake into KCl-loaded vesicles, under
control conditions or with the Kt*-selective
lonophore, valinomycin, present in the transport
buffer. There was a marked stimulation of both the
initial rate and the height of the overshoot in the
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Fig. 9. The activation of the initial rate of glucose uptake by increasing concentrations of Na*. (4) BBMV: Vesicles were resuspended
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HEPES-Tris, at pH 7.6, 25 uM FCCP, and NaCl from 0 to 260 mM (the solutions were kept isoosmotic with LiCl). Ten-second uptakes
were measured. Each point represents the mean + s of triplicate determinations from a single membrane preparation. (B) Intact gills
from M. californianus: Demibranchs were incubated 5 min. in ASW containing 0.5 uM "“C-p-glucose and increasing concentrations of
Na*, with Li* used as the replacement ion for Na*. The points represent means * range of determinations using two animals. The
kinetic parameters were determined by a computer program for the best fit to the Hill equation
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Fig. 10. (A) Dixon plot of the initial rate (10 sec) of glucose uptake (J) at increasing concentrations of harmaline in BBMV. Vesicles
contained 600 mM mannitol, 10 mM HEPES-Tris, pH 7.6. Transport buffers contained 0.5 uM *H-D-glucose, 60 mM mannitol, 260 or 87
mM NaCl, 10 mM HEPES-Tris, pH 7.6, 25 um FCCP and up to 300 uM harmaline. Individual data points (triplicate determinations from
a single membrane preparation) are shown. The equations of the lines were determined from least-squares linear regressions of the
data, and the K; shown is the negative x-intercept of the intersection of those lines. (B) Inhibition of glucose uptake by harmaline in
intact M. californianus gills. Gills were incubated 5 min in full-strength ASW (425 mm Na*) with 0.5 um "C-p-glucose, and up to 1 mM
harmaline. The data points represent means + S of determinations using gills from five separate animals. The ICs shown is the mean *
sE of the x-intercepts from five individual plots

presence of valinomycin (i.e., an inside-negative
membrane potential). Figure 12B shows the effect
of adding valinomycin to KCl-containing vesicles at
the peak of the overshoot. Since the leak pathways
for glucose in these vesicles are very small (see
Figs. 7 and 8), the overshoot represents the point at
which the energy in the inwardly directed Na* elec-
trochemical gradient is balanced by the outwardly
directed glucose gradient (see Aronson, 1981). Ad-

dition of valinomycin at this point produced an in-
crease in the height of the overshoot, suggesting
that the additional energy from the inside-negative
membrane potential could drive uphill transport of
glucose. The reverse experiment, adding valinomy-
cin in a transport buffer containing 200 mm NaCl
and 100 mm KCI to mannitol-loaded vesicles, re-
sulted in a decrease in the initial rate of 68 = 1% (n
= 3), a 77% decrease in the height of the overshoot
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when valinomycin was added at time = 0, and a
more rapid decrease in intravesicular glucose con-
centration when valinomycin was added at the
overshoot (1 min after addition of valinomycin the
uptake was reduced by 60%). Preliminary experi-
ments with valinomycin in NaCl showed that there
was no direct effect of the ionophore on the initial
rate of glucose transport (results not shown).

In the third approach, the electrogenicity of glu-
cose transport in gill BBMYV was also demonstrated
in experiments which utilized the diffusion of pro-
tons via the proton ionophore, FCCP, to manipulate

300 4
200 4

100 4

Uptake (pmol/mg—min)

Fig. 11. The effects of anions and FCCP on the initial rate (10
sec) of glucose uptake in BBMV. Vesicles were resuspended in
600 mM mannitol, 10 mm HEPES-Tris, pH 7.6. Transport buffers
contained 10 uM H-p-glucose, 60 mM mannitol, 10 mm HEPES-
Tris, pH 7.6 and 260 mM of either NaCl, NaSCN, or Nalsethio-
nate. The control groups (shown on the left of the figure) re-
ceived ethanol, while the FCCP groups (shown on the right)
received 25 uM FCCP in ethanol. The final ethanol content of the
transport buffers was 1%. Each bar represents the mean = sg of
triplicate determinations from a single membrane preparation
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membrane potential (Hopfer, Lehninger & Thomp-
son, 1968). The initial rate of glucose uptake in
NaCl was stimulated 1.5-fold in the presence of an
outwardly directed pH gradient (7.6 inside, 8.5 out-
side) when FCCP was added. In the presence of an
inwardly directed pH gradient (7.6 inside, 6.0 out-
side) plus FCCP, the initial rate of glucose uptake
was only 70% of the control. In the absence of a pH
gradient (pH 7.6) the addition of FCCP had no ef-
fect on glucose transport.

SUBSTRATE SPECIFICITY

The inhibitory effects of a series of structural ana-
logs of glucose on Na*-dependent glucose transport
in mussel gill BBMV are shown in Fig. 13. The
transporter showed stereospecificity for the p-iso-
mer of glucose: 100 uM D-glucose inhibited uptake
of 0.5 uM *H-p-glucose by 97% while 100 um L-
glucose had no effect. A modification of the struc-
ture of glucose at the CI position had no effect on
transport; «-MG was as effective an inhibitor as b-
glucose. Modification of the glucose structure at po-
sition C2 or C3 abolished its ability to interact with
the Na*-glucose transporter; there were no signifi-
cant inhibitory effects of either 2-deoxy-glucose or
3-O-methyl-glucose. D-galactose (100 uM) reduced
uptake of D-glucose by 84%, indicating that a modifi-
cation of the structure of glucose at C4 reduced the
affinity of substrates for the glucose transporter. p-
fructose did not inhibit glucose transport.

The effects of 100 uM concentrations of these
sugars on the transport of 0.5 um “C-glucose in
intact gills of M. edulis and M. californianus were
very similar to their effects in the BBMV (Fig. 14).
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Fig. 12. Time courses of glucose uptake in brush-border membrane vesicles resuspended in 300 my KCI, 10 mm HEPES-Tris, pH 7.6.
Transport buffers contained 0.5 uM *H-D-glucose, 60 mM mannitol, 260 mm NaCl, 10 mm HEPES-Tris, pH 7.6 and either ethanol
(control) or 25 ug/ml valinomycin in ethanol. (A): Time courses in which the vesicles were preincubated with ethanol or valinomycin
and the transport buffers also contained ethanol or valinomycin from the start. (B): Time courses that were started without ethanol or
valinomycin. The ethanol or valinomycin was added at | min (indicated by the arrow). Each point represents the mean of triplicate

determinations from a single membrane preparation
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As in the BBMV, b-glucose and aMG were the
most effective inhibitors (greater than 80% inhibi-
tion) of D-glucose transport. D-galactose, which re-
duced glucose uptake by 84% in the BBMYV, inhib-
ited glucose uptake by less than 50% in the gill.
There were minor effects (less than 20% inhibition)
of 2-deoxy-glucose and 3-O-methyl-glucose on glu-
cose transport in the gill. Finally, L-glucose and p-

Control
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o —methyl—glucoside
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2—deoxy—glucose

D—fructose
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Fig. 13. Effect of glucose analogs on Na*-glucose transport in
mussel gill brush-border membrane vesicles. Vesicles were re-
suspended in 600 mM mannitol, 10 mm HEPES-Tris, pH 7.6.
Initial rates (10 sec) were measured. Transport buffers contained
0.5 uM 3H-p-glucose, 260 mm NaCl, 60 mM mannitol, 10 mm
HEPES-Tris, pH 7.6, 25 uM FCCP and either distilled water
(control) or 100 uM inhibitor. The uptake seen in the presence of
inhibitor is expressed as a percentage of control and each bar
represents the mean * st of experiments from three different
membrane preparations

0.04 -

A o
e
— ///
g 0.034 e
a
~ i
£ .
= 0.02- o. 8
o k’
£ -4
S’ //
2 0011 e
— e
e Kj app 153 nM
0.00 al
~200 ~100 0 100 200

[Phlorizin] nM

85

fructose did not inhibit the uptake of glucose in the
intact gill.

Phlorizin was an effective inhibitor of glucose
transport in both BBMV and intact gills. The kinet-
ics of the interaction of phlorizin with the glucose
transporter are shown as modified Dixon plots in
Fig. I15A and B. The mean apparent K; for phlorizin
in BBMV was 154 = 17 nM (n = 3), and in intact
gills, was 21 £ 9 nm (n = 6). The differences in
apparent K; between preparations may be related to
the different concentrations of Na' used (260 mm

[ M. californianus
B M. edulis

Control 5

D~glucose 4

L—glucose
a—methyl—glucoside -

D—galactose

3—0—methyl~glucose
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Fig. 14. Effect of glucose analogs on Na*-glucose transport in
isolated gills from M. californianus and M. edulis. The test solu-
tions contained: 0.5 uM *C-p-glucose, 100 uM inhibitor (control
solutions contained water), and 10 uM serotonin in ASW. Up-
takes were measured for S min. The bars represent means *+ SE
of experiments conducted with three animals
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Fig. 15. Modified Dixon plots of the initial rates of glucose uptake (/) at increasing concentrations of phlorizin. The dashed lines were
determined from least-squares linear regressions of the data and the apparent K;’s shown are the negative x-intercepts of those lines.
(4) BBMV: Vesicles contained 600 mm mannitol, 10 mm HEPES-Tris, pH 7.6. Transport buffers contained 0.5 um *H-p-glucose, 260
mm NaCl, 60 mm mannitol, 10 mM HEPES-Tris, pH 7.6, 25 um FCCP and up to 200 nM phlorizin. Uptakes were measured for 10 sec.
Means =+ s of triplicate determinations from a single membrane preparation are shown. (B) Isolated gills from M. californianus: The
test solutions contained 0.5 uM “C-p-glucose, up to 100 uM phlorizin, and 10 uM serotonin in ASW. Five-minute uptakes were
measured. The points represent means * s of determinations using six animals.
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for BBMV vs. 425 mm for gills). Phloretin and cyto-
chalasin B, inhibitors of Na*-independent glucose
transport (Basketter & Widdas, 1978), had compar-
atively minor inhibitory effects on Na'*-dependent
glucose transport in gill BBMV. In a single experi-
ment, 1 uM phlorizin inhibited the initial rate of 0.5
M glucose transport by 91%, while 1 um phloretin
or | uM cytochalasin B only inhibited glucose trans-
port by 15 and 12%, respectively.

Discussion

The transport of D-glucose in mussel gills resembles
the concentrative uptake of glucose in other trans-
porting epithelia, such as the mammalian small in-
testine and kidney (see reviews by Ullrich, 1986;
Hopfer, 1987). This uptake occurs by a secondary
active process involving cotransport of sodium and
glucose. As shown here, this process is capable of a
net accumulation of glucose into the cells of the
integument from ambient concentrations in seawa-
ter of less than 100 nm.

Two related species of mussels were used for
these studies: Mytilus edulis and Mytilus califor-
nianus. The results presented here showed that
there were no qualitative differences in glucose
transport between these two species. However,
each of these species had unique characteristics
that dictated their use for the different aspects of
this study. The gills of M. californianus are ideally
suited for intact gill experiments because the stable
junctions between adjacent filaments prevent dam-
age to the gill during the handling associated with
transport measurements. In contrast, M. edulis gills
have very fragile interfilamentous junctions, and so
were easily disrupted during the gentle homogeniza-
tion procedures used in the preparation of brush-
border membrane vesicles.

The epithelial cells of mussel gills, and of other
marine invertebrate integuments (Ahearn &
Gomme, 1975), rapidly metabolize transported glu-
cose. However, since the concentrations of glucose
in seawater are extremely low, perhaps on the order
of 50 nMm (Vaccaro et al., 1968), the transmembrane
glucose gradient is still likely to be large and out-
wardly directed (see also Gomme, 1981). Initial ob-
servations of glucose transport in intact mussel gills
showed that net uptake of glucose occurred by a
Na™-sensitive, carrier-mediated process. This sug-
gested that the mechanism of uphill glucose trans-
port in the gill involves a coupling of the movements
of Na* and glucose, as in vertebrate epithelia. In
order to address this question, studies were per-
formed using brush-border membrane vesicles pre-
pared from mussel gills.
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The transient concentrative uptake of glucose
(the ““overshoot’’) in BBMYV seen in the time course
experiment (Fig. 6) provides evidence that the en-
ergy for active transport of glucose in the gill comes
from an inwardly directed gradient of sodium, and
requires coupling between the movements of glu-
cose and sodium. Furthermore, this transport
shows specificity for Na', since replacement of
Na* by other cations decreased the initial rate of
uptake and abolished the overshoot. The Na* re-
quirement for glucose uptake observed here in mus-
sel gills, as well as in other bivalve gill preparations
(Bamford & Gingles, 1974), supports the suggestion
that cotransport with Na™ is a general feature of
concentrative glucose transport in animal cells. In
contrast, alanine transport in mussel gill BBMV in-
volves a component that exhibits a low cation selec-
tivity, since concentrative transport was supported
by gradients of Li* and K* as well as Na* (Pajor &
Wright, 1987).

The transport of glucose in gill BBMV was elec-
trogenic, and was affected by changes in membrane
potential (Figs. 11 and 12). It should be emphasized
that changes in initial rates of transport produced by
manipulations of membrane potential do not in
themselves provide evidence that transport is elec-
trogenic; changes in initial rates may simply reflect
a catalytic effect of membrane potential on the
transporter. Nevertheless, the time course experi-
ments show that an inside-negative membrane po-
tential can provide energy for uphill transport (Fig.
12). The peak of the overshoot in a time course
experiment, in the absence of leak pathways, signi-
fies the point at which the energy in the inwardly
directed sodium gradient is equal to the outwardly
directed glucose gradient (see Aronson, 1981), Be-
yond this point there is no net concentrative uptake
of glucose and intravesicular glucose concentra-
tions fall toward equilibrium. In the experiment
shown in Fig. 12B, the generation of an inside-nega-
tive diffusion potential in these vesicles at the time
of the overshoot resulted in an increase in the height
of the glucose overshoot. This indicated that the
energy in such an electrical gradient was additive to
that in the Na* chemical gradient, evidence that the
membrane potential can provide energy for uphill
transport of glucose. This is consistent with a trans-
port mechanism that involves cotransport of so-
dium and glucose, with a net transfer of positive
charge.

The brush border of the mussel gill probably
contains only a single carrier-mediated pathway for
the uptake of glucose (Figs. 4 and 8), based on the
linear relationship of the Woolf-Augustinsson-Hof-
stee plot. This transporter appears to have a very
high affinity substrate binding site, as shown by an
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apparent K, for glucose ranging from 3 uM in
BBMY to 9 uM in intact gills, and apparent K; for
phlorizin of 150 nm in BBMV and 21 nM in intact
gills. In contrast, the major Na*-glucose transport
system in mammals has K, values between 0.2 and 4
mM (see review by Hopfer, 1987). The high sub-
strate affinity in mussels appears to reflect the low
glucose concentrations in the near-shore waters,
less than 1 um (Vaccaro et al., 1968), to which the
brush-border membrane of the integument is ex-
posed.

The large outwardly directed glucose gradient
across the mussel gill brush-border membrane could
conceivably be overcome by coupling more than
one Na* to the transport of each glucose (see Aron-
son, 1981). There are several reports of Na*-glu-
cose cotransporters in vertebrate epithelia with
coupling coefficients of two or more (e.g., Kimmich
& Randles, 1980; Turner & Moran, 1982; Kaunitz &
Wright, 1984). The Na'-glucose cotransporter in
the late portion of the renal proximal tubule (Turner
& Moran, 1982) has a coupling stoichiometry of
2:1. This has been suggested to represent an adap-
tation permitting the accumulation of the last traces
of glucose in the nephron against large concentra-
tion gradients.

The kinetics of the interaction of Na* with the
glucose transporter in mussel gills suggested a cou-
pling coefficient of at least 2: 1. The energy from the
chemical gradient of Na*, together with the —60
mV potential difference (Murakami & Takhashi,
1975), across the gill brush-border membrane, could
potentially support uptake against up to a 90,000-
fold gradient of glucose if two Na* ions were cou-
pled to the movement of each glucose (see discus-
sion in Manahan et al., 1983). Furthermore, the
kinetics of glucose uptake suggest that the passive
permeability of the brush-border membrane to glu-
cose is low. This would serve to reduce passive
leaks from the gill in the face of a large outwardly
directed glucose gradient.

The substrate specificity of glucose transport in
mussel] gill BBMV was very similar to that of the
intact gill (Figs. 13 and 14). The effects of glucose
analogs on sugar transport by the gills of other ma-
rine bivalves, Ostrea edulis (Riley, 1981) and Cras-
sostrea gigas (Bamford & Gingles, 1974), resem-
bled their effects on transport in the mussel gill. A
similar pattern of inhibition of glucose transport by
sugars was observed for the integument of the poly-
chaete worm, Nereis diversicolor, although L-glu-
cose, which did not affect transport in bivalve gills,
did inhibit p-glucose transport in Nereis (Albrecht-
sen & Gomme, 1984). It appears, therefore, that
integumental glucose transporters in general have
substrate specificities, which are very similar to
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those in mammalian epithelia (Turner & Silverman,
1978). In all preparations studied to date, a-methyl
glucoside is an effective inhibitor of Na*-dependent
D-glucose transport, D-galactose is intermediate in
its effects, and removal of the OH group at C2 of
glucose removes any inhibitory effects.

The Na*-dependent glucose transport activity
of mussel gills was predominantly found in brush-
border membrane fractions. There was no evidence
of Na'-independent transport of glucose in the
BBMYV, so we conclude that the brush border prob-
ably contains a single Na*-dependent glucose trans-
porter. There was no peak in the distribution of
Na*-independent glucose uptake in the sucrose
density gradient, which may suggest that this path-
way is absent from basal-lateral membranes. How-
ever, if the Na*-independent transport has a high X,
for glucose, for example in the millimolar range, the
existence of this pathway in the basal-lateral mem-
brane fractions may have been overlooked with the
micromolar substrate concentrations used in the
present set of experiments.

In conclusion, the transport of p-glucose in in-
tact gills and in BBMV isolated from the gills of the
mussel, Mytilus, resembled quite closely Na*-glu-
cose cotransport in vertebrate epithelia. Of interest,
though, are the quantitative characteristics of the
process in the bivalve integument. The high sub-
strate affinity and coupling of multiple Na* jons to
the flux of each glucose molecule suggests that this
transporter is well-adapted for operation at the ex-
tremely low environmental glucose levels to which
it is exposed.

This study was funded in part by a NIH predoctoral training
grant to AMP (HIL-07249) and by NSF Grant DCB85-17769.
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