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ABSTRACT 

Marine mussels accumulate amino acids and glucose from seawater against consider

able concentration gradients. The principal site for this uptake is the gill. Previous studies 

using intact, isolated gills from marine mussels have suggested that the transport 

mechanism involves coupling to Na+, similar to the mechanism of secondary active 

transport of amino acids and glucose in vertebrate epithelia, but until this dissertation there 

had been no rigorous test of this hypothesis. Brush border membrane vesicles (BBMV) 

were prepared from the gills of the marine mussel, Mytilus edulis, by differential and 

sucrose density centrifugation. The preparation procedure isolated a population of 

membranes enriched in brush border membrane markers. The transport of amino acids by 

two pathways, the alanine-lysine pathway (AK) and the alanine-proline pathway (AP), and 

the uptake of glucose was studied in the BBMV. The mechanism of transport through the 

three transport pathways in BBMV involved coupling to Na+. Concentrative uptake 

through the AK pathway, which transported alanine and lysine, also occurred in the 

presence of Li+ and K+ gradients. This pathway was the major route for alanine transport 

in BBMV. The AP pathway transported alanine and proline, and was strictly dependent on 

Na+. Glucose transport in gill BBMV resembled quite closely the Na+-coupled transport of 

glucose in vertebrate epithelia in such characteristics as Na+ and substrate specificity, and 

electrogenicity. Transport through the two amino acid uptake pathways (AK and AP) and 

through the glucose uptake pathway could be described by Michaelis-Menten kinetics, with 

high substrate affinities (Kt's below to J.'M). Furthermore, it is likely that multiple Na+ 

ions are involved in the transport of these amino acids and glucose in mussel gill BBMV. 

It appears that these transporters are adapted for function at low substrate concentrations 

and against large concentration gradients. 



CHAPTER 1 

INTRODUCTION 

Transport. 
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The cell plasma membrane consists of a lipid bilayer which separates two aqueous 

compartments of different composition. The properties of this plasma membrane are such 

that it allows passage of water, small ions, and lipophilic molecules but it restricts the 

passive flux of large or hydrophilic molecules. This has two consequences for the cell. 

First, the enclosure of charged non-diffusible molecules, such as proteins, by the semi

permeable cell membrane results in an osmotic and electrical gradient. If not counter

balanced, the ensuing water and salt uptake could result in lysis of the cell. Second, many 

compounds found in the aqueous compartments do not readily cross the membrane or do 

so at a very low rate, particularly if they are very hydrophilic. This would, for example, 

restrict the uptake of many nutrients. 

The membranes of cells contain transport molecules, which are embedded in the 

membrane, to selectively allow passage of certain molecules into and out of the cell, and 

thus regulate intracellular composition. It has been proposed that membrane-bound trans

porters first evolved in order to maintain cell volume (Wilson and Lin, 1980). Early trans

porters probably pumped ions out of the cells, similar to the present function of the 

Na+ ,K + -ATPase in eukaryotes. Later, it is thought that specific transporters evolved to 

increase the rate of nutrient uptake and release of wastes. The function of most transport

ers, then, is to regulate cell composition, including volume, pH, and nutritional status. 

The transporters of epithelial cells may also regulate the water and solute balance of 

the whole organism. Epithelial cells, such as those lining the intestine and renal nephron, 

form a barrier between different compartments. The cells of epithelia are characterized b} 
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their polarized structure and function (see Fig. 1). The apical and basal-lateral membranes 

differ in lipid and protein composition, ion permeability, and in types of transporters. The 

differences in transporter types between the two membranes allow transcellular, vectorial 

movement of substances, and thereby permit regulation of water and solute balance of the 

whole organism. 

Transporters share several general characteristics, independent of t;,eir mechanism. 

First, transporters are integr2.f membrane proteins, and consist of single proteins or several 

subunits. Some of these transport proteins have been cloned and sequenced, and all are 

predicted to span the membrane several times. These include, for example: bacteriorhodop-

sin (see review by Stoeckenius et al., 1979), the Electrophorus Na+ channel (Noda et al., 

1984), and the erythrocyte glucose transporter (Mueckler et al., 1985). One of the conse-

quences of discrete transport proteins is saturability of transport. In many cases, the 

kinetics of transport can be described by the Michaelis-Menten equation (see Segel, 1975): 

J= Jmax x [SI 
K t + [SI 

(Eq. I) 

where J is the initial rate of transport, Jmax is the maximal rate of transport at saturating 

substrate concentrations, [S] is the substrate concentration, and Kt is the concentration of 

substrate at which the transport rate is 1/2 Jmax. The Michaelis-Menten equation is often 

the simplest equation which will describe the kinetics of transport, although the kinetic 

parameter Kt may in fact be described by more complex factors. For example, Wright et 

al. (1983) presented a kinetic model for renal succinate transport in which the apparent Kt 

was a composite of several interaction factors for the effects of Na+ and succinate on the 

transporter. Another feature of transporters is that they exhibit substrate specificity and 

show preference for particular classes of molecules, which usually share a common set of 

structural characteristics. In addition, transporters may be inhibited by certain molecules, 
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specific to those transporters, as in the case of phlorizin inhibition of Na+ -glucose 

cotransport in intestinal and renal epithelia (Diedrich, 1966). 

Table I outlines different classes of transport processes (see Stein, 1986), which can 

be separated into two general transport mechanisms: channels and carriers. Channel 

proteins span the membrane, either alone or in groups of subunits, and provide an aqueous 

pathway to allow movement of hydrophilic molecules down their electrochemical gradients. 

In general, the channels allow passage of small ions, or, in the case of gap junctions, ions 

and larger molecules, such as sugars, cyclic nucleotides, and other cellular metabolites. 

In contrast to the channel mechanism, the carrier mechanism of transport involves 

binding of the substrate to the transport protein, translocation of the substrate, possibly by 

a conformational change in part of the transport protein, and release on the opposite side 

of the membrane. The carrier mechanism of transport implies that the substrate binding 

site is alternately exposed to each side of the membrane (see Stein, 1986). 

The facilitated diffusion carriers (Table I) are limited to net transport of substances 

down their electrochemical gradients. It is possible, however, to see transport of charged 

substrates against a chemical gradient. In such cases, the substrate will move down its 

electrochemical gradient but, because of the cell membrane potential, may be concentrated 

on one side of the membrane. An example of this type of transporter is System y+, a Na+ 

independent transporter of cationic amino acids in the Ehrlich ascites cell (see Christensen, 

1984). 



Table I 

GENERAL CATEGORIES OF TRANSPORT PROCESSES 

I. Channel mechanism: 

A. Transport of substrate down its electrochemical gradient. 

i. Single subunit structure: e.g., Electrophorus Na+ channel 

ii. Multiple subunit structure: e.g., ACh receptor 

II. Carrier mechanism: 

A. Transport of substrate down its electrochemical gradient. 

i. Facilitated diffusion carriers: 

a. non-concentrative transport e.g., RBC glucose carrier 

b. concentrative transport e.g., System y+ for cationic amino acids. 

B. Transport of substrate against its electrochemical gradient. 

i. Primary active transport e.g., Na+,K+-ATPase 

ii. Secondary active transport 

a. Co-transport e.g., Na+-glucose cotransport 

b. Counter-transport e.g., Na+-H+ exchange 

13 
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The active transporters, as the name implies, move substances against their electro

chemical gradients. There are two categories of active transporters, according to the source 

of energy for transport. The primary active transporters obtain their energy directly from 

the hydrolysis of A TP, leading to their classification as A TPases. The A TPases generally 

transport ions against electrochemical gradients. The primary active transporters probably 

share structural features, as there is considerable homology in amino acid sequence between 

ATPases of different types and sources (Shull et al., 1985). 

In contrast to the A TPases, the secondary active transporters do not use metabolic 

energy directly. Instead, the energy for uphill transport of substrates is in the form of ion 

gradients. The ion may be transported in the same direction as the substrate (co-transport 

or symport), or may be exchanged for the substrate (counter-transport or antiport). In 

general, prokaryotes use H+ gradients and eukaryotes use Na+ gradients to drive secondary 

active transport, although this is not a strict rule. For example, sugar transport in bacteria 

may be coupled to Na+, Li+ or K+ (Tsuchiya et al., 1978), and amino acid transport in 

vertebrates may be coupled to H+ (RfSigaard-Petersen et al., 1987). 

The secondary active transporters, discussed in more detail below, may be structur

ally related to the facilitated diffusion carriers. Maiden et al. (1987) have recently shown 

considerable sequence homology between the mammalian erythrocyte glucose carrier 

(facilitated diffusion) and bacterial H+ -sugar carriers. These similarities may, however, 

reflect the evolution of these proteins, as Hediger et al. (1987) report no sequence 

homology between the rabbit intestinal Na+ -glucose transporter and any other sequenced 

protein. 

Secondary active co-transport The Na+ gradient hypothesis 

The Na+ gradient hypothesis was first proposed by Crane in 1960 (Crane, 1962) to 

account for the uphill transport of glucose in the small intestine of hamsters. Since then, it 
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has been extensively tested and refined, and appears to be the general mechanism of active 

tmnsport of sugars and amino acids in vertebrate tissues. 

According to the Na+ gradient hypothesis (illustrated in Fig. 1), the transport of a 

substrate, such as glucose, involves a membmne-bound carrier and an activator ion, Na+. 

The transport of the substrate against its electrochemical gmdient is achieved by a coupling 

of its flux to the movement of the activator, Na+, down its electrochemical gradient. There 

is no direct expenditure of metabolic energy, so this type of transport is known as 

secondary active transport. The Na+ electrochemical gradient, normally directed into the 

cell across the plasma membrane, is maintained by the Na+,K+-ATPase, a primary active 

transporter, which pumps Na+ out of the cell, and K+ into the cell, using ATP as an 

energy source. 

This model predicts that the direction of net transport will depend on the trans

membrane gradients of substrate and activator. In fact, the desi~nation of one substance as 

"substmte" and another as "activ?tor", is largely arbitrary, though in the case of 

Na+-glucose or Na+-amino acid transport the physiology dictates that Na+ is the activator. 

The activation of transport can consist of two different types: energetic and kinetic. The 

Na+ gradient hypothesis depicts Na+ as an energetic activator, providing energy for uphill 

transport. In contrast, a kinetic activator will affect the rate of transport but will not result 

in uphill transport. 

The process outlined in Fig. I can be influenced by electrical as well as chemical 

gradients. The transport of a neutral substrate coupled with the transport of a cation, for 

example, Na+-glucose cotransport, will result in net translocation of positive charge. One of 

the predictions of the hypothesis, then, is that membrane potential will have an effect on 

transport. 
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A 

No 

s 

B 
BRUSH BORDER 

Na S 

Na S 

BASAL-LATERAL 

Figure 1: The Na+ gradient hypothesis. A: A "generic" cell in cross-section. The entry of 
solute S into the cell against its concentration gradient, on the secondary active transporter 
(left), is coupled to the movement of Na+ down its electrochemical gradient. The 
Na+,K+-ATPase (right) maintains the inwardly-directed electrochemical gradient for Na+, 
and pumps K+ into the cell, at the expense of A TP. B: An epithelial cell in cross-section. 
Trans-epithelial flux of substrate is achieved by the polarized function of this cell. The 
substrate, S, enters the cell against its electrochemical gradient, on a secondary-active 
transporter in the apical membrane. The substrate may then exit the cell across the basal
lateral membrane, down its electrochemical gradient, on a facilitated diffusion carrier. In 
most epithelial cells, the Na+,K+-ATPase is localized to the b~al-Iateral membrane. 
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As noted above for the effects of the Na+ chemical gradient, the effects of 

membrane potential on transport can be divided into two categories: energetic and kinetic. 

The effects of membrane potential on energetics of transport, discussed below, will 

determine whether uphill transport may occur, but do not predict what the rate of 

transport will be. The effects of membrane potential on the kinetics of transport determine 

the rate at which transport will proceed, and can be quite variable. For example, as 

discussed by Turner (I 981), membrane potential may affect the rate of translocation of the 

carrier, in either the loaded or unloaded state. Alternately, the apparent Kt of the 

transporter for its substrate may be affected by membrane potential. Finally, membrane 

potential may have no apparent effect on the rate of electrogenic transport, or, conversely, 

may affect the rate (but not uphill transport) of non-electrogenic transport (Warnock and 

Yee, 1982). 

Since the Na+ gradient hypothesis proposes no direct input of metabolic energy, 

uphill transport of the substrate may be observed in the presence of a favourable Na+ 

chemical or electrical gradient. The energetics of transport of a neutral substrate and a 

cation may be described by an equation derived from thermodynamic principles (see 

Aronson, 1981): 

[S]i 
[S]o [ 

[Na+]o F llt/! ]n :s --- exp 
[Na+]i RT 

(Eq. 2) 

where [S] represents the concentration of neutral substrate; [Na+] is the sodium concentra-

tion; F, the Faraday constant, R, the gas constant and T, the absolute temperature; lll/J is 

the electrical potential difference across the membrane; and n, the coupling coefficient, 

represents the number of Na+ ions transported with each substrate molecule. The 

subscripts i and 0 indicate conditions inside and outside the membrane, respectively. 
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This equation states that the limiting concentration gradient of the substrate must be less 

than or equal to the energy in the Na+ electrochemical gradient. The Na+ electrochemical 

gradient consists of a chemical gradient, the ratio of Na+ concentration outside to inside 

the membrane, and the electrical gradient given by exp (FA,p)/(RT). It is evident from 

equation 2 that the coupling of multiple Na+ ions to the flux of each substrate molecule is 

a way to effectively increase the energy available in the Na+ electrochemical gradient. 

This relationship has been directly tested, using different trans-membrane gradients, 

for transporters with coupling coefficients of I (Na+-glucose: Kessler and Semenza, 1979; 

Turner and Moran, 1982a; Na+-H+: Kinsella and Aronson, 1982), and for transporters with 

coupling coefficients greater than I (Na+-succinate: Fukuhara and Turner, 1983; Hirayama 

and Wright, 1986). One of the assumptions of this equation is that the fluxes of activator 

ion and substrate are tightly coupled, and this appears to be the case for the transporters 

tested. The efficiency of energy conversion is estimated to be greater than 90% for the 

intestinal Na+ -glucose transporter (Kessler and Semenza, 1979). In addition, the rate of 

translocation of the partially loaded succinate carrier is thought to be much lower than that 

for the fully loaded carrier (Hirayama and Wright, 1986). 

Equation 2 can be expanded to a more general relationship that describes the 

energetics of transport of charged substrates as well as neutral (Aronson, 1981): 

[ ]

n 
[S+]· [Na+] F l:::.. 
__ 1 ~ __ 0 • exp[fMRT . (zS + nZ

N 
+)] 

[S+]o [Na+]i a 

(Eq. 3) 

where zs is the charge of the substrate, and zNa+ is the charge of the Na+, or +1. In the 

case of a cationic substrate (e.g. lysine) the inside negative membrane potential of most 

animal cells results in an even greater thermodynamic boost to Na+-coupled transport. 
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Transport of amino acids and glucose in vertebrate systems 

The Na+-glucose co-transporter is the best-studied of the secondary active transport 

proteins in vertebrate cells (see reviews by Semenza et ai., 1984; Hopfer, 1987; Ullrich, 

1986). It exhibits a specific requirement for Na+, and it is thought that the Na+ binding 

triggers a conformational change in the protein which increases its affinity for glucose 

(Peerce and Wright, 1984a,b). This transport is specifically inhibited by the ,B-glucoside, 

phlorizin, which binds to the glucose binding site but is not itself transported. The 

"classical" Na+-glucose transporter transports sugars such as D-glucose and a-methyl D

glucopyranoside (a-methyl glucoside, aMG), and shows structural specificity for sugars 

with an equatorial OH- group on C2 (Wilson and Crane, 1958). On the basis of studies of 

the kinetics and energetics of glucose uptake, there appear to be at least two different 

forms of this transporter in mammalian kidney (Turner and Moran, 1982b) and small 

intestine (Dorando and Crane, 1984; Kaunitz and Wright, 1984). Furthermore, the forms in 

the kidney appear to be different from those in the intestine. This apparent complexity in 

the numbers and forms of the Na+-glucose transporter may be resolved soon, as a rabbit 

intestinal Na+-glucose transporter has been cloned and sequenced (Hediger et ai., 1987), 

and a pig kidney Na+-glucose transporter has been purified (Wu and Lever, 1987) and 

several pep tides from the kidney transporter have been sequenced (Lever, FASEB 88 

presentation). 

The transport of amino acids, in contrast to glucose transport, shows greater variety 

in mechanism. There are several different Na+ -dependent amino acid transporters with 

overlapping substrate specificities. Christensen and co-workers (see review, Christensen, 

1984) have described at least five distinct Na+-amino acid transport systems for Ehrlich 

ascites cells. Furthermore, on the basis of substrate specificity, the apical membranes from 

epithelial cells from the intestine (Stevens et af., 1982) and kidney (Mircheff et af., 1982), 
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appear to contain additional transporters, which are not seen in non-epithelial cells. Na+: 

amino acid coupling coefficients range from I (most reports) to 2 (glycine in pigeon 

erythrocytes: Vidaver and Shepherd, 1968; proline in rabbit intestine: Stevens and Wright, 

1987). There is also greater variability in activator ions used for uptake of amino acids 

than for glucose. In addition to Na+ requirements, several amino acid transporters require 

Cl-, either as a kinetic activator (Imler and Vidaver, 1972; Boge and Rigal, 1981) or as an 

energetic activator (Turner, 1986). In some systems, a combination of inwardly-directed 

Na+ gradients and outwardly-directed K+ gradients provide energy for transport 

(glutamate: Schneider and Sacktor, 1980). Other authors have reported replacement of Na+ 

by K+ or Li+ as the co-transported cation (Berteloot et al., 1982). 

Amino acid and glucose transport in invertebrates 

There are two general categories of transporting epithelia in invertebrates. First, 

there are organs analogous to the intestine and kidney of vertebrates. Some of the inverte

brate organs studied include the insect midgut and Malpighian tubules, the crustacean hep

atopancreas, and the mollusc intestine. For example, the larval insect midgut contains 

several pathways for the uptake of the amino acids, alanine, phenylalanine, and lysine, by 

mechanisms involving K+ rather than Na+ (Hanozet el at., 1980, 1984; Giordana el at., 

1982, 1985). Another well-characterized system, the lobster hepatopancreas, has several 

distinct transport pathways: a Na+ -glucose pathway which resembles vertebrate 

Na+-glucose transport; a Na+-glutamate pathway; and a Na+-independent pathway for the 

uptake of alanine and lysine (Ahearn, 1987). 

The second category of transporting epithelia in invertebrates is the integument, the 

outer covering of the body. By far the greatest number of studies of amino acid and 

glucose transport in invertebrates concern integumental transport. In particular, the "soft

bodied" marine invertebrates (i.e. excluding the Arthropods) exhibit this type of nutrient 
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transport. Though most of the studies on integumental tmnsport have been confined to 

work on a few species of molluscs, echinoderms, and annelids (see Wright, 1988), such 

processes have been observed in representatives from 18 classes in 13 phyla. To date, the 

most comprehensive studies on the mechanism of transport in whole animals and intact 

tissues has been in several species of bivalve molluscs, particularly the genus Myti/us. This 

dissertation describes studies of the integumental transport of nutrients by the common 

edible mussel, Mytilus edulis. 

Integumental nutrient transport in marine mussels: 

Evidence for active transport 

The primary objective of this dissertation study has been to understand the 

mechanisms by which amino acids and glucose are transported by the integument of the 

marine mussel, Mytilus edulis. Net uptake of amino acids has been observed in intact 

mussels against gradients estim~ted to be as large as IO-million fold (Manahan et al., 1983). 

The magnitude of this gradient is at the extreme end of those reported for other systems, 

but may be compared with the vertebrate gastric H+-ATPase, which can produce a pH 

gradient of 6.6 (see review by Stein, 1986). Therefore, the integumental transport of 

amino acids and glucose in marine invertebrates may serve as a unique model system for 

the study of energetics of secondary active transport. In addition, this transport may 

provide some information on the evolution of amino acid and sugar transport proteins, 

when compared with vertebrate and prokaryote transport mechanisms. Finally, though this 

transport appears to play an important role in the physiology of some marine bivalves and 

other marine invertebrates, there is little known about the mechanisms of this process. 

There have been two hypotheses, not necessarily mutually exclusive, proposed for 

the physiological function of integumental amino acid and glucose transport in marine in

vertebrates. First, is the idea that the uptake of dissolved organic matter (DOM) 

----------------------------------------------
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contributes to the nutrition of marine invertebrates. It has been estimated that the transport 

of amino acids by the integument may contribute, depending on the species, from 0.2% to 

40% of the animals' oxidative requirements (Stephens, 1988; Wright, 1988). Second, marine 

invertebrates face a continual loss of amino acids and glucose from their tissues due to the 

large outwardly-directed concentration gradients. Therefore, uptake of amino acids may 

serve to recycle those amino acids lost from integumental cells, and thus maintain intracel

lular concentrations of these compounds. This was first proposed by Gomme (198Ib) as a 

mechanism to reduce diffusional loss of glucose from tissue of the marine polychaete, 

Nereis, and Wright and Secomb (1986) have shown that the transport of taurine may 

conserve approximately 30% of the taurine normally lost from mussel gill cells. 

The transport of DOM from seawater by marine invertebrates has been considered 

for some time, with early studies conducted by August Putter (1908) (see review by 

J~rgensen, 1976). Most of the studies have been carried out with a relatively small 

component of the total DOM in seawater, free amino acids and glucose «5% of total 

DOM, Williams, 1975). It is now clear that most marine invertebrates can take up amino 

acids and glucose directly from seawater into the epithelial cells of their outer body 

surface, the integument (Stewart, 1979; Wright, 1988). The animals in the phylum 

Arthropoda, however, do not exhibit integumental transport (Anderson and Stephens, 

1969). Instead, nutrient absorption appears to be limited to the gastrointestinal tract (see 

e.g., review by Ahearn, 1987). 

The transport of amino acids in marine invertebrates is thought to be an energy

requiring process based on estimates of in vivo trans-membrane gradients for these 

compounds. Marine invertebrates contain in their cells large concentrations of organic 

material, in particular amino acids, which are thought to participate in osmotic regulation 

(Gilles, 1979). In general, the soft-bodied marine invertebrates are osmoconformers and 

~. ~ .. -~~--~--- ~~----~----~-~~ ---------------------------~ 
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maintain their tissues and hemolymph at equal osmotic concentration to their environment. 

The osmotic concentration of full-strength seawater (34 0/00) is approximately 1000 mOsm 

and is primarily composed of inorganic salts. In contrast, the intracellular salts of marine 

invertebrates account for less than half the total osmotic concentration of the cytoplasm 

and are found at roughly the same concentrations as in terrestrial vertebrates, approxi

mately 300 to 500 mOsm (Potts, 1958). The osmotic difference is made up of organic 

compounds. The principal intracellular osmolytes found in marine bivalves appear to be 

amino acids, which vary in concentratiion from 100 to 300 mM, depending on the species 

and the tissue (Zurburg and DeZwaan, 1981). Mussel gills contain approximately 100 mM 

intracellular amino acids (Zurburg and DeZwaan, 1981; Wright and Secomb, 1986; Wright 

et al., 1987) of which approximately 80% is taurine, while the rest is predominantly 

glycine, alanine, aspartic acid and glutamic acid. 

The concentrations of amino acids in seawater are considerably lower than those in 

the tissues. Current estimates of total free amino acid concentrations in seawater range 

between 10-100 nM (Henrichs and Williams, 1985) and 1-3 /lM (Siebers and Winkler, 

1984). The amino acids found in highest concentrations in near-shore waters are serine, 

alanine, glycine/threonine, ornithine, and aspartic acid. There is speculation that the amino 

acids and other DOM in seawater have a "patchy" distribution, with very high concentra

tions (approaching millimolar) found in small volumes called microzones. Therefore, the 

concentration ranges listed here probably represent the real environmental variation in 

OOM concentrations. 

There is less information about the concentration gradients of carbohydrates 

between tissues and seawater. Ahearn and Gomme (1975) have suggested that intracellular 

glucose concentrations in the polychaete worm, Nereis, are low due to rapid phosphoryla

tion of free glucose following transport. This may also be the case in bivalve gills; after a 
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brief exposure of gills to HC-glucose, less than 8% of the total 14C was found as free 

glucose (S.H. Wright, unpublished observations). Despite the likelihood of low levels of 

glucose in integumental cells, gradients for this compound between the integument and 

surrounding seawater are probably large. Vaccaro et al. (1968) have estimated that free 

glucose concentrations in seawater are around 50 nM. Like the concentrations of amino 

acids, there is probably great variation over space and time in the concentrations of car

bohydrates in seawater. 

It is clear that there are large concentration gradients of amino acids and probably 

other nutrients, such as glucose, across the apical membrane of the integument in marine 

invertebrates. Furthermore, there is a considerable amount of evidence that the transport of 

amino acids (Wright and Stephens, 1977; Manahan et al., 1983; Davis et al., 1985a) and 

glucose (S.H. Wright, unpublished observations) observed in marine invertebrates represents 

net uptake. Studies using HPLC methods have demonstrated net uptake of amino acids 

into actively pumping mussels from seawater concentrations as low as 10 nM, i.e., against a 

concentration gradient in excess of 106 to I (Manahan et al., 1983). Similarly, studies of 

the clearance of glucose from solution by intact mussels have shown that it can be removed 

from concentrations of less than 100 nM, the limit of resolution of current analytical 

techniques (S.H. Wright, unpublished observations). Therefore, the principal question to be 

addressed in this dissertation study concerns the mechanism of this uphill transport. 

Amino acid transport in marine invertebrates 

As mentioned earlier, amino acids are transported into integumental epithelia of 

marine invertebrates against large concentration gradients. Most of these studies have been 

made using intact animals or isolated tissues. The results of these studies generally support 

the Na+ gradient hypothesis as the mechanism of transport, since removal of Na+ from 

seawater inhibits integumental transport processes. Until the start of this dissertation study, 
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however, there had been no direct test of this hypothesis, and no evidence that the flows 

of Na+ and amino acids are coupled. 

Marine bivalves 

The uptake of amino acids in the marine mussel, Mytilus edulis, was shown by 

Pequignat (1973), in an autoradiographic study, to occur primarily in the gill. More recent 

studies have confirmed that the gill accounts for 70 to 80% of the total amino acid uptake 

(J~rgensen, 1983; Wright and Secomb, 1984). Because of this, most studies of amino acid 

transport in bivalves have been carried out using isolated gill preparations. In fact, the 

marine bivalve gill has been used as a model system to study amino acid transport in 

marine invertebrates. The gill represents a large surface area exposed directly to seawater 

without protection from a cuticle or other covering. Furthermore, the transporting surfaces 

of the gill are exposed to large volumes of water during the normal process of filter 

feeding. A mussel, for example, can pump approximately 4 liters of seawater over its gills 

each hour (Wright and Stephens, 1977). 

There have been many observations of amino acid transport in marine bivalve gills. 

The uptake is saturable and generally shows Michaelis-Menten kinetics (see review by 

Preston and Stevens, 1982). However, many of the results of kinetic studies with isolated 

gills (e.g., Stewart and Bamford, 1975) must be viewed qualitatively because of the problem 

of unstirred layers. An unstirred layer is a stagnant layer of medium next to the 

membrane, through which substrates must diffuse from the bulk medium to reach the 

transporting surface. As described by Winne (1973), the presence of a significant unstirred 

layer will result in an overestimation of the Kt for transport. The work of Wright and 

Stephens (1978) and Wright et al. (1980) showed that there were differences in kinetic 

parameters between intact animals and isolated gills which could be attributed to unstirred 

layer effects. The unstirred layers in isolated gills are a consequence of inactive cilia. In 
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preparations where the cilia have been treated with serotonin to induce beating of cilia, the 

differences in Kt between intact animals and isolated gills were abolished. Later models of 

transport in the gill (Wright and Secomb, 1984) suggested that the kinetics of transport are 

also influenced by other, flow-related, artifacts. The most recent estimates for the kinetic 

parameters of amino acid uptake in intact gills are: Kt around 1- IO I'M and Jmax between 

5 and 40 I'mollg-hr, depending upon the pathway in question (Wright and Secomb, 1984; 

Wright, 1985). 

These values of Kt are comparatively low, reflecting the low environmental concen

trations of amino acids, thereby supporting the idea that amino acids in seawater can be 

important natural substrates for the gill amino acid transporters. When compared with the 

kinetics of amino acid transport in isolated mammalian tissues (see Karasov, 1988) marine 

mussels have "low capacity" transport systems with approximately 1/5 to 1/400 the maximal 

rate of uptake (when expressed on the basis of surface area) seen in mammals. However, 

the mussel transporters are also of "high affinity" for substrate, with Kt's which are 

between 5 and IOOO-fold lower than those seen in mammals. 

As in other transport systems (see reviews by Stevens et al., 1984; Christensen, 

1985), there appear to be several distinct pathways for uptake of amino acids in bivalve 

gills. A study by Stewart (1978) suggested that there are at least four separate pathways 

for amino acid uptake in the gills of the soft-shelled clam, Mya arenaria. In the cockle, 

Cerastoderma edule, there seem to be different pathways for neutral and basic amino acids 

(Bamford and McCrae, 1975). A more detailed study in the mussel, Mytilus cali/orniallus 

(Wright, 1985), also showed that there were at least four pathways for uptake of amino 

acids: one pathway for p-neutral amino acids, such as taurine; one pathway for acidic 

amino acids, such as aspartic acid; and at least two pathways for O!-neutral amino acids, 

such as alanine, one of which has high affinity for proline and the other for lysine. 
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Further evidence for these separate pathways was shown by Wright and Secomb (1986) and 

Wright et al. (1987); amino acids added to the medium stimulate the efflux only of those 

amino acids which are predicted to be carried on the same transporter. This "trans

stimulation" of efflux is good evidence for a carrier mechanism of transport. 

Recent studies using intact mussels have demonstrated net uptake of the amino 

acids, taurine and alanine, from concentrations as low as 10 nM in seawater (Manahan et 

al., 1983; Wright and Secomb, 1986). Intracellular concentrations of free amino acids in M. 

edulis are approximately 75 I'mol/g gill tissue (Wright and Secomb, 1986) of which 

approximately 82% is taurine. This represents taurine transport against a concentration 

gradient greater than 1,000,000 to 1. There appear to be three general adaptations in 

marine bivalves which allow maintenance of large intracellular amino acid pools and 

transport against extreme electrochemical gradients. First, the permeability of the integu

mental membrane is low, estimated to be similar to that of liposomes (Wright et al., 1987). 

Second, seawater concentrations of Na+ are high, so the magnitude of the Na+ gradient 

across the membrane is approximately three times greater than that seen in vertebrates 

(estimates of Na+ concentrations: 450 meq/I (seawater) and 11 meq/I (intracellular), Wright 

et al., 1988). Third, there appears to be a requirement for multiple Na+ ions in the 

transport of alanine and taurine (Wright, 1987). This agrees with theoretical estimates that 

a minimum of three Na+ ions would need to be coupled to the transport of each amino 

acid to support net uptake against a lO-million fold concentration gradient (Manahan et al., 

1983), under the conditions seen in the mussel gill. 

There is some evidence that the energy for transport of amino acids in marine 

bivalve gills comes from an inwardly-directed Na+ gradient. First, the uptake of amino 

acids is sensitive to the presence of Na+ in the medium (Stewart and Bamford, 1975; 

Wright and Stephens, 1977). In Mytilus, the replacement of Na+ by other cations, such as 



28 

K+ and Li+, reduces the uptake of alanine and taurine by 95% (Wright, 1985; Wright, 

1987). Harmaline, which inhibits Na+-coupled transport in mammalian tissues (Aronson 

and Bounds, 1980) also inhibits the uptake of amino acids into bivalve gills (Wright, 1987). 

Furthermore, metabolic poisons, such as 2,4-dinitrophenol and sodium cyanide, inhibit 

amino acid uptake, presumably by decreasing the energy available for the Na+,K+-ATPase 

and thereby reducing the Na+ gradient (Bamford and McCrea, 1975; Stewart and Bamford, 

1975; Bamford and Campbell, 1976). Despite all these studies, however, there has been no 

direct evidence that the uptake of amino acids in marine bivalves is coupled to the 

movement of Na+. 

Other marine invertebrates 

While much of the work in this field has centered on marine bivalves, the uptake of 

amino acids across the integument has also been studied in other marine invertebrates. 

These marine invertebrates include, in particular, the echinoderms, e.g. sea urchins; the 

coelenterates, e.g. sea anemones; and the annelids, e.g. polychaete worms (see reviews by 

Stewart, 1979; Gomme, 1982, 1984; Bamford, 1984; Schlichter, 1984). In general, the 

characteristics of transport in these animals are the same as in marine bivalves (e.g. Na+ 

sensitivity). The uptake rates seen in these marine invertebrates are lower than in marine 

bivalves but the apparent substrate affinities are similar. Very few studies of the 

mechanism of amino acid transport have been made in these animals, though a detailed 

kinetic study of alanine transport in the isolated body wall of the polychaete worm, 

Glycera, was made by Stevens and Preston (l980a,b,c). They found that the body wall can 

accumulate alanine against a concentration gradient, but only in the presence of Na+ or the 

absence of metabolic inhibitors. The observed Kt for alanine uptake in the body wall is 

approximately 86 ~M while the Jmax is 14 ~mol/cm2-hr (approximately 1/10 that seen in 

mussels; see Wright, 1988). This system shows a strong Na+ dependence, with Na+ 
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affecting the Jmax for alanine uptake, and it is estimated that at least three Na+ ions are 

involved in the transport of alanine. A recent study of Na+ -dependent uptake of amino 

acids in sea urchin larvae (Davis et of., 1985a) shows, in contrast to the adult polychaete, 

that both Kt and Jmax are affected by changes in Na+ concentrations. It was estimated 

that a minimum of two Na+ ions are associated with the transport of both serine and 

leucine in sea urchin larvae. 

Glucose t;ansport in marine invertebrates 

In contrast to the numerous studies of amino acid transport, there is very little 

information in the literature about the transport of glucose in marine invertebrates. 

Pequignat (1973) demonstrated uptake of glucose from seawater by intact Mytilus edulis. 

As shown for amino acids, the uptake of glucose also occurs primarily in the gill, with 

some uptake occurring in the man tIe. In studies using intact oyster (Crassostrea gigas) 

gills, Bamford and Gingles (1974) showed that glucose transport is saturable, with an 

apparent Kt of 37 JLM, though this value is likely to be aD overestimate due to unstirred 

layer effects. The transport of glucose is inhibited by galactose, but not by fructose, 

xylose, mannose or 3-0-methyl glucose. Phlorizin, a specific inhibitor of Na+ -glucose 

transport in vertebrate tissues, also inhibits glucose transport in oyster gills, with an 

apparent Ki of 4 JLM. Finally, the transport of glucose in oyster gills is sensitive to the 

concentration of Na+ in the medium. A more detailed study of sugar uptake in the gill of 

the oyster, Ostrea edulis, was conducted by Riley (1981), which provided further support 

for the idea that glucose transport in ·bivalves may occur according to the Na+ gradient 

hypothesis. The substrate used was a-methyl glucopyranoside (a-MG), which was found 

to share the transporter with glucose. Phlorizin inhibits the transport of a-MG. 

Furthermore, the transport of a-MG appears to be sensitive to membrane potential. 

Compounds thought to collapse the gill membrane potential, including the proton 

~.-------.--------.---------------------------------------------------------------
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ionophore, Feep, inhibit the uptake of Q-MG. Naphthalene, a compound thought to hyp

erpolarize the gill cells, stimulates Q-MG uptake. 

The most detailed study of glucose transport in a marine invertebrate has been 

carried out with the polychaete, Nereis diversicolor (Ahearn and Gomme, 1975; 

Albrechtsen and Gomme, 1984; Gomme, 198Ia). The transport of glucose by the 

integument of this animal appears to be very similar to the Na+ dependent transport of 

glucose in vertebrate epithelia, with respect to Na+ specificity, saturablility of transport, 

inhibition by phlorizin, harmaline, and the metabolic inhibitors, KeN and iodoacetate. 

This transport shows substrate specificity which resembles that of the vertebrate 

transporter, with the exception that L-glucose, which is generally excluded by the 

vertebrate transporter, inhibits the transport of glucose in Nereis (Albrechtsen and Gomme, 

1984). 

Use of isolated membrane vesicles in transport studies 

There are several disadvantages associated with the use of isolated tissues and intact 

animals for the study of amino acid and glucose transport. First, it is difficult to know 

with precision the cytoplasmic activities of ions and organic solutes, yet these can clearly 

influence rates of membrane transport. Second, the interpretation of kinetic studies may 

be complicated by problems associated with unstirred layers and intracellular metabolism or 

compartmentalization of substrates. Third, it is difficult to adequately monitor and control 

the effects of membrane potential in intact tissues. Membrane potential has an effect on 

many Na+ -dependent transport systems, and changes in extracellular ion concentration can 

affect membrane potential thereby complicating interpretation of studies of cation and 

anion effects on transport. Finally, a problem unique to the study of epithelial transport it 

can be difficult to know with certainty whether transport in intact tissues is occurring 

across one or both of the two poles of an epithelial cell, i.e. the apical or basal-lateral 
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membrane. In the case of Na+ -dependent amino acid and sugar transport, there is consid

erable evidence that these transport processes are distributed unevenly in epithelial cell 

membranes. 

These problems can be largely overcome through the use of isolated membrane 

vesicles. This type of preparation was first introduced to the study of transport in 

epithelial tissue in 1973 by Hopfer and coworkers and has since been used extensively in 

transport studies of mammalian and other systems (see reviews by Hopfer, 1977; Murer 

and Kinne, 1980). The primary advantage of an isolated vesicle preparation is that the 

driving forces that can influence transport, electrical as well as chemical, can be carefully 

defined. Additionally, these preparations allow assessment of the contribution of both in

travesicular and extravesicular concentrations to transport kinetics. Lastly, the transport 

characteristics of the apical and basal-lateral membranes may be examined separately. 

The tissue used in this dissertation study for preparation of brush border membrane 

vesicles is the gill of the mussel, Mytilus edulis. As illustrated schematically in Fig. 2, the 

epithelial cells of the gill are morphologically polarized with an apical, microvillous brush 

border membrane facing the seawater and a basal-lateral membrane in contact with 

hemolymph. This polarized structure resembles other transporting epithelia such as the 

mammalian renal proximal tubule and small intestine. The gill brush border membrane is 

estimated to increase the apical surface area by 10 to 18-fold (Wright et al., 1987), which 

is comparable to the 14 to 39-fold increase in surface area attributed to the microvilli of 

the mammalian small intestine (see Sacktor, 1977). The basic structural unit of the marine 

bivalve gill is the filament, shown in cross-section in Fig. 2. The gill filament is tube-like 

and consists of a single epithelial cell layer with basement membrane surrounding a central 

blood (hemolymph) vessel (see Wright et al., 1987). The epithelial layer is ciliated at the 

frontal and abfrontal aspects of the filament, and also contains mucus-producing goblet 

------""--------------------------------------------
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cells. The transport characteristics of the apical membrane of the intact gill (i.e., the 

membrane directly exposed to seawater) have been thoroughly examined (Wright, 1988), 

providing a data base against which the results of the present study could be compared. 

This tissue also represents an extreme example of the concentrative ability of a proposed 

secondary active transport process, and therefore provides a valuable system with which to 

test predictions based on the Na+ gradient hypothesis as it pertains to integumental nutrient 

transport. 

Objectives 

As discussed above, there is considerable evidence that the transport of amino acids 

in marine invertebrates is sensitive to the concentration of Na+ in the medium. However, 

a direct test of the Na+ gradient hypothesis in this system has been lacking. For 

vertebrates, a direct test of this hypothesis has been made using preparations of brush 

border membrane vesicles. Therefore, the first objective of this study has been the 

development of a method of preparation of brush bonIer membrane vesicles from the gills 

of the marine mussel, Mytilus edulis. This procedure was based on methods previously 

used for the preparation of brush borders from mammalian (Ives et al., 1983) and marine 

invertebrate tissues (Bajorat and Schlichter, 1983; Ahearn et at., 1985). 

The second objective of this dissertation study was to characterize the transport of 

amino acids and glucose in these vesicles, with the Na+ gradient hypothesis in mind, in 

order to arrive at conclusions concerning the mechanisms of transport of these substances, 

and to compare them with transport systems for amino acids and glucose in other animals. 

This dissertation study represents the most comprehensive study of the mechanisms of 

amino acid and glucose transport in a soft-bodied marine invertebrate. 
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Fig. 2 Structure of mussel gill filament. Diagram of cross-section of two adjacent gill 
filaments from M. edulis. Each filament has a tube-like structure composed of a single 
epithelial cell layer surrounding the branchial blood vessel, 'abbreviated "bv". The cilia are 
also shown: fc, frontal cilia; Ifc, latero-frontal cilia; lc, lateral cilia; afc, abfrontal cilia. The 
bar represents 50 I'm. (from Wright et al., 1987). 



CHAPTER 2 

PREPARATION OF BRUSH BORDER MEMBRANE VESICLES AND 
. CHARACTERIZATION OF ALANINE TRANSPORT 

Introduction 
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All soft-bodied marine invertebrates can accumulate amino acids from seawater 

(J~rgensen, 1976; Stephens, 1988). In marine bivalves, the epithelial cells of the gill are the 

primary site of uptake (Pequignat, 1973). Studies with both isolated gill tissue and intact 

animals have shown this transport to be a saturable process involving at least four separate 

pathways for the uptake of amino acids (Stewart, 1978, Wright, 1985). Furthermore, the 

rates of uptake seen in these animals suggest that this "integumental transport" can be 

significant in animal nutrition (Wright, 1988). 

Transport processes in marine bivalves are capable of net uptake of amino acids 

against very large concentration gradients. Intracellular amino acid concentrations in gill 

tissue, from mussels of the genus Mytilus, are on the order of 100 mM (Wright and 

Secomb, 1985), and are thought to be involved in isosmotic volume regulation (Gilles, 

1979). Recent studies have demonstrated uptake of amino acids from concentrations as 

low as 10 nM (Manahan et at., 1983; Wright and Secomb, 1986), indicative of transport 

against a chemical gradient in excess of 1,000,000 to I. In isolated gill tissue, amino acid 

transport has been shown to be Na+-dependent (Stewart and Bamford, 1975; Wright, 1985), 

suggesting uptake according to the Na+-gradient hypothesis (Crane, 1962). This would 

imply both a relatively large Na+ coupling coefficient and efficient coupling between 

amino acid and Na+ fluxes (Manahan et at., 1983). However, there is as yet no evidence of 

coupling between the flows of Na+ and amino acids in bivalve gill epithelia. 

The study of epithelial transport has benefited greatly from the introduction of pre-

parations of isolated plasma membrane vesicles. These have permitted detailed tests of the 
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Na+ -gradient hypothesis in several membrane systems (Murer and Kinne, 1980). To this 

end, the present study is a description of the procedures developed to isolate from the gill 

of the mussel, Mytilus edulis, a subcellular membrane fraction containing Na+-dependent 

L-alanine transport. The transport activity in these membranes was also associated with 

activity of apical membrane enzyme markers, suggesting that these membranes are of brush 

border origin. The kinetics and apparent structural specificity of alanine uptake paralleled 

closely those observed in previous studies of alanine uptake in intact gill tissue (Wright, 

1985). 

Methods 

Animals 

Specimens of the common blue mussel (Mytilus edulis) were purchased from the 

Bodega Marine Laboratory, Bodega Bay, CA. They were maintained in refrigerated 

aquaria (12oC) containing recirculating, aerated artificial seawater (Instant Ocean). Animals 

were not fed and were used within four weeks of collection. 

Membrane preparation 

Gill plasma membrane vesicles were prepared by a modification of the method 

developed by Ives et al. (1983) for isolation of brush border membranes from rabbit 

kidney. The modified method is illustrated in Figure 3. Gill tissue from approximately 35 

mussels was used for each preparation. Early efforts at plasma membrane isolation were 

complicated by the large amount of mucus normally associated with the gills. This 

problem was relieved by presoaking the gill tissue (2 x 5 min) in an artificial seawater 

containing high concentrations of KCI (High K+-ASW) and I mM dithiothreitol (DIT) at 

pH 8.0. The High K+-ASW was prepared according to Cavanaugh (1956), except it 

contained a higher concentration of KCl (I15 mM) and lower concentration of NaCI 

~~-~~--------------------------------------------------
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(319 mM) than that of the "normal" artificial seawater (i.e. 9 mM KCI, 425 mM NaCl). 

The high K+ content of this solution served to stimulate mucus release from the goblet 

cells of the gill, while the DTT dispersed the mucus. The tissue was then blotted dry and 

weighed. A typical preparation used between 35 and 40 g (wet weight) of gills. The 

tissue was minced with scissors and homogenized gently using a glass-Teflon homogenizer 

(10 passes at 1200 rpm). The homogenization buffer contained 500 mM sorbitol, I mM 

OTT, 5 mM ethyleneglycol-bis(B-amino-ethylether)-N-N'-tetraacetic acid (EGTA), 5 mM 

N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, buffered to pH 7.6 with 

tris(hydroxymethyl)-aminomethane (HEPES-Tris). Preliminary studies showed that the use 

of 300 mM sorbitol buffer or homogenization with an Omni-mixer (3 x 30sec, with 1 

minute intervals) caused disruption of intracellular organelles as shown by high levels of 

succinate dehydrogenase (SDH) activity in all fractions. The homogenate was filtered twice 

through cotton gauze, and once through Miracloth (Calbiochem). The resulting fraction 

was called the initial homogenate (IH). 

Divalent cation precipitation has been used successfully to isolate brush border 

membranes from both mammalian (Booth and Kenny, 1974) and invertebrate (Hanozet et 

al., 1980; Bajorat and Schlichter, 1983; Ahearn et al., 1985) epithelia. In our preparation, 

however, neither CaClz nor MgClz' alone or together, up to 50 mM in concentration, 

produced a selective precipitation of membranes. Consequently, several differential centri

fugation steps (Beckman J2-21 centrifuge, JA-20 rotor) were used to prepare "crude 

plasma membranes" (see Fig. 3). The crude membrane preparation, P3L (the fluffy portion 

of the final pellet), was then resuspended in 6 ml sorbitol buffer (500mM sorbitol, 5 mM 

HEPES-Tris, pH 7.6) and layered onto two 35 ml linear 30-50% (wtjv) sucrose density 

gradients buffered with 10 mM HEPES-Tris, pH 7.6. Approximately 15-20 mg protein 

were added to each gradient. The gradients were centrifuged overnight at 100,000 x g 
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(Beckman L5-65 ultracentrifuge, SW-28 rotor). Fractions (3 ml) were collected from the 

gradients and were assayed directly for marker enzyme activity and protein content. For 

transport studies, the fractions were twice resuspended in 600 mM mannitol, 10 mM 

HEPES-Tris, pH 7.6 and centrifuged I hour at 48,400 x g. The final pellets were 

resuspended in a small volume of the same buffer. When it was necessary to equilibrate 

the membranes with Na+- or K+-containing solutions, the fractions were homogenized in 

NaCI or KCl buffer (300mM, 10 mM HEPES-Tris, pH 7.6) and pelleted twice before the 

final resuspension. Membranes were then pre-equilibrated for 30 min in the Na+ - or 

K+-containing buffer to which the cation-exchange ionophore, nigericin (25 "g/mg 

protein), had been added. Nigericin was also present in the transport buffer during the 

experiments. Fractions containing the highest transport and brush border enzyme marker 

activity (fractions F6-Flo) were pooled and either used fresh or were frozen in liquid 

nitrogen. There were no qualitative differences between fresh and frozen preparations. 

There was a gradual decline in the uptake rate of L-alanine over time (down to 60% of 

initial uptake rate by 7 days); therefore the membranes were used within three days of 

freezing. All kinetic studies shown in this chapter, and all studies reported in Chapters 3 

and 4 were made using fresh membranes. 

Electron Microscopy 

Fractions F 6 through FlO from the sucrose density gradient were pooled and twice 

resuspended in 100 mM Na-cacodylate, 100 mM mannitol, pH 7.25, and centrifuged 1 

hour at 48,400 x g. The final pellet was fixed overnight at 4°C in 2.5% glutaraldehyde

cacodylate (modified from Sabatini et al., 1963), and then rinsed twice in 100 mM Na

cacodylate, 100 mM mannitol, pH 7.25 at 4OC. The pellet was post-fixed at room 

temperature in 1 % cacodylate-osmium tetroxide for approximately two hours and then 

rinsed twice with 100 mM Na-cacodylate buffer, pH 7.25. Subsequent steps included 
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dehydration in a graded ethanol series and embedding in Embedj Araldite epoxy mixture 

(Mollenhauer, 1963). Thin sections, 60-80 nm, were cut and stained with uranyl acetate 

(Watson, 1958) and lead citrate (Reynolds, 1963). 

Enzyme assays 

The distribution of marker enzyme activities was followed throughout the 

preparation. These enzymes were assayed according to established methods with modifica

tions for different pH optima in mussel gills. The following methods were used (the pH 

used in our experimental incubations is shown in parentheses): alkaline phosphatase (pH 

9.0), ouabain-inhibitable Na+-K+-ATPase (pH 8.0), succinate dehydrogenase (pH 8.0), acid 

phosphatase (pH 5.0) (Mircheff and Wright, 1976); 'Y-glutamyl transpeptidase (pH 7.4) 

(Naftalin et al., 1969); K+-dependent paranitrophenyl phosphatase (pH 7.5) (modified 

from Ahmed and Judah, 1964); protein, BIORAD, using a 'Y-globulin standard. All assays 

were done at room temperature. 

Transport measurements 

The transport of substrates into membrane vesicles was measured using a rapid 

filtration method described previously (Wright et al., 1983). The transport reaction was 

run at room temperature, stopped with I ml ice-cold isosmotic mannitol buffer (600 mM 

mannitol, 10 mM HE PES-Tris, pH 7.6), and the reaction mixture rapidly filtered with 

suction through a 0.45 I'm Millipore filter (HA WP) and washed with 4 ml of cold mannitol 

buffer. The labelled substrate retained on the filter was extracted in scintillation vials 

containing 10 ml scintillation cocktail (Betaphase) and radioactivity was determined using a 

liquid scintillation counter (Beckman LSC-3801). Counts were corrected for variable 

quench and all uptakes were corrected for nonspecific binding to membranes and filters. 
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Isolated gill experimellts 

The uptake of 3H-alanine into intact isolated gill tissue was determined by a 

method similar to the one outlined in Wright (1985) for the measurement of uptakes in 

gills from the mmsel Mytilus cali/omiallus. However, the gills of M. edulis are more 

fragile than those of M. cali/omiallus, so several modifications were made. Demibranchs 

were isolated under an artificial seawater (ASW) (Cavanaugh, 1956) and cut into four 

pieces with a fresh razor blade. Five minutes before starting an experiment each piece of 

demibranch was gently transferred to an Erlenmeyer flask containing ASW. This ASW 

solution also contained 10 pM 5-hydroxytryptamine (5-HT) to activate lateral cilia (Aiello, 

1970; Wright, 1979). The flasks were placed on a gently rotating shaker (100 cycles per 

minute). The ASW solution was poured out of the flasks, and 100 ml of ASW containing 

10 I'M 5-HT and 5 pM 3H-alanine (with or without inhibitor) were added. The tissue was 

incubated with shaking at room temperature for 10 minutes. The reaction mixture was 

poured off and ice cold ASW was added as a stop solution. The flasks were left in ice 5 

minutes to wash extracellular radioactivity from the gill pieces (Wright, 1985). The gill 

pieces were then blotted dry, weighed, and placed into scintillation vials with 1 ml 0.1 N 

HN03. Two hours later 10 ml of scintillation cocktail (Betaphase) were added to each vial 

and the radioactivity was counted. Uptake was expressed as J.'mol alanine accumulated per 

g wet gill weight. 

Chemicals 

3H-alanine (50 Ci/mmol) was purchased from leN. All other chemicals were 

obtained from Sigma Chemical Corporation. 
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Results 

Distributio~1 of enzyme and transport activity in the sucrose gradient 

Figure 4 shows the distribution of enzyme markers and alanine transport in the 

sucrose density gradient. On the basis of enzyme marker distribution, there were two 

major membrane populations (Fig. 4A). One of these was found near the bottom of the 

gradient (approximately 43% sucrose) and contained the highest fraction activity of both 

'Y-glutamyl transpeptidase (GGTP) and alkaline phosphatase. The second peak included 

both K+-dependent para-nitrophenyl phosphatase (PNPPase) and -Na+,K+-ATPase 

activities, and was found near the top of the gradient (approximately 35% sucrose). The 

former enzymes are classical brush border markers in vertebrate (Motbert et ai., 1960; 

Rutenberg et at., 1969) and invertebrate (Momin and Rangneker, 1974; Schlichter, 1984) 

preparations, while the latter are often used as markers of the basal-lateral membrane of 

epithelia (Mayahara and Ogawa, 1980; Towle and Kays, 1986). The Na+-sensitive alanine 

transport activity in the gradient (Fig. 4B) was associated with the brush border markers. 

The apical membrane of the gill epithelium, across which Na+ -dependent uptake of alanine 

occurs (Wright, 1985), has a rich microvillous brush border (Wright et at., 1987). Therefore 

the Na+-dependent alanine transport of the high-density membranes strongly suggests that 

this fraction includes the gill brush border. In intact mollusc intestinal epithelium, the 

effects of ouabain on transmural potential are limited to the serosal membrane (Gerencser, 

1978), which suggests that the ouabain-inhibited Na+,K+-ATPase activity here included 

basal-lateral membranes. These are typically less dense than brush border membranes (e.g. 

Ives et at., 1983), consistent with their location in the gradient. 

Most of the alanine uptake in the gradient was Na+ -sensitive. Alanine uptake in 

the presence of choline+ (Fig. 4B) was distributed evenly through the gradient and 

represented a low proportion -of the uptake seen in the presence of Na+. Of interest was 
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the absence of any peak of alanine transport, either Na+-dependent or Na+-independent, 

in the basal-lateral membrane fractions. 

The activity of succinate dehydrogenase (SDH) was low in all fractions of the 

sucrose gradient (Fig. 4C) except the bottom fraction (not shown), which contained 

approximately 45% of the total recoverable SDH activity. Acid phosphatase activity was 

distributed throughout the gradient (Fig. 4C). The protein distribution (Fig. 4C) resembled 

that of alkaline phosphatase except that the peak in fraction protein content at the higher 

sucrose density was smaller. 

Enzyme enrichments 

Table 2 summarizes the marker enzyme activities in three fractions of the 

membrane preparation: the initial homogenate (IH), the crude plasma membrane fraction 

(P3L), and the fraction representing the peak in brush border marker activity (Fa)' The 

peak of the final membrane preparation (Fa) was enriched approximately 19-fold in GGTP 

activity and approximately 3-fold in alkaline phosphatase relative to the initial homogenate. 

Between 25 and 40% of the alkaline phosphatase activity in the initial homogenate was lost 

in the supernatant of the first high speed spin (S2)' Therefore a large proportion of the 

alkaline phosphatase in this tissue appears to be soluble rather than bound and accounts for 

the rather low enrichment in the Fa fraction. This fraction was enriched approximately 

2-fold in PNPPase, and approximately 4-fold in the lysosomal marker, acid phosphatase. 

The contamination by mitochondria, as shown by 0.04-fold enrichment of SDH, was very 

low. The enrichment of Na+,K+-ATPase was also very low, 0.2-fold. However, the 

recovery of this enzyme was only 53%, which suggests a significant inactivation. 

Since the yield of protein in Fa was relatively low, fractions F6 through FlO were 

pooled for transport studies. This increased the amount of protein from a mean of 3.7 ± 

0.2 mg to 17.1 ± 1.0 mg (n=4) and increased the yield of GGTP from 2.6 to 12.0% of IH 
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and the yield of alkaline phosphatase from 0.5 to 2.5% of IH. The enrichments of these 

enzymes in the pooled fractions changed slightly from those in Fa: GGTP decreased from 

IB.5 to 17.B-fold and alkaline phosphatase increased from 2.B to 3.B-fold enrichment. This 

pooled fraction is referred to as the brush border membrane vesicle (BBMV) fraction. 

The total PNPPase activity was inhibited to the same extent (approximately 65%) by 

either a K+-free reaction buffer (with Na+ replacing K+) or by 1 mM ouabain. 

Electron microscopy 

Figure 5 shows an electron micrograph of the BBMV, i.e. the combined fractions F6 

through FlO' The vesicles appear closed and range in size from approximately 0.1-0.5 ~m. 

Associated with many of the vesicles was a glycocalyx-Iike layer, also seen in electron 

micrographs of the brush border of the intact mussel gill (Wright et al., 19B7). Many of 

the vesicles also contain an electron-dense "core" material, possibly actin, which again 

suggests a brush-border origin. 

Time course 

Figure 6A shows the time course of alanine uptake into BBMV under four different 

conditions. With an inwardly-directed NaCl gradient (300 mM NaCl out 0 in), there was 

a transient "overshoot" in which the intravesicular alanine concentration exceeded that 

noted at 6 hours, the nominal "equilibrium" condition. The peak of the overshoot occurred 

at approximately 10 minutes, and in four experiments averaged IB.3 ± 3.6 times the uptake 

at 6 hours. Uphill alanine transport was still noted under Na+-gradient, C1--equilibrium 

conditions (NaCI out KCI in; no nigericin) with a 1.9-fold overshoot (n=l; results not 

shown). These data indicate that a Na+ gradient is sufficient to support concentrative 

alanine uptake into gill BBMV. Of interest was the observation that an inwardly-directed 

K+ gradient could also support uphill alanine uptake (Fig. 6B), although to a lesser extent 

(i.e. 9.5 ± 4.1 -fold overshoot, n=4) than that driven by a Na+ gradient. An overshoot in 
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alanine concentration, similar to that seen with K+, was observed in the presence of an 

inw:!.rdly-directed gradient of Li+ (results not shown). 

Initial attempts to measure alanine uptake under cation-equilibrium conditions 

employed homogenization and preequilibration in Na+- and K+-containing buffers in an 

effort to load the BBMV with these cations. Though this treatment did serve to reduce the 

rate of alanine uptake from Na+- or K+-containing transport buffers, it was not effective 

in eliminating trans membranous cation gradients as shown by the presence of overshoots in 

time courses of uptake into vesicles pre-equilibrated with NaCI (data not shown). Conse

quently, a cation-exchanging ionophore, nigericin, was used to facilitate preloading of the 

BBMV with Na+ and K+ (Beck and Sacktor, 1975). When vesicles were preequilibrated for 

30 minutes in a cation-free buffer containing nigericin (25 I'g/mg protein), the initial (6 

sec.) rate of alanine uptake from a buffer containing 300 mM NaCI plus nigericin, was 

reduced by 40%, suggestive of a rapid collapse of the Na+ gradient (Beck and Sacktor, 

1975). When the preequilibration solution contained 300 mM NaCI plus nigericin, the initial 

rate of alanine uptake was reduced by 99.5%, and uphill accumulation of alanine (i.e. the 

overshoot) was completely eliminated, indicating that the nigericin was effective in 

completely collapsing the Na+ gradient. Similar results were observed when nigericin was 

used to preload BBMV with K+ (Fig. 6B). 

Cation effects 

In light of the observed effects of K+ on the time course of alanine uptake, a series 

of experiments was conducted to examine the cation selectivity of alanine transport. 

Figure 7 shows the 30-second uptakes of alanine in the presence of inwardly-directed 

gradients of different chloride salts. The greatest transport was seen in the presence of 

NaCI. LiCI and KCI could support 69% and 44%, respectively, of the transport seen with 

NaCI. Uptake rates were lower when Na+ was replaced with mannitol or with the organic 
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cations, choline+ and N-methyl glucamine (NMG+). However, approximately 95% of the 

uptake seen under these cation-replacement conditions was inhibited by 1 mM alanine. 

This suggests either a low cation selectivity of the transporter(s) or a cation-independent, 

carrier-m~diated route for alanine uptake, or both. It would be surprising to fi~d extensive 

facilitated diffusion transport of alanine in the brush border membrane of mussel gill cells 

in view of the very large intracellular amino acid concentrations which they maintain. 

To examine whether the Na+-stimulated and K+-stimulated uptakes of alanine were 

occurring via independent carriers or by a common pathway or set of pathways, the 

following experiment was done (Fig. 8). The uptake of alanine in vesicles pre-equilibrated 

in 600 mM mannitol buffer (pH 7.6) was measured using transport buffers containing 

NaCI (300 or 150 mM), KCl (300 or 150 mM) or both NaCl and KCl at 150 mM each. 

The osmotic concentration was kept the same in each case with cholineCI. The initial rate 

(30 sec) of alanine uptake in the transport buffer containing both NaCI and KCl was 

greater than the uptake in each cation at 150 mM alone but not as great as the sum of the 

two. These observations support the contention that Na+ and K+ (and probably other 

cations) interact with a common set of transport pathways for alanine in the brush border 

of gill cells. 

It was of interest to examine whether or not K+ gradients could also support the 

uptake of substrates other than amino acids. Glucose uptake into intact bivalve gills is 

Na+-dependent (Bamford and Gingles, 1974; Riley, 1981). An inwardly-directed Na+ 

gradient was also found to stimulate the uptake of 10 pM D-glucose into BBMV from 

Mytilus gill. The initial 30-second uptake rate was 169 ± 26 pmol/mg-min (n=2). This 

uptake was inhibited 95% by 0.1 mM phlorizin and 95% by replacement of Na+ with 

mannitol. Neither a choline+ nor a K+ gradient had a significant stimulatory effect on 

glucose uptake (inhibition of 98 and 99%, respectively), suggesting that the observed 

-- ------ - --------
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effects of K+ on alanine uptake represent a specific interaction of this ion with the alanine 

transporter(s). 

Amino acid specificity 

Uptake of 5 11M 3H-L-alanine into gill BBMV was inhibited by more than 88% by 

100 11M unlabeled L-alanine, and by 98% by I mM L-alanine (Figs. 9,10). A similar 

pattern of inhibition was seen with leucine (Figs. 9, 10). Glycine, a relatively polar neutral 

amino acid, was less effective as an inhibitor than either alanine or leucine, with 100 11M 

glycine reducing 3H-L-alanine uptake by only 56% (Figs. 9, 10). However, 10 mM glycine 

was still capable of eliminating 95% of the alanine accumulation in the BBMV (results not 

shown). 100 11M D-alanine reduced uptake by only 50%, indicating that the transporter(s) 

shows a degree of stercoselectivity for the L-isomer (Fig. 9). Taurine, a .a-amino acid, and 

aspartate, an anionic (acidic) amino acid, had limited inhibitory effects on alanine uptake 

(l mM taurine reduced alanine uptake only 10%, while 1 mM aspartate reduced it by 30%) 

(Fig. 9). Furthermore, in a separate experiment, I mM alanine inhibited the 

Na+-dependent transport of 5 11M taurine by less than 10% (10.6 vs. 9.6 pmol taurine/mg-

30sec). The cationic (basic) amino acid, lysine, was an effective inhibitor of alanine uptake, 

with 1 mM lysine reducing uptake 90% (Fig. 9). The imino acid, proline, also significantly 

reduced alanine uptake, with I mM proline inhibiting transport by 38% (Figs. 9, 10). 

However, increasing the proline concentration to 10 mM (results not shown) did not result 

in further inhibition of alanine uptake, suggesting the presence of proline-sensitive and 

proline-insensitive pathways for alanine uptake. 

In intact gill tissue, a qualitatively similar pattern of apparent structural specificity 

for alanine was noted (Fig. 11). Both leucine and glycine were effective inhibitors of 

alanine uptake, though glycine was a more effective inhibitor in the intact gill than in the 

BBMV. Finally, both lysine and proline reduced alanine accumulation in the intact gill, 

...... - .. --------------
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Kinetics 
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As implied by the inhibitor study described above, alanine uptake into BBMV was 

saturable. Figure 12 shows the results of one experiment in which the effect of increasing 

alanine concentration on the initial rate of alanine accumulation was examined. The 

uptake was clearly saturable, and the kinetics of the process were adequately described by 

the Michaelis-Menten equation: J=(Jmax . [Ani (Kt + [An, where J is the initial rate of 

alanine uptake, Jmax is the maximal rate of alanine uptake, [A] is the concentration of 

alanine, and Kt is the apparent Michaelis constant. It should be noted that in some vesicle 

preparations, alanine uptake appeared to include a non-saturable component which behaved 

like passive diffusion, though may have represented a carrier-mediated pathway of low 

substrate affinity. The kinetics of uptake were described assuming the presence of two 

components J = (Jmax . [AJ) / (Kt + [AJ) + P[A], where P is an apparent diffusion 

coefficient. In six experiments, the Jmax for alanine uptake was 360 ± 104 pmol/mg-min 

and the apparent Kt was 7 ± 211M. The value for P ranged between 1.5 x 10-8 and 7.9 x 

10-8 l/mg-sec. 
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FigA Distribution of marker enzymes and alanine transport in linear 30-50% sucrose 
density gradient. (A): Distribution of marker enzymes. Fraction 1 represents the top (30% 
sucrose) of the gradient. Activity is shown as the percent of total recovered activity. Each 
curve represents the mean of 2 (ATPase), 3 (PNPPase, GGTP), or 4 (alkaline phosphatase) 
membrane preparations. (8). Distribution of alanine transport activity. Vesicles contained 
600 mM mannitol, 10 mM HEPES-Tris, pH 7.6. Transport buffers contained either 300 
roM NaCI (upper curve, n=3) or 300 mM cholineCI (lower curve, n=2), with 10 mM 
HEPES-Tris, pH 7.6, and 5 I'M 3H-alanine. Activity in the presence of NaCI or cholineCI 
is expressed as a percent of total recovered NaCI activity. Uptakes were run for 10 
seconds. 

------------- ------
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Table 2: Summary of specific activities, yields, and recoveries of marker enzymes and 
protein in membrane fractions during the preparation of brush border enzymes from 
mussel gills. 

A Enzymes n Tolal IH P,L F. 
recovery lSI" acll" 
(<)f IHI' Sp aCl o Yield Sp aCI O Enrichmenl' Yield 

(<JfIH) ('h tH) 

GGTP 3 92.9:!: 7.2 1.4 :!: 0.4 12.7 :!: 1.4 28.2 :!: 1.6 21.2 :!: 2.6 18.5 :!: 4.7 2.6 :!: 0.7 
Alkaline 4 70.9 :!: 4.2 83.2 :!: 15.8 202.0:!: 30.2 6.8 :!:I.S 195.6 :!: 31.4 2.8 :!: 0.8 0.5 :!: 0.1 

phosphalase 
K·PNPPase 99.3 :!: 9.2 129.6 :!: 16.7 230.5 :!: 22.6 4.6 :!: 0.1 229.6 :!: 8.1 1.9 :!: 0.4 0.27 :!: 0.D3 
Na·.K ··ATPase 52.6 :!: 3.7 67.0 :!: 41.0 42.0:!: 29.0 0.8 :!: 0.6 24.0:!: 17.0 0.4 :!: 0.3 0.05 :!: 0.04 
SDH 89.4 :!: 9.1 320.8 :!: 8.4 56.9 :!: 3.4 0.46 :!: 0.02 12.0 :!: 4.4 0.04 :!: 0.02 0.003 :!: 0.002 
Acid 112.9:!: 5.1 598.4 :!: 35.2 651.3 :!: 0.9 3.1 :!: 0.2 2220 :!: 51 4.4 :!: 2.0 0.4 :!: 0.01 

phll'phala,c 

B Prolein n TOlal tH P,L F. 
recovery (fmc lion 
('h tHI prole in (mg" Fraclion Yield Fmclion Yield 

prolein (mg) (<JftH) prolein (mgl ('h IH) 

Prolein \02.6 :!: 7.1 2667 :!: 285 66.4 :!: 5.9 2.5 :!: 0.2 3.7 :!: 0.2 0.14 :!: 0.01 

• Recovered aClivily expressed as <Jf tH. 
" Unil, uf ,!,,!cilic aClivily: (j(jTI' I'mullm!t pmlcin·hr: ulhcr, nmlll/mg·hr. 
, Specific aClivily of F. divided by specific aClivily of tH. 
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Fig. 5 Electron micrograph of membranes used for transport studies, fractions Fs-F10' (x 
36,960). The bar represents 0.5 pm. 
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Fig. 6 (A): Time course of alanine uptake. Vesicles contained: 600 mM mannitol, 10mM 
HEPES-Tris, pH 7.6 (gradient condition); 300 mM NaCI or KCI, 10 mM HEPES-Tris, pH 
7.6 (Na+ equilibrium or K+ equilibrium condition). Transport buffers contained either 300 
mM NaCI or KCI, with 10 mM HEPES-Tris, pH 7.6 and 5 J.lM 3H-L-alanine. Overshoots 
were seen only in the presence of inwardly-directed gradients of Na+ (filled circles) or K+ 
(filled triangles). The equilibrium conditions are shown with open circies (Na+ equilibrium) 
and open triangles (K+ equilibrium); Nigericin (25 J.lg/mg protein) was present in these 
groups. (B): shows in greater detail the time courses in the presence of a K + gradient and 
under equilibrium conditions. Symbols and transport buffers are the same as in (A). Data 
points are the means of duplicate measures of uptake from a single membrane preparation. 
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Fig. 7 Effects of cations on the uptake of alanine. Vesicles contained 600 mM mannitol, 
10 mM HEPES-Tris, pH 7.6. Transport buffers contained 300 mM NaCI, KCI, LiCI, 
cholineCI, N-methyl-glucamine-HCI, or 600 mM mannitol with 10 mM HEPES-Tris, pH 
7.6. The transport buffers also included 5 I'M 3H-alanine with (n= 1-2) or without 
(n=2-9) I mM unlabeled alanine. Uptake is expressed as a percentage (± standard error) of 
that seen in the presence of NaCI (168 ± 22 pmol/mg-min, n=9). Uptakes were run for 30 
sec. 



100 

c: .... 
e 75 I 

. 
DI 
e -.... ..... 
0 
e 
.9-

50 
OJ 
,fJ 
It! 
c.. 
OJ 

:t(. 
It! 25 ,fJ 
a. 
::J 

o 
Na+ 

300 

T 
l 

Na+ 
150 

T 
J. 

K+ 
150 

... 
'" 

Na+ + K+ 
150 ea. 

54 

. 

Fig. 8 Effects of Na+ and K+ on alanine uptake. Vesicles contained 600 mM mannitol, 
10 mM HEPES-Tris, pH 7.6. Transport buffers contained: 300 mM NaCI or KCL or 150 
mM NaCI or KCI with 150 mM cholineCI or both 150 mM NaCI and KCl. Each of these 
was buffered with 10 mM HEPES-Tris, pH 7.6 and contained 5 I'M 3H-L-alanine. Uptake 
times were 30 seconds. The bars represent the uptake rates ± standard error (triplicates 
from a single membrane preparation). 
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Fig. 9 Effect of 100 I'M and 1 mM amino acids and glucose on alanine uptake. Vesicles 
contained 600 mM mannitol, 10 mM HEPES-Tris, pH 7.6. Transport buffers contained 
300 mM Nael, 10 mM HEPES-Tris, pH 7.6, 5 I'M 3H-L-alanine with or without amino 
acids or glucose. Uptakes were run for 30 seconds. Uptake is expressed as a percentage of 
the uptake seen in the absence of added inhibitors (146 ± 26 pmol/mg-min, n=5). Error 
bars were omitted for the purpose of clarity; standard errors ranged between 4 and 20%, 
except in the experiments with alanine as an inhibitor where they were 40%. The results 
for D-alanine, taurine, aspartate, and glucose represent single membrane preparations; 
sample sizes for the other conditions ranged from 2 to 5. 
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Fig. 10 Inhibition of 5 IJM 3H-alanine by unlabeled amino acids. Uptake times are 30 
seconds. Each curve shows the results of an experiment with a single membrane 
preparation. Conditions were the same as in Fig. 9. 
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Fig. 11 Inhibition of 5 I'M 3H-alanine uptake by I mM and IO mM unlabeled amino 
acids in intact gills. Results are expressed as percentage (± S.E.) of control uptake. Each 
point represents the mean of results from three animals. Gill pieces were exposed to label 
for 10 minutes. There were no results for I mM leucine. 
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Fig. 12 Kinetics of alanine uptake. Vesicles contained 600 mM mannitol, 10 mM HEPES
Tris, pH 7.6. Transport buffers contained 300 mM NaCI, 10 mM HEPES-Tris, pH 7.6 
with tracer 3H-alanine and increasing concentrations of unlabeled alanine. Initial rates (6 
sec) were measured. The curve was generated using a non-linear regression analysis 
(Duggleby, 1981) of the data fit to the Michaelis-Menten equation. The Jmax was 
calculated to be 276 pmal/mg-min, the apparent Kt was 12 11M, and the apparent 
diffusion coefficient, P, was 4 x 10-8 I/mg-sec. The points represent means ± S.E. of 
triplicate determinations from a single membrane preparation. 
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Discussion 

This report describes the preparation of plasma membranes from the epithelial cells 

of M. edulis gill. These membranes were clearly separated into two major populations 

including one enriched in Na+ -dependent L-alanine transport. This fraction was also 

enriched in the enzymatic markers, GGTP and alkaline phosphatase, which are commonly 

found in the brush border membrane of both vertebrate and invertebrate epithelia. 

Furthermore, Na+ -dependent L-alanine uptake has been shown to be a feature of the 

brush border aspect of intact gill cells (Wright, 1985). Therefore, we feel that the 

membrane fraction used in the transport experiments of the present study contains brush 

border membranes. This is the first integumental brush border preparation from a soft

bodied marine invertebrate to be used to characterize the Na+-coupled transport of amino 

acids. 

Studies with intact gill tissue have demonstrated net amino acid uptake against 

extreme chemical gradients (Manahan et al., 1983) by processes requiring Na+ in the 

external medium (Wright, 1985). If the energy for such transport is derived solely from 

the Na+ electrochemical gradient, then at least 3 Na+ ions must be coupled to the transport 

of each amino acid (Manahan et al., 1983). However, until the present report, there was 

no evidence for a coupling between the flows of Na+ and amino acid. The appearance of 

a transient overshoot in intravesicular alanine concentration in the presence of an 

inwardly-directed Na+ gradient (Fig.6) provides evidence for such a coupling. 

The apparent coupling of K+ and Li+ with alanine transport in these studies was 

not expected. In intact gills, neither K+ nor Li+ is an effective substitute for Na+, and 

complete replacement of Na+ with other cations reduces uptake of amino acids, including 

alanine, by more than 95% (Wright, 1985, 1987). However, interpretation of ion 

replacement studies with intact tissues must be done with care. Brief exposure (5 min.) of 
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isolated giIIs to Na+-free seawater causes an inhibition of alanine uptake that takes up to 

an hour to recover upon reexposure to normal seawater (Wright, 1987). Coincident with 

this inhibition of uptake is a 35% reduction in O2 consumption that is also slow to recover. 

The exact nature of the ion and electrical gradients in intact tissues is not known, and it 

seems that the removal of Na+ has effects on cells of the integument that go beyond a 

simple replacement of this cation at a cotransport site. Consequently, direct comparison of 

studies with intact tissues and isolated membranes may be premature. 

It should be emphasized that there are precedents for cations other than Na+ serving 

as cosubstrates in amino acid transport in both invertebrate (Hanozet et al., 1980; Giordana 

et al., 1982, 1985) and vertebrate epithelia (Berteloot et al., 1982). Of particular interest is 

the observation that electrochemical gradients of K+, Li+, and Na+ are all effective in 

supporting uphill accumulation of phenylalanine and alanine in brush border vesicles from 

larval insect midgut, though K+ was observed to produce both the highest rates and largest 

overshoots (Giordana et al., 1982; Hanozet et al., 1984). This comparatively poor cation 

selectivity resembles the observations noted here for alanine transport in BBMV isolated 

from M. edulis gill. 

The apparent structural specificity for alanine uptake in the BBMV was similar to 

that seen in intact gills. Previous studies with gills from Mytilus califomiallus suggested 

the presence of at least two pathways for alanine transport (Wright, 1985) and the results 

of inhibition studies in both BBMV and isolated gills from M. edulis (Figs. 9, 10, II) were 

consistent with this contention. Different Na+ sensitivities of these separate pathways for 

alanine may, at least in part, account for differences in cation effects seen between intact 

gills and BBMV. Evidence presented in Chapter 4 supports this contention. These separate, 

parallel transport pathways appeared to be adequately described by the kinetics for a single 

carrier-mediated process (Fig.IO), though the situation is more complex. 
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The Na+ concentration used in the studies reported here (300 mM) was considerably 

less than that of full-strength seawater (~440 mM). Ambient Na+ concentrations do 

influence the kinetics of amino acid uptake in intact gills (Wright, 1987). Consequently, 

the kinetic parameters for alanine uptake in BBMV must be considered tentative until the 

effects of Na+ are studied in greater depth. Nevertheless, they do support observations 

made with intact animals (Wright and Stephens, 1978) and isolated gills (Wright, 1985) 

which show that the transport processes for alanine and other amino acids have very high 

substrate affinities (Kt's between 1 and 10 I'M). The transport capacity relative to 

metabolic rate is high in intact mussels (Wright, 1982, 1988). With the transporters exposed 

to environmental free amino acid concentrations on the order of 1 I'M or less, high 

substrate affinities coupled with large transport capacities allow a significant accumulation 

of a sparse resource. 

The mechanism of transport, dependent or independent of Na+, in the basal-lateral 

membrane fractions is unknown at present. The distribution of transport activity in the 

sucrose density gradient suggests that the rate of alanine transport in basal-lateral 

membranes is low when compared with that in the brush border. Some form of carrier

mediated alanine transport is expected in the basal-lateral membranes. If integumental 

uptake results in a transepithelial flux of substrate to support whole animal metabolic 

needs, then there must be avenues for efflux of amino acids from the cells to the 

hemolymph. In addition, the maintenance of a steep gradient of amino acid concentration 

between cells (~100 mM) and the hemolymph (~l mM; Zurburg and De Zwaan, 1981) 

implies the presence of some form of concentrative capacity in the basal-lateral membrane. 

Our observations may have underestimated the presence of a basal-lateral carrier if the 

transport rate or substrate affinity in the basal-lateral membranes is comparatively low. 

The latter might be expected with hemolymph free amino acid concentrations of 1 mM. 
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In summary, this study reports a method of preparation of brush border membrane 

vesicles from mussel gills and the initial characterization of alanine transport in these 

membranes. Uptake of alanine was shown to be coupled to a Na+ electrochemical 

gradient, though other monovalent cations, notably K+, were observed to support concen-
-

trative transport as well. The kinetics and amino acid specificity of this transport in 

BBMV were qualitatively similar to those seen with intact gill tissue. These results suggest 

that this membrane preparation is a useful one with which to study transport mechanisms 

involved in the maintenance of the intracellular concentrations of amino acids and other 

organic solutes characteristic of mussel gills. 



CHAPTER 3 

GLUCOSE TRANSPORT IN 
BRUSH BORDER MEMBRANE VESICLES 

Introduction 
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Soft-bodied marine invertebrates can accumulate dissolved organic matter (DOM), 

such as amino acids and sugars, from seawater directly into the cells of their integument 

(JflSrgensen, 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 potential role of this transport, particularly in animal nutrition (Wright, 1988) and as a 

mechanism to reduce diffusional loss of amino acids and sugars to the environment 

(Gomme, 1981; Wright and Secomb, 1984, 1986). 

In addition to the physiological importance of DOM transport, the mechanism and 

energetics of this process are of interest. For example, despite concentrations of amino 

acids in seawater that are often less than 1 micromolar, net amino acid uptake against 

chemical concentration gradients in excess of 105 to 1 has been observed (Manahan et al., 

1983). It has been proposed that the energy for this transport comes from the inwardly-

directed electrochemical gradient for Na+ (Wright, 1987), and the evidence presented in the 

preceeding chapter of this dissertation indicated that amino acid transport in gill tissue 

involves a direct coupling of the fluxes of Na+ with these solutes (see also Pajor and 

Wright, 1987). 

In contrast to the many studies of amino acid transport, there has been very little 

work done on the transport of sugars in marine bivalves, despite indications that seawater 

concentrations of carbohydrates may exceed those of amino acids by as much as ten-fold 

(Williams, 1975). The uptake of glucose into gill tissue is sensitive to the presence of Na+ 

in the external solution, suggesting that the mechanism of glucose transport also involves 
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coupling with Na+ (Bamford and Gingles, 1974; Riley, 1981). The use of isolated plasma 

membrane vesicles allows a more direct test of the role of sodium in this transport (Murer 

and Kinne, 1980). This chapter describes the results of experiments using brush border 

membrane vesicles (BBMV) from Mytilus edulis gill to study the mechanism of integumen

tal glucose transport. This transport was found to involve a direct coupling of the 

movements of glucose and sodium, similar to Na+ -dependent glucose transport in other 

animals (see e.g. Hopfer, 1987). However, quantitative characteristics of this process in 

marine mussels differ from those of many other systems and appear to be particularly 

well-adapted to conditions found in the near shore environment of these animals. 

Methods 

Animals 

Specimens of the common blue mussel (Mytilus edulis) were purchased from Sea 

Life Supply, Sand City, CA. They were maintained in refrigerated aquaria (12°C) 

containing recirculating, aerated artificial seawater (Instant Ocean). Animals were not fed 

and were used within two weeks of collection. 

Membrane preparation 

Gill plasma membrane vesicles were prepared by differential and sucrose density 

gradient centrifugation as described in Chapter 2 of this dissertation. Preliminary studies of 

the distribution of marker enzymes and amino acid transport showed that there were no 

differences between membranes from mussels obtained from different sources (Sea Life 

Supply vs. Bodega Marine Lab). 

For most of the studies outlined here, the final brush border membrane fraction 

was resuspended as described prevbusly (Chapter 2), in a buffer containing 600 mM 

mannitol and 10 mM HEPES-Tris at pH 7.6. In the experiments with vesicles containing 
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KCI, the final membrane fraction was resuspended in 300 mM KCI, 10 mM HEPES-Tris 

at pH 7.6 and left on ice approximately six hours, followed by 30 minutes at room 

temperature. 

Transport measurements 

The transport of substrates into membrane vesicles was measured using a rapid 

filtration method described in Chapter 2. 

Binding measurements 

The equilibrium binding of 3H-phlorizin was measured by incubating 10 pI brush 

border membrane vesicles (BBMV) with 90 pI 300 mM NaCI, 10 mM HEPES-Tris, pH 7.6 

and carrier free 3H-phlorizin (1 x 106 dpm) for 10 minutes at room temperature. 

Incubations were stopped and filtered as in transport experiments but the stop and wash 

solution was the same NaCI buffer used for the incubation. Specific binding to the glucose 

transporter was determined from the difference between binding in the presence and 

absence of I mM D-glucose. 

The equilibrium binding of carrier free 3H-ouabain (1.5 x 106 dpm) was measured 

in the same buffer used for measurement of Na+,K+-ATPase activity (Mircheff and 

Wright, 1976): 100 mM NaCi, 10 mM KCI, 5 mM MgCI2, 3 mM EDTA, 3 mM ATP, 83.5 

mM Tris, pH 8.0. Ninety microliters of this buffer were combined with 10 pI BBMV and 

binding was allowed to proceed for 10 minutes. The incubations were stopped and filtered 

as in transport experiments. Specific binding to ouabain binding sites on the membrane was 

determined using I mM unlabelled ouabain. 

Chemicals 

3H-D-glucose (83 Cijmmol), 14C-D-glucose (359 mCijmmol), 3H-phlorizin (55 

Cijmmol), and 3H-ouabain (40 Cijmmol) were purchased from NEN. All other chemicals 

were obtained from Sigma Chemical Corporation. Valinomycin, FCCP, phloretin, and 
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cytochalasin B were added to transport buffers as stock solutions in ethanol and the final 

concentration of ethanol in these buffers was 1%. 

Results 

Distribution of transport activity aJld binding in the sucrose gradient 

In a previous study (Chapter 2; Pajor and Wright, 1987), two major membrane 

populations were separated 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 

border 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 Figure 13, the distribution of Na+ -dependent glucose uptake 

showed a peak near the bottom of the gradient in the brush-border membrane fractions, 

and coincided with the distribution of specific phlorizin binding. Phlorizin, an inhibitor of 

Na+ -dependent glucose transport in gill BBMV (see Fig. 22), binds to the transporter with 

high affinity in other systems (Turner and Silverman, 1981). The distribution of 

Na+ -dependent taurine and lysine transport also showed peaks near the bottom of the 

gradient (results shown in Appendix A). The specific binding of ouabain (Fig. 13) was 

distributed with a peak near the top of the gradient, and resembled the distribution of 

Na,K-ATPase, a basal-lateral membrane marker (Pajor and Wright, 1987). Ouabain binds 

to the Na,K - ATPase in other systems (see Stein, 1986). 

Time course of glucose uptake 

The time course of glucose uptake is shown in Figure 14. In the presence of an 

inwardly-directed sodium gradient there was a transient overshoot in intravesicular glucose 

concentration which reached a maximum at approximately 1 minute. The glucose concen-
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tration in the vesicles then decreased slowly and reached an apparent equilibrium by 6 

hours. 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 gill BBMV (see Fig. 22), was added, the overshoot in glucose concen

tration was abolished and intravesicular glucose concentrations rose slowly, presumably by 

diffusion, to reach apparent equilibrium by 6 hours. These results support the hypothesis 

that the transport of glucose and Na+ is coupled, since concentrative 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 osmotically active space. The apparent 

equilibrium space (i.e. uptake at 6 hours) was progressively reduced when time courses 

were done in solutions of increasing osmotic concentration (prepared using 260 mM NaCl, 

60 mM mannitol, 10 mM HEPES-Tris and concentrations of polyethylene glycol 400 

ranging from 0 to 600 mM). The equilibrium space in the presence of 600 mM PEG was 

19% of the control. 

Cation specificity of glucose uptake 

The uptake of glucose was dependent upon the presence of Na+ (Fig. IS). The 

replacement of Na+ by other monovalent cations or by mannitol reduced the initial rate of 

glucose uptake by more than 98%. Similar results were seen in intact gills. The 

replacement of Na+ in seawater by Li+, K+, or choline+ reduced the 5 minute uptake rate 

in isolated gills by more than 80%. 

Effect of membrane potential Oil glucose uptake 

Coupling of the movement of Na+ with glucose should be electrogenic, bringing a 

net positive charge into the vesicles. To test this prediction, the effects of membrane 

potential difference (PD) on glucose transport were examined. The PD of the vesicles was 

manipulated in three ways. First, diffusion potentials of anions of different permeabilities 
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were used. The initial rate of Na+-dependent glucose transport was stimulated in the 

presence of the permeant anion, thiocyanate (SCN-), and inhibited in the presence of the 

impermeant anion, isethionate, relative to the uptake in NaCI (Fig. 16). These voltage

dependent differences in uptake rate were abolished by addition of the protonophore, 

carbonyl cyanide p-trifluorolilethoxy phenylhydrazone (FCCP), which should have clamped 

the PD at 0, given equal pH (7.6) inside and outside the vesicles. These observations 

support the contention that Na+ -dependent glucose uptake in these membranes is elec

trogenic and stimulated by an inside-negative membrane potential. In later studies, 25 J.'M 

FCCP, and equal pH inside and outside the vesicles, was routinely used to voltage-clamp 

the vesicles at il1/1=O. 

The second approach involved manipulation of PD through the use of K+ diffusion 

potentials, established with K+ gradients and the ionophore, valinomycin. Figure 17a shows 

the time course of glucose uptake into KCI-loaded vesicles, under control conditions or 

with the K+-selective ionophore, valinomycin, added in the transport buffer at time O. 

There was a marked stimulation of both the initial rate and the height of the overshoot in 

the presence of valinomycin (i.e., an inside-negative membrane potential). Figure 17b 

shows the effect of adding valinomycin to KCI-containing vesicles at the peak of the 

overshoot, the point at which the inwardly-directed Na+ electrochemical gradient is 

balanced by the outwardly-directed glucose gradient. Addition of valinomycin at this 

point produced an increase 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 valinomycin in a transport buffer containing 200 

mM NaCI and 100 mM KCI to mannitol-loaded vesicles, resulted in a decrease in initial 

rate by 68 ± 1% (n=3), a 77% decrease in the height of the overshoot when valinomycin 

was added at time=O, and a more rapid decrease in i!i.lraveslcular glucose concentration 
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when valinomycin was added at the overshoot (I min after addition of valinomycin the 

uptake was reduced by 60%). Preliminary experiments with valinomycin in NaCI showed 

that there was no direct effect of the ionophore on the initial rate of glucose transport 

(control: 43 pmol/mg-min; +valinomycin: 40 pmol/mg-min). 

In the third approach, the electrogenicity of glucose transport in gill BBMV was 

also demonstrated in experiments which utilized the diffusion of protons via the proton 

ionophore, FCCP, to manipulate membrane potential. The initial rate of. glucose uptake in 

NaCI was stimulated 1.5-fold in the presence of an outwardly-directed pH gradient (7.6 

inside, 8.5 outside) when FCCP was added. In the presence of an inwardly-directed pH 

gradient (7.6 inside, 6.0 outside) 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 

effect on glucose transport. 

Kinetics 0/ glucose uptake 

Preliminary experiments showed that the rate of glucose uptake at 0.5 IlM was 

linear through 15 seconds and at 25 IlM, linear up to 10 seconds. Therefore 10 second 

uptakes were used to calculate initial rates of glucose uptake in the following kinetic 

experiments. 

The kinetics of glucose transport at 260 mM Na+ under voltage-clamped conditions 

are presented in Figure 18 for a single membrane preparation. The uptake of glucose was 

saturable and the kinetics were adequately described by the Michaelis-Menten equation 

(see insert Fig. 18). The Woolf-Augustinsson-Hofstee plot (Fig. 18) of the data was linear 

suggesting the presence of a single saturable process. In experiments with membranes from 

four separate preparations, the Jmax for glucose transport was 480 ± 84 pmol/mg-min and 

the apparent Kt for glucose was 3.4 ± 0.8 IlM. 
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The initial rate of glucose uptake as a function of extravesicular sodium concentra

tion is shown in Figure 19. The activation of glucose uptake produced by increasing Na+ 

concentrations appeared to be a sigmoid relationship rather than hyperbolic, suggesting that 

more than one Na+ ion is involved in the transport of each glucose molecule. The data 

were analyzed using the simplified Hill equation (Segel, 1975): J = (Jmax . [Na]n)/(Kson + 

[Na]n), where Jmax is the maximal rate of uptake of the 0.5 I'M substrate, [Na] is the 

concentration of Na+ in the transport buffer, Kso is the concentration of Na+ at which the 

half-maximal uptake rate is seen, and n is the apparent Hill coefficient. The apparent Hill 

coefficient determined in four separate experiments was 1.5 ± 0.1 (R=O.99). The Jmax for 

uptake of 0.5 I'M glucose was 66 ± 9 pmol/mg-min (n=4) and the KNa+ was 97 ± 10 mM 

(n=4). 

Harmaline has been shown to inhibit Na+ -glucose cotransport in rabbit kidney 

BBMV by competing with Na+ for binding at the transporter (Aronson and Bounds, 1980). 

Figure 20 shows a Dixon plot of harmaline inhibItion of Na+ -glucose transport in mussel 

gill BBMV. The intersection of the two lines indicates that harmaline interacts with the 

glucose transporter as a competitive inhibitor of Na+ (see Segel, 1975) with a Ki of 44 I'M 

(Fig. 20). 

Substrate specificity 

The structural requirements for Na+ -dependent glucose transport in mussel gill 

BBMV are shown in Figure 21. The transporter showed stereospecificity for the D-isomer 

of glucose: 100 I'M D-glucose inhibited uptake of 0.5 I'M 3H-D-glucose by 97% while 100 

I'M L-glucose had no effect. A modification of the structure of glucose at the Cl position 

did not affect its interaction with the Na+-glucose transporter; a-methyl D-glucopyranoside 

(a-methyl glucoside or aMG) was as effective an inhibitor as D-glucose (aMG was also 

transported by the BBMV; in a single experiment, the initial rate of uptake of 39 I'M 14C-
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aMG was 850 pmol/mg-min). Modification of the glucose structure at position C2 or C3 

abolished its ability to interact with the Na+ -glucose transporter; there were no significant 

inhibitory effects of either 2-deoxy-glucose or 3-0-methyl-glucose. D-galactose (IOO I'M) 

reduced uptake of D-glucose by 84%, indicating that a modification of the structure of 

glucose at C4 reduced the affinity of substrates for the glucose transporter. D-fructose did 

not inhibit glucose transport. 

The effects of these sugars (IOO I'M) on the transport of 0.5 I'M 14C-glucose in the 

intact giII were very similar to their effects in the BBMV. As in the BBMV, D-glucose and 

aMG were most effective inhibitors (88 ± 0.2% and 87 ± 0.7% inhibition, respectively 

(n=3». D-galactose, which reduced glucose uptake by 84% in the BBMV, only inhibited 

glucose uptake by 48 ± 3% (n=3) in the giII. There were minor effects of 2-deoxy-glucose 

and 3-0-methyl-glucose on glucose transport in the giII (15 ± 10% and 20 ± 2% inhibition, 

respectively (n=3». Finally, L-glucose and D-fructose did not inhibit the uptake of 

glucose in the intact giII (the uptake of glucose in the presence of these sugars was 103 ± 

5% and 102 ± 9%, respectively (n=3». 

As shown in Fig. 22, phlorizin was an effective inhibitor of glucose transport in giII 

BBMV. The kinetics of the interaction of phlorizin with the glucose transporter are shown 

as a modified Dixon plot in Fig. 22. The mean apparent Ki for phlorizin was 154 ± 17 

nM (n=3). Phloretin and cytochalasin B, inhibitors of Na+-independent glucose transport 

(Basketter and Widdas, 1978), had comparatively slight inhibitory effects on 

Na+ -dependent glucose transport in gill BBMV. In a single experiment, I J-LM phlorizin 

inhibited the initial rate of 0.5 I'M glucose transport by 91 % while 1 I'M phloretin or 1 I'M 

cytochalasin B only inhibited glucose transport by 15 and 12% respectively. 
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Fig. 13 Distribution of Na+-dependent glucose transport and of specific phlorizin and 
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 transport, transport buffers contained 260 mM NaCI or KCI, 10 
mM HEPES-Tris, pH 7.6, 0.5 I'M 3H-D-glucose, 25 I'M FCCP (solutions were kept 
isoosmotic with mannitol). Ten-second uptakes were measured. The Na+-dependent glucose 
transport shown represents the difference between transport in NaCI and KCI. Other 
conditions are described in Methods. 
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Fig. 14 Time course of D-glucose uptake. The vesicles were resuspended in 600 mM 
mannitol, 10 mM HEPES-Tris, pH 7.6. The transport buffers were the same as those 
described in Fig. 13, phlorizin was added to a final concentration of 10 jlM. Data points 
are the means of triplicate measures of uptake from a single membrane preparation. 

--------------------------------------------------
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Fig. 15 Cation specificity of glucose uptake. Initial rates (10 seconds) of uptake were 
measured. Resuspension and transport buffers were the same as those described for Fig. 13. 
The effect of different cations was examined by replacing 260 mM NaCI in the transport 
buffers by 260 mM LiCI, KCI, CholineCI, N-methyl D-glucamineCI (NMG), or 520 mM 
mannitol. The uptake is expressed as a percentage of that seen in NaCI. The data represent 
the means ± standard errors of experiments from three membrane preparations. 
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Fig. 16 The effects of anions and FCCP on the initial rate (10 seconds) of glucose uptake. 
Vesicles were resuspended in 600 mM mannitol, 10 mM HEPES-Tris, pH 7.6. Transport 
buffers contained 10 I£M 3H-D-glucose, 10 mM HEPES-Tris, pH 7.6 and 260 mM of 
either NaCI, NaSCN, or Nalsethionate (solutions were kept isoosmotic with mannitol). The 
control groups (shown on the left of the figure) received ethanol, while the FCCP groups 
(shown on the right) received 25 I£M FCCP in ethanol. The final ethanol content of the 
transport buffers was 1 %. Each bar represents the mean ± S.E. of triplicate determinations 
from a single membrane preparation. 
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Fig. 17 Effects of membrane potential on time courses of glucose uptake. The vesicles 
were resuspended in 300 mM Kel, 10 mM HEPES-Tris, pH 7.6. Transport buffers 
contained 0.5 ILM 3H-D-glucose, 260 mM NaCl, 10 mM HEPES-Tris, pH 7.6 and either 
ethanol (control) or 25 ILg/ml valinomycin in ethanol. Transport buffers were kept 
isoosmotic with mannitol. 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 which were started without ethanol or valinomycin. The 
ethanol or valinomycin was added at 1 minute (indicated by the arrow). Each point 
represents the mean of triplicate determinations from a single membrane preparation. 
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Fig. 18 Kinetics of glucose uptake. Woolf-Augustinsson-Hofstee plot of the initial rate (10 
seconds) of glucose uptake (J) at different glucose concentrations [S]. The insert shows the 
same data as a Michaelis-Menten plot. Resuspension and transport buffers were the same 
as those described for Fig. 13. with the exception that the glucose concentrations ranged 
from 0.5 to 100 I'M. 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 
solid line was determined using a linear regression, but the kinetic parameters (Jmax 580 
pmol/mg-min, Kt app. 3 I'M) were determined from a nonlinear regression of the data fit 
to the Michaelis-Menten equation (Duggleby. 1981). 
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Fig. 19 The activation of the initial rate (10 seconds) of glucose uptake by increasing 
concentrations of Na+. Vesicles were resuspended in 600 mM mannitol, 10 mM HEPES
Tris, pH 7.6. Transport buffers contained 0.5 I'M 3H-D-glucose, 10 mM HEPES-Tris, pH 
7.6, 25 I'M FCCP, up to 260 mM NaCI (NaCI was replaced by LiC\), and mannitol to 
maintain isoosmolarity. Each point represents the mean ± S.E. of triplicate determinations 
from a single membrane preparation. The kinetic parameters were determined by a 
computer program for the best fit to the Hill equation. 
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Fig. 20 Inhibition of glucose uptake by harmaline. Dixon plot of the initial rate (10 
seconds) of glucose uptake (J) at increasing concentrations of harmaline. Vesicles contained 
600 mM mannitol, 10 mM HEPES-Tris, pH 7.6. Transport buffers were similar to those 
described in Fig. 13, with the exception that the concentration of NaCI was either 260 mM 
or 87 mM NaCI (NaCI was replaced by LiCl). Transport buffers also contained up to 300 
JLM harmaline. Each point represents the mean ± S.E. of triplicate determinations from a 
single membrane preparation. The equations of the lines were determined from least
squares linear regressions of the data, and the Ki shown is the negative x-intercept of the 
intersection of those lines. 
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Fig. 21 Substrate specificity of Na+-glucose transport. Resuspension and transport buffers 
were the same as those described in Fig. 13. Inhibitors were added at 100 I'M concentra
tion. Initial rates (10 seconds) were measured. The uptake seen in the presence of inhibitor 
is expressed as a percentage of control and each bar represents the mean ± S.E. of 
experiments from three different membrane preparations. 
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Discussion 

The transport of D-glucose in mussel gill BBMV resembles the concentrative uptake of 

glucose in other transporting epithelia, such as mammalian small intestine and kidney (see 

reviews by Hopfer, 1987; Ullrich, 1986). This uptake occurs by a secondary active process 

involving cotransport of sodium and glucose. 

The transient concentrative uptake of glucose (the "overshoot") seen in the time course 

experiment (Fig. 14) provides evidence that the energy for active transport of glucose 

comes from an inwardly-directed gradient of sodium. This experimental result requires 

coupling between the movements of glucose and sodium. This transport shows specificity 

for Na+, since replacement of Na+ by other cations decreased the initial rate of uptake and 

abolished the overshoot. A Na+ requirement for glucose uptake was also observed in intact 

mussel gills, as well as in other bivalve gill preparations (Bamford and Gingles, 1974; 

Riley, 1981) and seems to be a general feature of concentrative glucose transport in animal 

cells. In contrast, alanine transport in mussel gill BBMV involves a component that exhibits 

a low cation selectivity, and concentrative transport is supported by gradients of Li+ and 

K+ as well as Na+ (Chapter 2; Pajor and Wright, 1987). 

The transport of glucose in gill BBMV was electrogenic, and was stimulated by an 

inside-negative and inhibited by an inside-positive membrane potential (Figs. 16, 17). The 

membrane potential was manipulated in a number of ways: using the diffusion of a 

permeant anion, the valinomycin-mediated movement of K+, or FCCP-mediated 

movements of protons. It should be emphasized that changes in intial rates of transport 

produced by manipulations of membrane potential do not in themselves provide evidence 

that transport is electrogenic; changes in initial rates may be limited to a catalytic (I.e., 

kinetic) effect of membrane potential. However, the time course experiments show that an 

inside-negative membrane potential can provide energy for uphill transport (Fig. 17). The 
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peak of the overshoot in a time course experiment signifies the point at which the energy 

in the inwardly-directed sodium gradient is equal to the outwardly-directed glucose 

gradient (see Aronson, 1981; Kessler and Semenza, 1979). Beyond this point there is no 

net concentrative uptake of glucose and intravesicular glucose concentrations fall. In the 

experiment shown in Fig. 17B, addition of valinomycin allowed an efflux of K+ from the 

vesicles, and the concomitant generation of an inside-negative diffusion potential. 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 transport mechanism which involves cotransport of sodium and 

glucose, with a net transfer of positive charge. 

Mussel gill BBMV probably contain only a single carrier-mediated pathway for the 

uptake of gluGose, base-d on the linear relationship of the Woolf-Augustinsson-Hofstee plot. 

This transporter appears to have a very high affinity substrate binding site, as shown by an 

apparent Kt for glucose of 3 I'M and apparent Ki for phlorizin of 150 nM. In contrast, 

the major Na+-glucose transport system in mammals has Kt values between 0.2 and 4 mM 

(see review by Hopfer, 1987). The high substrate affinity in mussels appears to reflect the 

low glucose concentrations in the near shore waters, much less than 1 I'M (Vaccaro et ai., 

1968), to which the animal is exposed. 

The substrate specificity of glucose transport in mussel gill BBMV was very similar to 

that of the intact gill. Other marine bivalves, Ostrea edulis (Riley, 1981) and Crassostrea 

gigas (Bamford and Gingles, 1974), also show a similar substrate specificity in intact gill 

preparations. The integument of another soft-bodied marine invertebrate, Nereis diversico

for, exhibits a similar pattern of inhibition of glucose transport by analogues with the 

exception that L-glucose, which did not affect transport in mussel gill BBMV, does inhibit 

D-glucose transport in Nereis (Albrechtsen and Gomme, 1984). It appears, therefore, that 
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integumental glucose transporters in general have substrate specificities which are very 

similar to those in mammalian epithelia (Turner and 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. 

Mussel gill epithelia, like other marine invertebrate epithelia (Ahearn and Gomme, 

1975), show a rapid metabolism of transported glucose (S.H. Wright, unpublished observa

tions) thus serving to decrease the gradient against which glucose must be transported. 

Despite this metabolism, there is likely to be a large outwardly-directed glucose gradient 

across epithelial membranes since the concentrations of glucose in seawater are extremely 

low, perhaps on the order of 50 nM (Vaccaro et al.,1968). A large outwardly-directed 

glucose gradient could be overcome by coupling more than one Na+ to the transport of 

each glucose (see Aronson, 1981). The kinetics of the interaction of Na+ with the glucose 

transporter in mussel gill BBMV suggest a coupling coefficient of at least 2: I, which could 

potentially support uptake against up to a 90,000-fold gradient of glucose (see discussion in 

Manahan et al., 1983). Furthermore, the permeability of the membrane to glucose appears 

to be very low, which would serve to reduce passive leaks. 

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 BBMV, so we conclude that the brush border probably contains a single 

Na+-dependent glucose transporter. There was no peak in the distribution of 

Na+ -independent glucose uptake in the sucrose density gradient, which may suggest that 

this pathway is absent from basal-lateral membranes. However, if the Na+-independent 

transport has a high Kt for glucose, for example in the millimolar range, the existence of 

this pathway in the basal-lateral membrane fractions may have been overlooked with the 
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micromolar substrate concentrations used in the present set of experiments. 

In conclusion, the transport of D-glucose in M. edulis gill BBMV resembled quite 

closely Na+-glucose cotransport in vertebrate epithelia. Of interest, though, are the quanti

tative characteristics of the process in the bivalve integument. The high substrate affinity 

and coupling of mUltiple Na+ ions to the flux of each glucose molecule suggests that this 

transporter is well-adapted for operation at the extremely low environmental glucose levels 

to which it is exposed. 
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CHAPTER 4 

LYSINE AND PROLINE TRANSPORT 
IN BRUSH BORDER MEMBRANE VESICLES 

Introduction 

The transport of amino acids in soft-bodied marine invertebrates may play an 

important role in the nutrition of these animals, as well as assist in the maintenance of the 

high intracellular free amino acid concentrations characteristic of their tissues (Wright 

1988). This transport occurs from submicromolar concentrations in seawater into a cellular 

pool which, in mussels, is around 100 mM in concentration (Wright et al., 1987). Net 

amino acid uptake in mussels has been observed from seawater concentrations as low as 10 

nM (Manahan et al., 1983), which represents transport against a 10 million-fold concentra-

tion gradient. 

Uphill transport of amino acids in vertebrate epithelia, such as the small intestine 

and kidney, is coupled to the downhill movement of sodium. This mechanism of transport 

was first proposed by Crane (1962) as the Na+-gradient hypothesis. It is significant, 

therefore, that amino acid uptake by the gill of marine mussels is dependent on the 

presence of Na+ in seawater (Wright, 1987). It is now clear that the typical animal cell has 

several Na+ -amino acid transporters (Christensen, 1984; Stevens et al., 1984), with different 

substrate specificities, although none appear capable of transporting against the extreme 

concentration gradients that exist across the mussel gill brush border membrane. 

Therefore, we are interested in questions concerning the role of sodium in providing 

energy for uphill transport of amino acids in marine mussels. 

The gill of marine mussels is the principal site of amino acid uptake (Pequignat, 

1973). In a previous study, we used brush border membrane vesicles prepared from 

marine mussel gills to study alanine transport (Chapter 2; Pajor and Wright, 1987). The 
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results showed that the uptake of alanine was coupled to the movement of Na+, consistent 

with the sodium gradient hypothesis. It was also evident, however, that Li+ and K+ 

gradients could drive uphill transport of alanine. Studies of intact mussel gill tissue have 

shown that there are at least two pathways for the transport of alanine (Wright, 1985), one 

of which also transports lysine and the other proline. This chapter describes the results of a 

study using mussel gill BBMV to characterize these two pathways for the transport of 

a-neutral amino acids, and, in particular, the effects of cation gradients on the two 

pathways. 

Methods 

Animals 

Specimens of the common blue mussel (Mytilus edulis) were purchased from Sea 

Life Supply, Sand City, CA and from the Bodega Marine Laboratory, Bodega Bay, CA. 

They were maintained in refrigerated aquaria (I2°C) containing recirculating, aerated 

artificial seawater ~!nstant Ocean). Animals were not fed and were used within two weeks 

of collection. 

Membrane preparation 

Gill plasma membrane vesicles were prepared by differential and sucrose density 

gradient centrifugation as described in Chapter 2 of this dissertation. For most of the 

studies outlined here, the final brush border membrane fraction was resuspended as 

described previously (Chapter 2), in a buffer containing 600 mM mannitol and IO mM 

HEPES-Tris at pH 7.6. In the experiments with vesicles containing KCI, the final 

membrane fraction was resuspended in 300 mM KCI, 10 mM HEPES-Tris at pH 7.6 and 

left on ice approximately six hours, followed by 30 minutes at room temperature. 
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TrallSport measurements 

The transport of substrates into membrane vesicles was measured using a rapid 

filtration method described in Chapter 2. 

Isolated gill experiments 

The uptake of l4C-alanine, 14C-lysine, and 14C-proline into intact isolated gill tissue 

was measured by a method described Chapter 2. For experiments involving Na+ 

replacement, the presoaking, incubation and stop solutions had the same salt composition 

(e.g., K+-ASW) to prevent contamination of the Na+-free incubation solutions with 

Na+-containing seawater. 

Chemicals' 

3H-alanine (44-85 Ci/mmol), 3H-Iysine (80-98 Ci/mmol), and 3H-proline (127 

Ci/mmol) were purchased from NEN. 14C-alanine (168 mCi/mmol), 14C-lysine (270 

mCi/mmol), and 14C-proline (250 mCi/mmoI) were purchased from ICN. All other 

chemicals were obtained from Sigma Chemical Corporation. 

Results 

Reciprocal inhibition 

Previous studies have shown that there are at least two pathways for the transport 

of alanine in the gills of marine mussels (Wright, 1985). Both of the pathways transport 

a-neutral amino acids, such as alanine, but they can be distinguished since one pathway 

shows a preference for cationic amino acids such as lysine, whereas the other shows a 

preference for proline. This separation of alanine transport pathways was also seen in 

mussel gill BBMV (Chapter 2; Pajor and Wright, 1988). Figure 23 shows the inhibition of 

transport of 0.5 I'M alanine in mussel BBMV by alanine, proline and lysine. Millimolar 

alanine inhibited approximately 98% of the total alanine uptake. Millimolar proline only 
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inhibited approximately 25% of total alanine uptake, suggesting that the alanine-proline 

pathway accounts for only 25% of the total uptake. In contrast, it seems that the alanine

lysine pathway is the major route for uptake of 0.5 I'M alanine in BBMV since millimolar 

lysine inhibited the uptake of alanine by 75% (results discussed below indicate that a 1 mM 

concentration of either proline or lysine was adequate to completely block the pathways for 

each of these substrates). The inhibition of alanine transport by both proline and lysine 

together was greater than the maximal inhibition seen in the presence of either proline or 

lysine alone (Fig. 23). 

The previously reported reciprocal inhibition experiments using intact gills (Wright, 

1985) were performed with Mytilus californianus. Similar experiments were done here with 

intact gills of M. edulis, the species used for the preparation of BBMV in these studies. 

The results were very similar to those seen with M. californianus (Wright, 1985). In three 

separate experiments, the transport of 0.5 I'M alanine was inhibited 94.7 ± 0.5% by I mM 

alanine, but only inhibited 56.8 ± 2.4% by 1 mM proline, and 68.5 ± 1.1 % by 1 mM lysine. 

Alanine Kinetics 

The results of the inhibition studies described above suggested that one way to 

study the two pathways for alanine transport individually was to inhibit one of them with 

an excess of either proline or lysine. Figure 24 shows a representative experiment which 

illustrates the kinetics of alanine uptake in BBMV, alone or with 1 mM proline or lysine. 

As was seen earlier (Chapter 2; Pajor and Wright, 1987) the kinetics of total alanine uptake 

could be described by the sum of a saturable component and a diffusive pathway. In 

experiments with membranes from three separate preparations, the mean Jmax for total 

alanine uptake was 246 ± 60 pmol/mg-min, the apparent Kt was 4 ± 0.3 I'M, and the 

apparent permeability coefficient, P, was 0.1 ± 0.03 nl/mg-sec. 
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The addition of I mM proline was used to block alanine uptake through the 

alanine-proline pathway (hereafter referred to as the "AP pathway") and allowed study of 

alanine uptake through the alanine-lysine ("AK") pathway. In three experiments, the Jmax 

for alanine transport through the AK pathway was 171 ± 4 pmoljmg-min (about 77 ± 15% 

of the total alanine uptake), with an apparent Kt of 6 ± 0.1 #1M. In contrast, the uptake 

of alanine through the AP pathway, studied by using an excess of lysine to block alanine 

uptake via the AK pathway, was a minor transport route in these membranes. In three 

separate experiments, the mean Jmax for alanine uptake in the presence of I mM lysine 

was 77 ± 7 pmoljmg-min (33 ± 5% of the total alanine uptake), and the apparent Kt was 

20 ± 3 #1M. As it is likely that the AP and AK pathways were influenced to some extent 

by the presence of I mM concentration of the competing substrate, the kinetics of alanine 

transport through each should be considered estimates of the parameters, Jmax and Kt, for 

each pathway. 

Catioll selectivity 

Our previous study of alanine transport (Chapter 2; Pajor and Wright, 1987) 

revealed an unexpected low selectivity for cations. Uphill transport of alanine occurred in 

the presence of inwardly-directed gradients of Li+ and K+ as well as Na+. In this study, 

the cation selectivity of the two pathways for alanine transport was examined. Figure 25 

shows initial rates of transport of alanine, lysine and proline in the presence of different 

cations. In accord with our earlier results, alanine uptake in the presence of Li+ and K+ 

was 40% and 16%, respectively, of that seen in Na+ (Fig. 25), though it should be noted 

that the relative rates of uptake of alanine in the presence of these cations varied between 

membrane preparations. In Li+ the mean uptake was 65 ± 8 % (n=7), and in K+ the mean 

uptake was 35 ± 4 % (n=20) of the uptake seen in Na+. The order of cation preference 

was always Na+> Li+> K+. 
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The alanine-lysine (AK) pathway appeared to account for the low cation selectivity 

seen with total alanine uptake. The initial rate of alanine uptake in the presence of I mM 

proline (to block the AP pathway) was 76% in Li+ and 26% in K+, of that measured in the 

presence of Na+ (Fig. 25). In contrast, transport through the AP pathway was dependent 

upon the presence of sodium. The initial rate of alanine transport in the presence of I mM 

lysine (to block transport through the AK pathway) was reduced more than 98% when Na+ 

was replaced by Li+ or K + (Fig. 25). 

The effect of cations on the transport of lysine was qualitatively similar to the 

effect of cations on the uptake of alanine through the AK pathway (Fig. 25). The initial 

rate of lysine uptake in Li+ was 83%, and in K+ was 52%, of the rate seen in Na+. The 

transport of proline was dependent on the presence of Na+, as observed above for the 

transport of alanine through the AP pathway (Fig. 25). 

This type of experiment was repeated using intact, isolated gill tissue. While the 

magnitude of the transport seen in the presence of Li+ and K+ was not as great as that 

seen in the BBMV, it was still apparent that the transport of lysine occurred in the 

presence of other cations to a greater extent than did proline. In three separate 

experiments, the replacement of Na+ in seawater by Li+ reduced the uptake of proline into 

intact gill tissue by 98 ± 0.3%, and replacement by K+ reduced proline uptake by 100 ± 

0.1%. The uptake of lysine, in contrast, was reduced by only 87 ± 1% in Li+-seawater, 

and by 91 ± 1% in K+-seawater (n=3). The transport of lysine in intact gills was further 

inhibited, by the addition of I mM lysine, to 97 ± 0.2% in Li+ and to 97 ± 0.2% in K+ 

(n=3), indicating that the "Na+-independent" portion of lysine uptake in the gills 

represented carrier-mediated transport. 
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Time course 

Figure 26 a and b shows the time courses of uptake of lysine and proline in the 

presence of an inwardly-directed sodium gradient. Intravesicular concentrations of lysine 

reached a maximum (the "overshoot") at approximately 10 minutes, and then decreased to 

reach an apparent equilibrium concentration by around 6 hours. The overshoot concentra

tion of lysine was 18 ± 3 times that seen at equilibrium (n=3). The peak of the proline 

overshoot was reached at approximately 30 minutes, later than that for lysine, and 

approached equilibrium at 6 hours. The later proline overshoot may be related to the 

relatively low rate of proline uptake in these membranes. The maximal concentration of 

proline was 5 ± 1.5 times the equilibrium concentration (n=3). In the presence of 

millimolar lysine or proline (Fig. 26 a,b), the overshoots were abolished and the remaining 

uptake into the vesicles probably represented diffusion. As seen previously for alanine 

(Chapter 2; Pajor and Wright, 1987), concentrative uptake of lysine was also seen when 

Na+ was replaced by inwardly-directed gradients of Li+ and K+. Furthermore, the 

magnitude of the overshoot, approximately 12-fold, was the same in either Na+, Li+, or 

K+. 

Substrate specificity 

The reciprocal inhibition experiments (see above) suggested that lysine and proline 

are transported by separate pathways. Therefore, it was decided to examine lysine and 

proline transport directly as a means to study the two pathways for a-neutral amino acid 

transport (the AK and AP pathways). 

Figure 27 a and b illustrates the substrate specificity of the AK and AP pathways. 

There was greater than 80% inhibition of lysine transport by 100 JLM concentrations 

arginine, lysine, leucine, histidine and alanine. Glycine was an intermediate inhibitor of 

lysine transport, while aspartate, methyl-amino isobutyric acid (Me-AlB), and taurine 
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inhibited the transport of lysine by less than 20%. There was no inhibition of lysine 

transport by proline, or by glucose (not shown). The most effective inhibitors (>80% 

inhibition) of proline transport, in contrast, were proline, leucine, Me-AlB, and alanine. 

Glycine was a better inhibitor of proline than of lysine transport. There was approximately 

30% inhibition of proline transport by histidine and aspartate, approximately 25% 

inhibition by lysine, taurine, and also by glucose (not shown), and little effect of arginine. 

Kinetics 

Figure 28 a and b shows data from representative experiments examining the 

kinetics of lysine and proline uptake. In both cases, the kinetics could be described by the 

sum of a saturable Michelis-Menten component and a linear diffusive component. In 

experiments with membranes from three separate preparations, the Jmax for lysine 

transport was 551 ± 78 pmol/mg min, with an apparent Kt of 5 ± 1 J.'M, and P of 11 ± 5 

nl/mg-sec. In three experiments with proline, the Jmax was 184 ± 38 pmol/mg min, with 

an apparent Kt of 4 ± 1 J.'M, and a P of 28 ± 26 nl/mg-sec. 

Cations 

A more detailed examinination of the cation selectivity of the two a-neutral amino 

acid transport pathways in these membranes was made. The dependence of proline 

transport on the presence of Na+, shown above in Fig. 25, was confirmed (Fig. 29 b). 

There was at least 98% inhibition of proline uptake when Na+ was replaced by Li+, K +, 

choline+, N-methyl-D-glucamine+ (NMG), or by sorbitol. 

Figure 29 a shows the effect of Na+ replacement on the initial rate of lysine uptake 

in mussel BBMV. The results supported previous observations (e.g., Fig. 25) that lysine 

transport shows a low selectivity for cations. The replacement of Na+ by a battery of 

monovalent cations reduced the uptake of lysine by only 5 to 71% (Fig. 29 a). More than 

99% of lysine uptake, regardless of the cation used, was inhibited by 1 mM lysine, 
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indicating either a carrier-mediated mechanism or specific binding. 

Time courses of lysine uptake in the presence of inwardly-directed gradients of 

Na+, Li+, and K+, as indicated above, showed overshoots in intravesicular lysine concen

tration and subsequent reduction in lysine concentrations to reach equilibrium. The 

apparent equilibrium volumes noted for lysine in Na+ (11.5 ± 1.3 tll/mg protein (n=4», Li+ 

(9.4 ILI/mg), and K+ (7.3 IIl/mg) were very similar to those previously seen with glucose 

(10.4 ± 1.4 IIl/mg (n=8), Chapter 3). However, when lysine time courses were conducted 

in the presence of choline, NMG+, or sorbitol the apparent equilibrium volumes were very 

high (choline, 29.3; NMG, 113.9; sorbitol, 163.5 and 221.8 1I1/mg), indicating that under 

these conditions a component of total lysine uptake may have involved binding to the 

vesicles. 

Harmaline Inhibition 

Figure 30 a and b shows Dixon plots of lysine inhibition by harmaline in buffers 

containing either Na+ or K+. It is thought that harmaline inhibits Na+-dependent alanine 

and glucose transport in rabbit renal BBMV by competing with Na+ at the Na+-binding 

site (Aronson and Bounds, 1980). In mussel BBMV, harmaline inhibited the transport of 

lysine in either Na+ or K+, and the intersection of the lines in the Dixon plots was 

consistent with a competitive interaction between harmaline and Na+ or K+ (Segal, 1975). 

The Ki for harmaline inhibition of lysine in the presence of Na+ was 0.4 mM, and in the 

presence of K+ the Ki was I mM. 

Na+ activation 

The activation of lysine uptake by increasing concentrations of Na+ is shown in Fig. 

31. In three experiments which were done at extravesicular concentrations of Na+ up to 

500 mM, activation of uptake was sigmoid rather than hyperbolic, indicating that more 

than one Na+ was involved in the transport of lysine. In two of these experiments, lysine 
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uptake did not approach saturation, even at 500 mM Na+, thereby precluding a kinetic 

analysis of these data. However, in one of these experiments, lysine uptake did approach 

saturation (inset, Fig. 31) and these data were analyzed to facilitate comparison with the 

results of other studies. The following kinetic parameters were calculated: Jmax 29 

pmol/mg-min, apparent KNa 238 mM, and an apparent Hill coefficient, n, of 1.3. 

The effect of increasing Na+ concentrations on the transport of proline is shown in 

Fig. 32. Like the lysine curves shown above, all showed sigmoid kinetics. Also like the 

lysine experiments, two experiments did not show saturation (one of these is shown in Fig. 

32) and one experiment, from the same membrane preparation showing saturation of lysine 

transport, did approach saturation (Fig. 32, inset). The apparent Hill coefficient calculated 

for the experiment shown in Fig. 32 (inset) was 3.2, the Jmax was 7 pmol/mg-min, and 

the KNa was 197 mM. 

Membrane potential 

The co-transport of proline (a zwitterion with a net neutral charge at pH 7.6) with 

Na+ or the transport of lysine (a cation at pH 7.6) with or without Na+ should depolarize 

the vesicles, bringing net positive charge into the vesicles. It was therefore decided to 

examine the effects of membrane potential on the transport of lysine and proline in 

BBMV. 

The membrane potential was made inside-negative by pre loading the vesicles with 

K+ and then allowing the K+ to diffuse out of the vesicle~ upon the addition of 

valinomycin. The effects of an inside-negative membrane potential on the transport of 

glucose, lysine and proline are shown in Fig. 33 a, band c. The experiments with lysine 

and proline were done in parallel with glucose, since a previous study established that these 

conditions stimulated both the initial rate and height of the overshoot in glucose transport 

(Chapter 3). This result was verified here (Fig. 33a). In three separate experiments, 

- ----------------------------------------------
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however, there was no effect of an inside-negative membrane potential on the initial rate 

of lysine transport, though there was an increase (1.4 ± 0.1 fold) in the height of the 

overshoot. In contrast, the initial rate of proline transport was stimulated (3.4 ± 1.6 times, 

n=3) under these conditions, though there was no effect on the height of the overshoot. 

The vesicles were made inside-positive by establishing an inwardly-directed K+ 

diffusion potential with the ionophore valinomycin. Figure 34 a, b,and c shows that the 

production of an inside positive potential inhibited the overshoot of glucose, lysine and 

proline transport. Preliminary studies showed that there were no direct inhibitory effects 

of' valinomycin on the transport of glucose, lysine and proline (results not shown). 

Anion replacement 

An alternate method of modifying membrane potential involves establishment of 

diffusion potentials through the use of permeant or impermeant anions. We have 

previously used this method to examine the effects of membrane potential on glucose 

transport in mussel BBMV (Chapter 3). In that study, glucose transport was stimulated in 

the presence of inwardly-directed gradients of the permeant anion, SCN-, and was 

inhibited by gradients of the impermeant anion, isethionate-, relative to the uptake in Cl-. 

Because both intra- and extra-vesicular pH was 7.6, the addition of FCCP voltage-clamped 

the membrane at tl.t/J=O, and the rate of glucose uptake in all three anions was the same 

(Fig. 16). Figure 35 shows the effects of inwardly-directed anion gradients on the 

transport of lysine and proline. Preliminary studies showed that, unlike the case for glucose 

transport, FCCP ·had a direct inhibitory effect on the transport of both lysine and proline 

so that this ionophore could not be used to distinguish membrane potential effects from 

direct effects of anions. In Fig. 35, the transport of lysine was inhibited in the presence of 

SCN-, but there was no effect of isethionate, quite unlike the effects of anions on glucose 

transport in these membranes (see Fig. 16, Chapter 3). This result rules out an absolute 
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requirement for Cl- but does not clarify the effects of membrane potential on the transport 

of lysine. In contrast, the transport of proline (Fig. 35) was inhibited when Cl- was 

replaced by either SCN- or isethionate-, although the rate of uptake in SCN- was greater 

than that seen in isethionate-. The pattern of anion effects on proline transport resembled 

the effects of anions on CI--requiring amino acid transporters (e.g. Boge et al., 1985). 

--- ----- --- ------------------
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Fig. 23 Inhibition of alanine uptake by alanine, lysine, and proline. Vesicles contained 600 
mM mannitol, 10 mM HEPES-Tris, pH 7.6. Transport buffers contained 0.5 I'M 3H-L
alanine, 260 mM NaCI, 10 mM HEPES-Tris, pH 7.6, and mannitol to maintain isoosmolar
ity. Transport buffers also contained 0.5 or I mM alanine, lysine or proline as indicated in 
the figure. Ten-second uptakes were measured. The bars represent means ± S.E. of 
triplicate determinations from a single membrane preparation. 
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Fig. 24 Kinetics of alanine uptake. Woolf-Augustinsson-Hofstee plot of the initial rate (10 
seconds) of alanine uptake (J) at different alanine concentrations (S). Resuspension and 
transport buffers were the same as those in Fig. 23. The filled circles show total uptake of 
alanine, with Jmax 365 and Kt 5. The open diamonds show the uptake of increasing 
concentrations of alanine via the AK pathway (determined using I mM Pro. which blocks 
alanine uptake through the AK pathway, in the transport buffers), with Jmax 190 and Kt 
7. The filled triangles show the uptake of increasing concentrations of alanine via the AP 
pathway (determined using I mM 1 mM Lys, which blocks uptake of alanine through the 
AP pathway, in the transport buffers), with Jmax 84 and Kt 22. The units of the kinetic 
parameters shown are: Jmax, pmol/mg-min and Kt JIM. The data points represent means 
of triplicate determinations from a single membrane preparation. 
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Fig. 25 Cation selectivity of pathways. Resuspension buffers were the same as in Fig. 23. 
Transport buffers contained either NaCI, LiCI or KCI at 260 mM, with 10 mM HEPES
Tris, pH 7.6 and mannitol to maintain isoosmolarity. The substrates were either 3H-alanine 
(alone or with I mM lysine or I mM proline), 3H-lysine, or 3H-proline at 0.5 J.'M concen
tration. The AK pathway was examined using either lysine directly or alanine in the 
presence of I mM proline (to block alanine uptake via the AP pathway). The AP pathway 
was examined using either proline directly or alanine in the presence of I mM lysine (to 
block alanine uptake via the AK pathway). Ten-second uptakes were measured. Uptakes 
are expressed as percentages of the uptake seen in the presence of Na+ for each group. 
The bars represent the means of triplicate determinations from a single membrane 
preparation. 
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Fig. 26 Time courses of lysine and proline transport. Resuspension buffers were the same 
as in Fig. 23. Transport buffers contained 0.5 I'M 3H-lysine (A) or 3H-proline (B), plus 
300 mM NaCl, 10 mM HEPES-Tris, pH 7.6. Uptake of substrate was measured over 6 
hours in the presence and absence of I mM substrate. The points represent means ± S.E. 
from experiments with three separate membrane preparations. 
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Fig. 27 Inhibition of lysine and proline uptake by amino acids. Resuspension buffers were 
the same as in Fig. 23. Transport buffers contained 0.5 J,lM 3H-lysine (A) or 3H-proline 
(B), plus 500 mM NaCl, 10 mM HEPES-Tris, pH 7.6, and 100 J,lM amino acids (see 
figure). A. Effect of amino acids on initial rate (10 sec) of lysine uptake. B. Effect of 
amino acids on initial rate (10 sec) of proline uptake. The bars represent means ± S.E. of 
experiments done with three separate membrane preparations. 

--- -- ._------_._------



A: Lysine 

....... 
c 

1600 

'E 1500 
I 
Ol 

~ 
'0 
E 
a. ...... 

1200 

900 : 

~ .s 300: 
a. 
::J 

O+-~~~r-~~~~~~~ 

C 
'E 
I 
Ol 

E 
"'-'0 
E 
a. 

'-" 
-:> 

o 

8: 

500 

400 

300 

" 
200 .'. 

100 

0 
0 

25 50 75 100 125 150 

J/[Lys, J.£M] 

Proline 

25 50 75 100 

J/[Pro, J.£M] 

103 

Fig. 28 Kinetics of lysine and proline uptake. Woolf-Augustinsson-Hofstee plot of the 
initial rate (5 sec) of lysine and proline uptake at increasing substrate concentrations. 
Resuspension buffers were the same as in Fig. 23. Transport buffers contained 0.5 to 100 
/LM 3H-lysine or 3H-proline, plus 500 mM NaCI, 10 mM HEPES-Tris, pH 7.6. The points 
represent means ± S,E. of triplicate determinations with a single membrane preparation. 
The solid curve represents total uptake, the dotted vertical line represents the diffusive 
portion of this uptake, and the dotted line with the negative slope represents the saturable 
portions of uptake. A: Lysine kinetics. Jmax 534 pmol/mg-min, Kt 4 11M, P 28 nl/mg-sec. 
B: Proline kinetics. Jmax 230 pmol/mg-min, Kt 311M, P 80 nl/mg-sec. 
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Fig. 29 The effects of cations on lysine and proline uptake. Resuspension buffers were the 
same as in Fig. 23. Ten-second uptakes of 0.5 I-IM 3H-Iysine (A) or 3H-proline (0) were 
measured in transport buffers containing 500 mM NaCI, LiCI, KCI, CholineCI, N-methyl
D-glucamineCI (NMG) or 1 M sorbitol, buffered to pH 7.6 with 10 mM HEPES-Tris. 
Transport was measured in the absence and presence of ImM lysine or proline. The bars 
represent means ± S.E. of experiments with three separate membrane preparations (n= 5 for 
lysine in Na+, Li+, K+). 
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Fig. 30 Harmaline inhibition of lysine uptake. Ten-second uptakes of 0.5 I'M 3H-Iysine 
were measured in 260 and 87 mM NaCI (A) or in KCI (B), with 10 mM HEPES-Tris, pH 
7.6 and mannitol to maintain isoosmolarity. The transport buffers contained up to 5 mM 
harmaline. The points represent means ± S.E. of triplicate determinations from a single 
membrane preparation. 
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Fig. 31 Na+-activation of lysine transport. Ten-second uptakes of 0.5 11M 3H-lysine were 
measured in up to 500 mM NaCI (the NaCI was replaced by cholineCl), 10 mM HEPES
Tris, pH 7.6. The points are corrected for uptake in cholineCI and represent means ± S.E. 
of triplicate determinations with a single membrane preparation. Inset the kinetic 
parameters determined for this experiment were Jmax 29pmol/mg-min, KNa 238 mM, 
napp 1.3. 
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Fig. 32 Na+-activation of proline transport. Ten-second uptakes of 0.5 JLM 3H-proline 
were measured in up to 500 mM NaCI (NaCI wa~ replaced by cholineCl), 10 mM HEPES
Tris, pH 7.6. The points are corrected for uptake in cholineCI and represent means ± S.E. 
of triplicate determinations with a single membrane preparation. Inset: the kinetic 
parameters determined for this experiment were Jmax 7 pmol/mg-min, KNa 197 mM, 
napp 3.2. 
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Fig. 33 The effects of llt/J < 0 on time courses of glucose, lysine and proline uptake. 
Vesicles were preloaded with 300 mM KC1, 10 mM HEPES-Tris, pH 7.6. Transport 
buffers contained 0.5 JlM 3H-glucose (A), 3H-lysine (B), or 3H-proline (C) in 300 mM 
NaCl, 10 mM HEPES-Tris, pH 7.6 and either ethanol (to 1% total volume) or valinomycin 
(25 Jlg/ml final concentration) in ethanol. The three experiments were done with vesicles 
from the same membrane preparation and the points represent means ± S.E. of duplicate 
determinations . 
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Fig. 34 The effects of t:.t/J > 0 on time courses of glucose, lysine and proline uptake. 
Vesicles were preloaded with 600 mM mannitol, 10 mM HE PES-Tris, pH 7.6. Transport 
buffers contained 0.5 I'M 3H-glucose (A), 3H-Iysine (B), or 3H-proline (C) in 200 mM 
NaCI, 100 mM KC1, 10 mM HEPES-Tris, pH 7.6 and either ethanol (to 1% total volume) 
or valinomycin (25 I'g/ml final concentration) in ethanol. The three experiments were done 
with vesicles from the same membrane preparation and the points represent means ± S.E. 
of duplicate determinations. 
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Fig. 35 Effects of anions on the transport of glucose, lysine, and proline. Transport buffers 
contained 0.5 J.LM 3H-glucose (left), 3H-Iysine (center), or 3H-proline (right) in 300 mM 
NaCl, NaSCN or Nalsethionate, 10 mM HEPES-Tris, pH 7.6. Ten-second uptakes were 
measured. Bars represent means ± S.E. of triplicate determinations from a single membrane 
preparation. 
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Discussion 

The experiments reported here show that there are at least two distinct pathways for 

the uptake of Q-neutral amino acids in the brush border membrane of mussel gills. These 

pathways were distinguished by both their amino acid and cation selectivities. 

The major route for alanine uptake in mussel BBMV was through the alanine-lysine 

(AK) pathway, which showed a high affinity for the neutral amino acid, alanine, and the 

cationic amino acid, lysine. There was strong interaction between this pathway and other 

cationic amino acids and polar Q-neutral amino acids. Though comparatively minor, the 

second route for alanine transport in these membranes was the alanine-proline (AP) 

pathway, which showed overlap with the AK pathway in its interaction with the polar 

amino acids, alanine and leucine. Unlike the AK pathway, the AP pathway transported 

the imino acid proline, and was strongly inhibited by Me-AlB. Although the kinetics of 

alanine transport suggest that the affinity of the AP pathway for alanine is low, the high 

apparent Kt for alanine may have been a consequence of competitive inhibition by I mM 

lysine at the AP carrier. 

The high degree of inhibition of proline transport by alanine also supports the idea that 

the Kt for alanine transport through the AP pathway is probably lower than the apparent 

Kt obtained in the presence of lysine. 

There appeared to be some resemblance between the effects of amino acid 

inhibitors on the two transport pathways reported here and two of the amino acid trans

porting pathways described in rabbit kidney brush border vesicles by Mircheff et al. 

(1982). Like the AK transporter of mussel BBMV, the renal BBMV "System 4" transports 

lysine and is inhibited by alanine, but has no interaction with proline or Me-AlB. The 

renal BBMV "System 6" resembles the mussel BBMV AP transport pathway since System 6 

transports proline and Me-AlB, and is inhibited by alanine, but lysine has no effect. 
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Neither System 4 nor System 6 is affected by the ,B-amino acid, ,B-alanine. Similarly, there 

was little or no effect of the ,B-amino acid, taurine, on the transport of lysine and proline 

in mussel BBMV. However, unlike the rabbit Systems 4 and 6, alanine was transported by 

the two mussel BBMV pathways. It was interesting that Me-AlB interacted here with the 

transport of proline. The rabbit intestinal IMINO transporter (Stevens and Wright, 1985) is 

inhibited by both proline and Me-AlB, although alanine does not inhibit this transporter. 

The two neutral amino acid transport pathways in mussel gills also resembled in some 

respects some of the classical amino acid transporters (Christensen, 1984), such as System A 

(which transports neutral amino acids and MeAIB, but not proline) and System y+ (which 

transports cationic amino acids without Na+, but may cotransport Na+ and neutral amino 

acids). 

In addition to their differences in substrate selectivity, the two pathways had 

distinct cation selectivities. The low cation selectivity previously observed with alanine 

transport (Fig. 7, Chapter 2; Pajor and Wright, 1987) was a feature of the AK pathway, 

the major route of alanine transport in these vesicles. This low cation selectivity was also 

apparent from studies of lysine transport in intact gills. In contrast, the AP pathway 

appeared to have a strict requirement for Na+. It is also possible that the AP pathway has 

a requirement for CI-, although this remains to be tested more thoroughly. 

The co-transport of cations such as Li+ and K+, in addition to Na+, with amino 

acids has been reported for other systems. Particularly well-documented is the cation

selectivity of transport in the larval insect midgut. In this system, however, the transport 

of alanine (Hanozet et al., 1982) in K+ is almost as high as in Na+; and the transport of 

lysine (Giordana et al., 1985, Wolfersberger et aI., 1987), prefers K+ to Na+. For example, 

the rate of Na+-supported lysine transport in BBMV from the lepidopteran, Philosomia 

cynthia, midgut is 67% of that seen in K+ (Giordana et al., 1985). There has recently been 

- --------------------------------------------------
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a suggestion that this phenomenon may exist in a marine invertebrate, the sea anemone, 

AlIemollia sulcata (Buck and Schlicter, 1987). These authors reported "overshoots" for 

leucine transport in the presence of inwardly-directed KCI gradients in sea anemone 

BBMV. These overshoots were explained as effects of Cl-. Nevertheless, Schlicter et al. 

(I 986) reported differences in leucine transport rates in sea anemone BBMV in the 

presence of several CI- salts (Na+, Li+, K+, and choline+). These data imply that, while 

Cl- may be involved, Li+ and K+ gradients may also support active transport of leucine in 

sea anemone BBMV, with the apparent order of cation preference being Na+> K+> Li+. 

The consequences, if any, of the low cation selectivity of the AK carrier in marine 

mussel gills are presently unknown. Unlike the conditions in the larval insect midgut (see 

Giordana et at., 1982), the direction of the K+ gradient in mussel gill cells is outwardly

directed (approximately lO-fold), and Li+ is a trace element in seawater. The predominant 

monovalent cation in seawater is Na+, and there is approximately a 38-fold inwardly

directed concentration gradient of Na+ across the gill brush border membrane (425 mM 

Na+ out, ~ll mM Na+ in; see Wright et al., 1988). It is likely, therefore, that this 

transporter functions essentially as a Na+ -amino acid co-transporter with a low affinity for 

Na+. 

The results of the Na+-activation experiments (Figs. 31, 32) suggested that multiple 

Na+ are involved in the transport of lysine and proline. The data did not lend themselves 

to Hill analysis, so conclusions are limited to saying that more than one is involved with 

the transport of each amino acid. Based on measured transmembrane concentration 

gradients, it has been predicted that multiple Na+ ions are required to provide energy for 

the transport of neutral amino acids in mussel gills (Manahan et al., 1983). The neutral 

amino acids, alanine and glycine, constitute approximately 10% of the gill intracellular 

amino acid pool (Wright et at., 1987), or a total concentration of about 13 mM. Seawater 
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concentrations of total a-neutral amino acids are submicromolar, with estimates ranging 

between 0.1 and 0.2 ~M (Henrichs and Williams, 1985). Manahan et al. (1983) have 

observed net uptake of alanine in Mytilus edulis from concentrations as low as to nM, 

against a concentration gradient greater than lOB-fold. The proline gradient is probably 

also large; the intracellular proline pool is at least 1-2 mM (based on estimates by 

Kluytmans et al., 1980; Strange and Crowe, 1979), while seawater proline concentrations 

are probably submicromolar. In contrast, the transmembrane cationic amino acid gradient 

is likely to be much smaller than for a-neutral amino acids or for proline. Seawater 

concentrations of total cationic amino acids are around 0.2 I£M (Braven et al., 1984; Siebers 

and Winkler, 1984), but free cationic amino acids are not concentrated in the tissues to any 

great extent. Nevertheless, the coupling of more than one Na+ ion to the transport of 

amino acids across the apical membrane of integumental cells is probably requisite for the 

concentrative transport of these substrates. 

The effect of membrane potential on the transport of lysine and proline was not as 

striking as its effects on glucose transport in these membranes (compare Figs. 16, 17, 

Chapter 3 to Figs. 33, 34). Both the initial rate and "overshoot" of glucose transport were 

clearly stimulated by an inside-negative membrane potential, and inhibited by an inside

positive potential. In the case of lysine and proline, there were different effects of 

membrane potential on overshoots and initial rates (Figs. 33, 34). This implies that there 

are more complex interactions between lysine or proline transport and membrane potential, 

and further study will be needed to clarify them. The results, however, were consistent 

with electrogenic transport (see Turner, 1981), supporting the hypothesis that the -60 mV 

potential difference of the gill apical membrane (Murakami and Takahashi, 1975) can serve 

as a driving force for transport of amino acids in mussel gills. 
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In summary, mussel gill brush border membrane vesicles were found to contain two 

pathways for the transport of alanine. One of these, the AK pathway, had a high affinity 

for a-neutral amino acids, such as alanine, and for cationic amino acids, such as lysine. 

The other pathway, the AP pathway, also transported neutral amino acids, such as alanine, 

but showed high affinity for the transport of proline and was inhibited by Me-AlB. The 

AK pathway showed a low cation selectivity while the AP pathway had a requirement for 

Na+. Multiple Na+ ions and membrane potential were involved in providing energy for 

concentrative transport of these amino acids in BBMV, supporting the hypothesis that these 

serve as driving forces for net amino acid transport in the intact animal against miIIion

fold concentration gradients. 
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The transport of amino acids in marine invertebrates, including bivalves, has been 

studied for many years (see recent reviews by Stephens, 1988, Wright, 1988, and the 

historical review by J~rgensen, 1976). In many respects, this transport resembles the well

characterized Na+ -coupled uptake of amino acids in vertebrate epithelia, such as small 

intestine and kidney. However, the gradients against which amino acid transport occurs in 

soft-bodied marine invertebrates exceed any seen in vertebrate tissues. It has been 

speculated that amino acid and glucose transport in marine invertebrates is coupled to the 

movement of Na+, and represents secondary active transport, but until this dissertation 

study there had been no rigorous test of this hypothesis. 

The first objective of this dissertation project was to develop a method of 

preparation of brush border membrane vesicles from mussel gills, which would then be 

used to study the transport of amino acids and glucose. The advantages of this approach 

include the control of trans-membranous chemical and electrical gradients, the elimination 

of unstirred layers, and the separation of transport pathways from apical and basal-lateral 

membranes of epithelial cells. This preparative method, described in Chapter 2, resulted in 

the separation of two general populations of plasma membranes: a lower-density population 

enriched in basal-lateral membranes, and a higher-density population enriched in brush 

border membranes. The approach used to identify the membranes was based on the distri

bution of "marker enzymes", which are enzymes thought to be bound to a single population 

of membranes and thus serve as markers of those membranes. This assumption usually 

represents an oversimplification, however, as discussed by Mircheff (1983), since the 

enzyme markers are often located on more than one type of membrane. Additionally, 
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separation of membranes may be difficult because different populations of membranes may 

share physical characteristics, such as buoyant density (Mircheff, 1983). Therefore, 

isolated membrane populations are likely to be enriched in the membranes of interest but 

will also contain membranes from other sources. 

The markers used in this study were chosen on the basis of studies of enzyme dis

tribution in vertebrate and invertebrate tissues (see Discussion, Chapter 2). Furthermore, 

there is some evidence from intact gill perfusion studies (A. Silva, S.H. Wright unpublished 

observations) that Na+,K+-ATPase is found on the basal-lateral, and not on the brush 

border, membrane of the mussel gill. The same studies, together with intact gill transport 

studies (e.g. Wright, 1987), suggest that Na+-sensitive alanine transport is found on the 

brush border membrane and not on the basal-lateral. Therefore, the membranes isolated 

for this dissertation study were enriched in brush border membranes, based on peaks in 

amino acid and glucose transport, specific phlorizin binding and in enrichments of the 

enzyme markers, GGTP and alkaline phosphatase. The lower density population of 

membranes in the sucrose density gradient was enriched in basal-lateral membranes, based 

on the distribution of Na+,K+-ATPase (determined from ATPase enzyme activity, 

K + -dependent PNPphosphatase activity, and ouabain binding). 

It is likely that there was some contamination of the brush border membrane 

fractions with other membranes. This fraction was enriched approximately 18-fold in the 

brush border marker GGTP, but also enriched approximately 2-fold in the basal-lateral 

membrane marker, K+-dependent PNPPase. Other preparations of brush border 

membranes generally have lower contamination by basal-lateral membranes (e.g. Ives et al., 

1983; Ahearn et al., 1985), so that the experiments shown here must be interpreted with 

the possibility in mind that some of the transport seen occurs in basal-lateral membranes. 

The reasons for this apparent contamination are as yet unknown. It is possible that the 

------------ -----------------
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basal-lateral membranes close to the microvilli may have remained attached during hom-

ogenization. Alternately, there may be a high density population of basal-lateral 

membranes. There is also the possibility that the apparent high ATPase enrichment comes 

from intracellular membranes, such as Golgi and endoplasmic reticulum, which are likely 

to distribute with brush border membranes during isolation procedures (Mircheff, 1983). 

Nevertheless, due to the differences in enrichment of brush border compared to basal 

lateral markers in this membrane population and the high cation-dependent amino acid and 

glucose transport activity, this preparation was useful for the study of the high affinity 

cation-dependent transport pathways known to exist in the apical membrane of the gill. 

There is relatively little information on the transport of glucose in marine inverte

brates despite the fact, as discussed by Wright (1988), that carbohydrates constitute a large 

potential source of energy for marine invertebrates. The studies reported here showed that 

the uptake of glucose is coupled to the uptake of Na+, and is adequately described by the 

Na+ gradient hypothesis (Crane, 1962). It is likely that at least two Na+ are involved in 

the transport of each glucose molecule. Furthermore, glucose transport is also affected by 

membrane potential, consistent with an electrogenic process. The specific characteristics of 

the transport of glucose in mussel gill brush border membranes are strikingly similar to 

those of Na+ -coupled glucose transport in mammalian epithelial brush border membranes. 

These similarities include substrate and activator specificity. The major difference 

between glucose transport in the mussel and in mammals is quantitative rather than 

qualitative; the Kt for glucose and Ki for phlorizin are low compared to values in, for 

example, the mammalian intestine (see review by Hopfer, 1987). As mentioned in Chapter 

3, the high substrate affinity of the mussel integumental transporter is not surprising given 

environmental glucose concentrations that are on the order of 50 nM. 
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Recent studies have shown no homology between the primary amino acid sequence 

of the rabbit intestinal Na+-glucose transporter and any other sequenced transporter, 

including the erythrocyte Na+-independent glucose transporter and bacterial H+-coupled 

sugar transporters (Hediger et at., 1987). There may, however, be some homology between 

the mussel and rabbit Na+ -glucose transporters, based on preliminary evidence (M.A. 

Coady, E.M. Wright, unpublished observations) of hybridization between rabbit cDNA and 

mussel RNA. If there is, in fact, homology between the sequences of these two glucose 

transporters, it suggests a common ancestor and, possibly, development of mammalian 

glucose transporters based on a marine invertebrate model. There are very few studies 

which address the question of evolution of transport proteins, particularly secondary active 

transporters. It would be very interesting to compare the amino acid sequences of the 

bacterial sugar transporters and the mussel transporter to determine whether the mussel 

transporter shows similarities to both mammalian and bacterial transporters. Alternately, 

glucose transporters in more ancient forms of marine invertebrates could be examined. For 

example, coelenterates, which are thought to have appeared before the ancestors of 

molluscs and vertebrates diverged (Dobzhansky et al., 1977), show Na+-glucose uptake 

(Schlichter et al., 1986). 

This dissertation study also examined the transport of the amino acids, alanine, 

lysine, and proline, in gill brush border membrane vesicles. There appear to be two 

transport pathways for alanine, one of which also accepts lysine while the other accepts 

proline. As shown for glucose, the transport of these amino acids is coupled to Na+. In 

addition, the transport of lysine and of alanine through the AK pathway shows a low 

cation selectivity, since uphill transport coupled to the movement of cations such as Li+ 

and K+ was also demonstrated. Recent reports of a-neutral amino acid transport in 

BBMV from tentacles of the sea anemone, A. su/cata, (Buck and Schlichter, 1987; 
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Schlichter et af., 1986) also showed uphill transport when Na+ was replaced by Li+ or K+. 

The phenomenon of low cation selectivity may be quite common in marine invertebrates, 

but it is unknown yet whether it is a consequence of low cation affinity or whether it is a 

charateristic of cationic amino acid transport. In any case, the transporter probably 

functions as a Na+-amino acid transporter, based on ion availability in the animal's 

environment. Due to technical difficulties described below, it was not possible to study 

efflux pathways in the mussel BBMV. Therefore, it is not known whether a low cation 

selectivity is also seen during efflux. 

Figure 36 shows the proposed mechanism of transport of glucose and amino acids in 

marine mussel gills, based on the experiments of this dissertation study. In Fig. 36 (top), 

the transport of glucose is shown, coupled to the movement of two Na+. This transport 

resembles a "typical" vertebrate Na+-glucose transporter with respect to its general kinetic 

chracteristics and substrate specificity. Fig. 36 (middle) shows the transport of alanine and 

lysine, on the AK transporter, together with two (or more) Na+, Li+ or K+. The substrate 

specificity of this transporter is similar, in some respects, to one of the mammalian kidney 

amino acid transporters, but the cation selectivity, apparent coupling coefficient, and 

effects of membrane potential, on transport are unique. Finally, Fig. 36 (bottom) shows the 

transport of alanine and proline, on the AP transporter, together with two (or more) Na+ 

ions, and a possible involvement of CI-. The AP transporter resembles one of the 

mammalian epithelial amino acid transporters in cation selectivity and some aspects of 

substrate specificity, as well its possible requirement for multiple Na+. The CI

requirement for the AP pathway is still hypothetical, but has been seen in several 

vertebrate taurine and glycine transporters. It should be stressed that these are only 

proposed mechanisms, as many of the features shown require further testing, including 

Na+ coupling coefficients and the possibility of CI- involvement in proline transport. 
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Fig. 36 Proposed mechanism of glucose and amino acid transport in the mussel gill brush 
border membrane. The brush border membrane is represented by the solid vertical line. 
Top: Glucose transport, Middle: The AK pathway for alanine and lysine transport, 
Bottom: The AP pathway for alanine and proline transport. 
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Several technical limitations of the mussel gill brush border membrane vesicles 

became apparent during the course of this dissertation study. While they did not signifi

cantly hamper the experiments reported here, they may limit the scope of future studies 

with this membrane preparation. First, the membranes were found to lose their transport 

activity over time. Therefore, the membranes had to be used as soon as possible after 

preparation, without being kept overnight on ice. In some cases, the membranes lost 

substantial . activity even over the course of a single experiment, although this was 

compensated for by dividing the membranes into small aliquots which were kept on ice 

until needed. The loss of transport activity on ice was slower than at room temperature; at 

room temperature it was possible to see as much as 50% loss of activity in 1 hour. 

A serious limitation to the use of these vesicles proved to be the difficulty in 

preloading them with solutions of different composition. The membranes appeared to be 

quite impermeable to ions, so that they had to be exposed to ion-containing solutions for a 

long time in order for any preloading to take place. Yet, the longer the membranes were 

held, the lower the transport actiyjtir• _ In the present case, most of the experiments were 

performed under "zero-trans" conditions, i.e., manipulating external ion and substrate 

concentrations while keeping the intravesicular composition constant at 600 mM mannitol, 

pH 7.6. This problem eliminated the use of several experimental approaches, including 

measurement of efflux, or uptake under equilibrium exchange conditions (e.g. Hopfer and 

Groseclose, 1980), or static head conditions (Turner and Moran, 1 982a). In addition, this 

problem precluded any detailed kinetic experiments. It may be possible in future studies 

with mussel BBMV to preload the vesicles during the initial homogenization (with the 

preloading solution as the homogenization buffer), although the distribution of the cell 

membranes in different buffers would have to be examined. 
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It also proved to be difficult to voltage-clamp the vesicles for studies of amino acid 

transport. Whereas it was possible to use the proton ionophore, FCCP, and pH equilibrium 

to voltage-clamp the vesicles at ll.t/J=O in the studies of glucose transport, FCCP inhibited 

the transport of alanine, lysine, and proline. Because of problems (noted above) associated 

with preloading the vesicles, it was not possible to use other voltage-clamping techniques, 

such as the establishment of equal intra- and extra-vesicular K+ concentrations followed 

by the addition of the K+ ionophore, valinomycin. Furthermore, since permeant anions, 

such as SCN-, inhibited the transport of alanine, lysine, and proline, their use in voltage

clamp studies was precluded. The glucose studies suggested that the permeability of CI- in 

these membranes is approximately the same as that for Na+ (since the rate of uptake of 

glucose was the same in NaCI with and without FCCP). This probably means that initial 

rate studies in the presence of Na+ and Cl- were effectively "voltage-clamped". However, 

transport studies done in the presence of other cations or in the presence of large concen

trations of substrates (e.g. 1 mM lysine) may have introduced changes in membrane 

potential. 

Despite these drawbacks, the preparation of BBMV introduced here should prove 

valuable for a number of studies. For example, a detailed study of phlorizin binding in 

these vesicles could be done in order to determine the numbers of glucose transporters in 

the membrane, leading to an estimate of the turnover number for the glucose transporter. 

Because glucose transport in these vesicles occurs at a relatively high rate and can be 

voltage clamped, more detailed studies of the kinetics of glucose transport and Na+ uptake 

in these vesicles could be done, as well. The results would then be compared with kinetic 

studies of vertebrate Na+ -glucose transporters. The taurine transporter of the mussel gill 

probably operates against the largest concentration gradients, and therefore is of the most 

interest for the study of transport energetics. Taurine transport could potentially be char-
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acterized in mussel BBMV. One advantage is that FCCP does not inhibit taurine uptake in 

mussel BBMV, so the vesicles could be voltage-clamped. The uptake rate of taurine in 

BBMV is low, however, so that kinetic studies should be done using substantially higher 

protein concentrations than were used in this dissertation study. 

The question of regulation of transport activity by salinity and, in particular, 

divalent cation concentrations is a potential research area of great interest. Several studies 

with isolated gills have shown that the divalent cations, Ca2+ and Mg2+, have effects on 

the influx and efflux of amino acids (Swinehart et al., 1980; Lee et al., 1983). Other 

studies have shown that the decreased divalent cation concentration in dilute seawater is 

the signal for the amino acid efflux which is seen during osmoregulation (Pierce and 

Greenberg, 1973). It is not known whether these cations have effects on specific trans

porters or on overall membrane permeabity. The mussel BBMV may be useful in 

separating possible effects of divalent cations on the kinetics of amino acid and glucose 

transport from general changes in membrane permeability. 

One area of study of transport in marine invertebrates which has not been examined 

is the relative role of the intestine and integument in the absorption of amino acids, and 

whether these organs have the same transporters. It may be possible to use the techniques 

outlined here to prepare BBMV from the integument of, for example, the sea hare, 

Aplysia, for which a method of isolating intestinal BBMV exists (Gerencser, 1982). The 

transport of amino acids and glucose in BBMV from both sources could be compared. The 

Aplysia is large enough to obtain enough tissue for both preparations; isolation of enough 

intestinal tissue from M. edulis would be a heroic task. Alternately, a larger species of 

mussel, M. cali/ornianus, could be used. 

Future studies of mussel glucose and amino acid transporters may be able to make 

use of different experimental approaches to complement the use of BBMV as described. 
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For example, a Xenopus oocyte expression system was recently used to clone the rabbit 

intestinal Na+-glucose transporter, without the use of a purified protein (Hediger et al., 

1987). The rabbit cDNA could be used to isolate the cDNA for the mussel glucose 

transporter. The Xenopus expression system could be used to purify cDNA for the mussel 

amino acid transporters. While the oocytes seem to have Na+-neutral amino acid trans

porters, a ,B-amino acid transporter may be absent (see ex. Van Winkle, 1988), therefore, it 

may be possible to isolate the cDNA, for the mussel taurine transporter. The mussel 

transporter cDNA could then be used for at least three different lines of research. As 

mentioned previously, the amino acid sequences of different invertebrate transporters could 

be compared with the rabbit glucose transporter in order to study the evolution of the 

transport proteins, the substrate and cation binding sites, and possible mechanism of tran

slocation. Alternately, hybridization studies could be done with RNA from various inver

tebrates and cDNA from a mussel or rabbit transporter to determine similarities between 

species. Second, the oocytes could be used as an expression system in which to study the 

function of the mussel transporters, either in oocyte membrane vesicles or in micropunc

ture studies. Third, the cDNA for one of the mussel transporters could be used to study 

the regulation of this transporter, and effects of changes in osmotic concentrations (possible 

signals in osmoregulation) or effects of environmental substrate concentrations (induction or 

repression of the transporter) could be examined. 

In conclusion, this study focused on three distinct transport pathways in the mussel 

gill: (a) the AK pathway for alanine and lysine, (b) the AP pathway for alanine and 

proline, (c) a glucose transport pathway showing a specificity for hexoses similar to 

vertebrate Na+-glucose transporters. The experiments described here provide good 

evidence that the uptake of amino acids and glucose by these pathways is coupled to Na+, 

i.e. occurs via secondary active transport processes. Furthermore, these studies revealed a 
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low cation selectivity in the transport of alanine and lysine via the AK pathway. The high 

substrate affinities and sigmoid Na+ activation curves for all three pathways indicated 

adaptation of integumental transport to low environmental amino acid and glucose concen

trations. 
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APPENDIX A 

DEVELOPMENT OF MEMBRANE PREPARATION PROCEDURE 

Marker enzymes 

The purification of membranes was based on the distribution of enzymes which 

were presumed to be primarily localized to particular membranes. The enzymes used in 

this study were the same ones used in several studies on isolation of mammalian brush 

border membranes, with the assumption that their distribution was the same in marine 

mussels as in other organisms. This assumption has since been shown to be true for the 

enzyme Na,K-ATPase. Recent studies utilizing ouabain binding in intact, perfused gills 

have shown that the Na,K-ATPase is localized to the basal-lateral membrane of marine 

mussel gills (A. Silva, S.H. Wright, unpublished observations). 

The methods used in this study for assay of enzyme activities were essentially those 

used to assay mammalian enzyme activities (listed in the Methods section of Chapter 2). 

The marker enzyme studies were performed with homogenized gills of both M. 

edulis and M. cali/omiallus. 

Brush-border membrane markers: 

GGTP: In the pH range 7 to 8.5, the activity of 'Y-glutamyl transpeptidase was greatest at 

pH 7 and lowest at 8.5 in both M. edulis and M. cali/omiallus. Therefore, all GGTP assays 

were run at pH 7. The activity of GGTP was linear with time through 30 minutes, and 

with protein at concentrations up to 0.34 mg per assay (the highest tested). 

LAP: Leucine aminopeptidase was tested as a potential brush border membrane marker 

but was not used after early membrane preparations showed that it was distributed on 

several different membrane populations. LAP activity (assayed using a Sigma kit) was 

linear with time through 60 minutes, and up to 14 JJg protein per assay. 
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Alkaline Phosphatase: The effects of pH on this enzyme were not tested. The activity of 

alkaline phosphatase was linear with time up to 3 hours, and protein up to 0.57 mg/ml. 

Basal-lateral membrane markers: 

PNPPase: The effect of pH on PNPPase (Potassium-dependent paranitrophenyl 

phosphatase) activity was tested between pH 7 and 8.5. In M. edulis there was a peak in 

activity at pH 7.5, in M. califomiallus the activity was highest over the range of pH 7.3 to 

8.0. The activity of PNPPase was linear with time to 2 hours, and with protein to 0.57 

mg/ml. The activity of PNPPase was inhibited 36% by I mM ouabain, and 44% by 

replacement of Na+ by K+. 

Na+,K+-ATPase: The effect of pH on the activity of Na+,K+-ATPase was tested between 

pH 7.0 and 9.0. There was a peak in enzyme activity at pH 8.0. All subsequent 

Na+,K+-ATPase assays were run at pH 8. Protein and time curves were not done for this 

enzyme. 

Other membranes: 

SDH: Succinate dehydrogenase was used as a marker for mitochondrial membranes. The 

pH effects on its activity were tested between pH 6.0 and 8.5. The highest activity was 

seen at pH 8.5 so all subsequent assays were run at this pH. The assay was linear with time 

up to 1 hour, and protein up to 0.7 mg protein per assay point. 

Acid Phosphatase: Acid phosphatase was used as a marker for lysosomal membranes. This 

assay was run under the same conditions as those used for mammalian membranes. 

NADPH cytochrome c reductase: This enzyme was used as a marker for endoplasmic 

reticulum membranes. The activity of this enzyme in M. edulis gill homogenates was 2.2 

nmoles/mg-min. 
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Membrane preparation using differential centrifugation 

The first part of the membrane preparation procedure was developed using the 

protocol developed by Ives et al. (1983) for preparation of rabbit kidney brush borders, as 

well as that used by Ahearn et al. (1985) for preparation of lobster hepatopancreas brush 

border vesicles. These procedures were modified for use with mussel gills, as follows. 

Homogenization: The gills were homogenized using a glass-Teflon homogenizer at about 

1200 rpm. The use of an Omnimixer (4x 30sec on, 30 sec off) resulted in high SOH 

activities in all the fractions, and enrichment of SOH in the P2L fraction, 1.5 to 3-fold, 

suggesting that the mitochondria were being disrupted. The SDH enrichment was around 

O.4-fold in P2L following gentle homogenization with a glass-teflon homogenizer. 

Gills were homogenized in a buffer containing 5 mM EGT A. Homogenization in 

the absence of EGT A increased slightly the enrichment of alkaline phosphatase in the P 2L 

fraction (see Chapter 2) (from 2.9x with EGTA, to 4.lx without EGTA), without much 

change in GGTP enrichment (5.9x with EGTA, 5.lx without EGTA). However, there was 

also an increase in the contamination by PNPPase in the absence of EGT A (from 1.8x with 

EGT A to 5.8x without EGT A). Therefore, EGT A was added to the homogenization 

buffer. 

Sorbitol cOllcelltratioll: Early attempts at membrane isolation were done using 300 mM 

sorbitol buffers (as used by Ives et al., 1983 and Ahearn et al., 1985). However, the 

osmolarity of marine mussel tissues is much greater than mammalian tissues, around 1000 

mOsm. A smaller osmotic gradient was tried with the use of 800 mM sorbitol. There was 

an increased enrichment of GGTP and alkaline phosphatase but also more contamination 

by PNPPase and SOH. The viscosity of the 800 mM solution was high enough to prevent 

the membranes from pelleting properly during centrifugation. The next solution tried was 

500 mM sorbitol; the result was good enrichment of alkaline phosphatase and GGTP, and 
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an overshoot in time courses of leucine transport. 

Mucus removal: One of the major problems encountered during the development of a 

membrane isolation procedure was the large amount of mucus associated with the gills. In 

early preparations, most of the membranes pelle ted through sucrose gradients up to 48%, 

presumably due to mucus-induced aggregation. Therefore, several steps were taken to 

remove mucus. First, the gills were presoaked twice in seawater solutions which were high 

in K+. This was a result of an observation by S.H. Wright that high K+ solutions 

stimulated the release of mucus from the gills, possibly through depolarization of the goblet 

cells. The gills were blotted on paper towels after this step to remove surface mucus. A 

second improvement to the method was taken from studies on membrane preparation from 

colon, which also encountered problems with mucus, namely, the use of DTT to disperse 

the mucus. 1 mM DTT was added to presoaking and homogenizing solutions. Third, the 

ratio of gills to homogenizing solution was decreased to produce a more dilute initial 

homogenate and prevent the membranes from sticking together. Finally, the initial 

homogenate was filtered several times using cotton gauze and Miracloth. These procedures 

resulted in increased protein content of the supernatant fractions and increased enrichment 

of alkaline phosphatase and GGTP. 

Effect of divalent catio1lS: As mentioned in Chapter 2, most methods of brush border 

membrane isolation use divalent cations to precipitate basal-lateral and intracellular 

membranes. However, MgH and Ca2+, alone or together, up to 50 mM in concentration, 

did not result in selective precipitation of membranes, and, in some preparations, decreased 

the enrichment of brush-border enzyme markers. Therefore, membranes were isolated 

without the use of divalent cations. 

Increased yield: The yield of membrane protein and enzymes was increased up to 2x by 

resuspension and re-centrifugation of pellets. Therefore, the pellets from the first two 
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differential centrifugation steps were resuspended and re-centrifuged. 

Sucrose density gradient centrifugation 

Once the initial steps of the membrane preparation procedure had been determined, 

the resulting crude membrane fraction was further purified using a sucrose density 

gradient. The first sucrose gradients employed were made from 20% to 70% (w/v) to 

determine the sucrose concentration needed. The brush border and basal-lateral membrane 

markers were found between 30 and 50% sucrose. There was no difference in enzyme dis

tribution when the membranes were loaded onto the top or the bottom of the gradient, so 

subsequent gradients were loaded from the top. 

Mussels from different sources 

The animals used in these studies were obtained from two different sources: Bodega 

Marine Lab, Bodega Bay, CA (near San Francisco) and Sea Life Supply, Sand City, CA 

(near Monterey). Membrane preparations from both sources were tested for distribution of 

enzyme markers throughout the preparation and amino acid transport in sucrose density 

gradient fractions. There were essentially no differences between animals from these two 

sources. 

Amino acid transport 

The distribution of taurine, lysine, and proline transport in the sucrose density 

gradient fractions is shown in Fig. 37. As seen previously for alanine and glucose transport, 

there was a peak in the brush border regions of the gradient in taurine and lysine 

transport. Unlike the distribution of other amino acid transport activities, proline transport 

did not show a clearly-defined peak in the gradient, though a distinct minimum was noted 

through fractions 3 to 5, corresponding closely to the peak of activity in Na+,K+-ATPase 

activity and ouabain binding. Thus, it appears that all high affinity amino acid transport is 

limited to membranes other than those of the basal-lateral aspect of gill cells. 

-----------_._-----------------



132 

A Taurine 

12 ,...... 
C 
-<J 

10 0 
-<J 

~ 
-..,; 

8 
~ .;; 
:;:; 6 u 
0 
c: 

4 0 
:;:; 
u 
0 

2 .... 
I.J... 

0 
0 2 3 4 5 6 7 8 9 10 

Fraction 

Lysine 

2 3 4 5 6 7 8 9 10 

Fraction 

Fig. 37 Distribution of taurine, lysine, and proline transport in the sucrose density 
gradient. A: Taurine transport. B: Lysine transport. Vesicles contained 600 mM mannitol, 
10 mM HEPES-Tris, pH 7.6. Transport buffers contained 260 mM Nael, 10 mM HEPES
Tris, pH 7.6 and were kept isoosmotic with mannitol. Uptakes were done for 10 seconds. 



133 

12 C Proline 

-=- 10 11'-..,. c 
11'-..,.,..-/.--.--11 

+J III 0 

\ 
+J II 
~ 8 ~ 

~ 
'S: 6 :;:; 
() Ill-II ............. c 
c: 4 11'1 
0 

:;:; 
() 

c 2 I-u.. 

0 
0 1 2 3 4 5 6 7 8 9 10 

Fraction 

Fig, 37 (continued) C: Distribution of proline transport in the sucrose density gradient. 
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