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ABSTRACT 

Plasma membranes from Ehrlich Ascites Cells were solubilized in 2% 

cholate - 4M urea. The 150,000 g supernatant was free of vesicular struc

ture and able to penetrate a 5% polyacrylamide ~el. Addition of lipids 

(protein/exogenous lipids 1:1·) followed by detergent removal by dialysis 

led to reformation of vesicles with proteins embedded in the membrane as 

visualized by electron microscope. The reconstituted vesicles have a 

chemical composition similar to that of the native vesicles and are sensi

tive to osmotic strength. They exhibit sugar transport activity, tempe

rature sensitive amino acid transport activity and ouabain sen~itive 

(Na+ + K+) ATPase activity. The transport of amino acid which is Na+ 

dependent and can be stimulated by a Na+ gradient, leads to accumulation 

against a concentration gradient. The amino acid transport system is 

reversible and a reversed gradient (Na+ inside > Na+ outside) can sti

mulate AlB efflux. Further stimulation occurs by increasing the membrane 

potential (positive inside) by valinomycin. 
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RESUME 

Les membranes plasmiques des cellules Ehrlich Ascitiques ont ~t~ 

solubilis~es par le m~lange 2% chelate - 4M ur~e. Le surnageant, apr~s 

ultracentrifugation a 150,000 g, ne contient plus de structures v~sicu

laires et peut p~netrer dans un gel de polyacrylamide a 5%. L'addition 

de lipides (rapport prot~ines/lipides exog~nes de 1:1) suivie de l'elimi

nation du detergent par dialyse conduit a la formation de vesicules dont 

les proteines sont incorporees dans la membr~ne, ainsi que le montre 

l'analyse au microscope electronique. Les vesicules reconstituees ont 

une compositi6n chimique semblab1e a celle des v~sicules natives et sont 

sensibles a la pression osmotique. Elles poss~dent l'activite de trans

port des sucres, l'activit~ de transport des acides amin~s sensible a la 

temperature et 1 'activite ATPasique stimulee par Na+ et K+ et inhibibee 

par 1 'ouabaine. Le transport des acides amines, qui depend de la presence 

de l'ion Na+ et qui peut etre stimulee par un gradient de Na+, conduit a 
l'accumulation contre un gradient de concentration. Le systeme de trans

port des acides amines est reversible, et un gradient de Na+ invers~ 

(Na+ interne> Na+ externe) peut stimuler 'l'efflux de AlB. Une stimula

tion suppl~mentaire peut §tre obtenue en accroissant le potentiel de mem

brane (potentiel interne positif) par l'addition de valinomycine. 
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INTRODUCTION 

CHAPTER I: Membrane Composition 

The plasma membrane forms a barrier between the outside and the 

inside of the cell. It is involved in the maintenance of a specific 

intracellular composition and participates in most of the fundamental 

processes associated with living: secretion, vision, cellular interactions, 

muscular contraction, neuronal transmission, hormonal control, immunological 

response, and respiration in microorganisms. The plasma membrane plays 

al1 these roles as a result of its particulcr composition and structure, 

th:t is, the nature and organization of its protein and lipid components. 
0 

Most membranes are about 75 A thick and composed essentially of 

lipids and proteins. In animal cells, carbohydrates are found mostly 

in covalent association with proteins. The lipid- protein ratio is a 

characteristic of each type of membrane (1 ,2). In many instances with 

mammalian cells, proteins· form 60 to 70% of the membrane mass, with the 

exception of myelin where the proteins form only 20% of the membrane mass. 

Membrane Proteins 

Membranes from a variety of sources have been isolated and solubilized, 

and their proteins have been analyzed by SOS polyacrylamide gel electro-

phoresis. The number of proteins found varies from membrane to membrane. 

Some membranes show as little as 15 bands of distinct sizes of proteins 

and others shm'l as many as 60 or more discrete bands with molecular weights 

ranging from 10,000 to 200,000 daltons. 

Some membrane proteins have been purified (rhodopsin, myelin basic 

protein, cytochrome c ... ). Physico-chemical analysis shm"'s that their 

overall content of hydrophobic amino acids does not render them a special 
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class of proteins. Membrane proteins exhibit a mean residue hydropho

bicity and polarity index similar to that of many soluble proteins (3). 

What distinguishes membrane proteins from soluble proteins (and this 

has only been shmvn in a few cases) is their primary as well as their 

tertiary structure, where segregation of polar and apolar domains can 

be observed (4). It is the conformation of the protein that is adapted 

to the lipid environment of the membrane. And since the conformation is 

a function of the amino acid sequence, segregation is expected. 

Many membrane proteins bear sugar residues covalently linked to 

them. The sugars most commonly found are: D-galactose, D-mannose, 

D-fucose, .N-acetyl-glucosamine, N-acetylgalactosamine and N-acetylneuraminic 

acid (or sialic acid). The average number of sugar residues per protein 

is seven. The sugars are oriented toward the external milieu and 

contribute to the negative polarity of the membrane. These glycoproteins 

have been found to be involved in cellular interactions, hormonal and 

immunological responses (5). 

Membrane proteins have also been cl~ssified as extrinsic and 

intrinsic, or peripheral and integral proteins (6). Extrinsic or 

peripheral proteins can be removed from the membrane by mild treatments 

like chelating agents, changes in pH, or changes in ionic strength (7). 

Their purification is greatly facilitated by their solubility in water 

and by the fact that many of them which exhibit enzymatic activities 

are not much modified after their detachment from the membrane (8). 

A number of them have been isolated, purified and characterized (2,7,9). 

Most of these are acidic and bear a negative charge at neutral pH; a 

few of them are basic, as for example cytochrome c (2) and myelin basic 

protein (9). 
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However, the majority (70 to so;q of membrane proteins are very 

tightly bound to the membrane. These so-called integral or intrinsic 

proteins require much more drastic conditions for their extraction from 

the membrane, as for example chaotropic agents or detergents (10,11). 

The isolated proteins are often aggregated or associated to lipids, 

insoluble in water, or denatured. This makes their isolation, purification 

and characterization a much more complicated task. 

The variation in size, composition, solubility and structure of 

the membrane proteins is a reflexion of the numerous functions assigned 

to the membrane. 

Membrane Lipids 

The lipids found in biomembranes consist mainly of phospholipids, 

glycolipids and sterols. The proportion of these different classes 

varies from membrane to membrane (12). Of cell membranes the plasma 

membranes of higher org~nisms are the richest in cholesterol (0.8 to 

1 mole of cholesterol per mole of phospholipid) whereas microsomes from 

the same cells are poor in cholesterol (0.2 1nole of cholesterol per mole 

of phospholipid) and mitochondria contain practically no cholesterol (13). 

The general formula for phospholipids and sterols is shown in Figure 

1. The fatty acid chains a1~e commonly c12 to c20 saturated or unsaturated 

alkyl chains. 

Phospholipids are amphipat~ic molecules, that is the molecule is 

composed of a polar region and an apolar region: the polar region 

consists of the phosphorylated head groups; the apolar region is represented 

by the fatty add chains. Each lipid has a characteristic gel -+liquid 

state transition temperature (14,15), which is primnrily a function of 

the length and of the degree of unsaturation of the fatty acid chains, 
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but can also be affected by the environment of the lipid: pH, metal 

ions ... (16,17). 
• 

In aqueous media, the polar head groups tend to associate with 

water, while the apolar regions tend to associate with each other in 

some micellar or bilamellar array away from the water molecules. 

The phospholipid level at which molecular aggregation occurs, critical 

micellar concentration (CMC), is extremely low: 10-9 - 10-lO (18,19). 

Sterols also have an extremely low monomer solubility in aqueous media 

and form rod-shaped micelles in water (20). Stim et al., (21) using 

differential thermal analysis with Mycoplasma laidlawii, established 

the existence of bJo types of membrane lipids. The majority of the 

membrane lipids showed an equivalent endothermic phase transition \~hen 

present in the intact cells, in the isolated plasma membrane, or in the 

extracted lipids. When extracted lipids interacted with a basic protein, 

the phase transition was shifted (22). This suggested that these lipids, 

called the bulk lipids, are loosely bound and do not interact with 

membrane proteins. The fraction of lipids which forms the bulk lipids 

has been determined by several methods reviewed by Trauble and Overath (23). 

The bulk lipids account fat' 80% of the total membrane lipids. The 

question of whether all the classes of lipids are represented in the 

bulk lipids has not yet been resolved. 

As much as 20% of the 1 i pids bound to a membrane do not undergo a 

phase transition equival~nt to that observed with the isolated lipids. 

These lipids, called the boundary lipids, appear to be involved in the 

interactions with membrane proteins, resulting in a restriction of their 

mobility. This fraction of lipids is not extracted from the membranes 

as pure phospholipids. Acidic phospholipids seem to be the principal 

constituents of this class of lipids (24,25). 
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CHAPTER II: Protein - Lipid Interaction 

Forces Involved in Lipid-Protein Interaction (26). 

Various forces participate in lipid-protein association. 

Electrostatic Forces 

Electrostatic forces afe due to the attraction between charges 

on lipids and proteins. For example these forces are important in the 

binding of cytochrome c to the acidic mitochondrial lipids. 

Induction Forces 

Induction forces are observed when a negative charge ea~ polarize 

a nearby apolar group. However these forces are too small to be important 

in lipid-protein interactions. 

London-Van der Walls Dispersion Forces 

The London-Van der Walls forces operate between all groups of proteins 

and lipids. They are the only forces involved in the interaction betv-1een 

non-polar residues. They depend strongly on distance and steric factors. 

Hydrophobic I~teractions 

The fundamental driving force for any process is the tendency to 

move to a state of lmvest free energy. Therefore apolar groups will 

tend to cluster together, thereby excluding water, increasing the entropy 

of the system as a whole and decreasing its free energy. Thus a mixture 

of monomeric membrane components should, under appropriate conditions, 

assemble spontaneously to form native membrane domains. For example, 

if the structure of the proteins in the membrane is such as to expose 

large hydrophobic regions, the proteins VJill either aggregate through 
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apolar associations, or rearrange with hydrophobic residues concentrated 

in the interior and polar groups at the surface of the mol.ecules. They 

rearrange to form structures which are thermodynamically stable in 

aqueous media. 

Methods to Investigate Protein-Lipid Interactions 

. Many techniques can be used to study protein-lipid interactions: 

I.R. and Ran1an spectroscopy, light scattering, ESR, NMR, fluorescence, 

X-ray diffraction, differential calorimetry, freeze fracture electron 

microscopy, all have been used for such studies. By detecting diffracted 

X-rays, it has even been possible to follow the kinetics of some slow 

conformational changes due to lipid-protein interactions(27,30). 

Interactions of Proteins with Lipid Bilayer 

Some general conclusions have been presented by Kimelberg (31) on 

the interactions between proteins and lipid bilayers. Lipid bilayers 

are largely impermeable to charge or polar solutes. Association of the 

bilayer with proteins alters the permeability barrier in the follo11ing 

generalized way: (cf. Figure 2). 

1) An extrinsic protein, whose. hydrophobic amino acids are predo

minantly buried inside the protein molecule, interacts with the surface 

of the bilayer by chal'ge interaction only. No changes in the permeability 

of the bilayer are observed. 

2) and 3) Proteins like cytochrome c can interact ·initially by 

charge interactions. This electrostatic binding leads to an alteration 

in protein conformation resulting either in penetration of the hydrophobic 

portion into the bilayer or in an increase of hydrophobic groups at the 

surface of the protein. These interactions resu'lt in increased permeability 
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of the bilayer. A lowering in transition temperature of the b·ilayer 

after protein binding has also been measured by different~al scanning 

calorimetry. This lowering in Tc is equivalent to an increasedlipid 

fluidity. 

4} Integral proteins do not usually require initial charge interactions. 

Hydrophobic binding is dominant (the permeability of the bilayer is 

increased by interacting with the protein). This fourth picture shows 

a protein which spans the entire membrane. A portion of the phospho

lipids are removed from the bulk lipids and do not participate in a phase 

transition. This lipid constitutes a microenvironment specific for the 

protein and corresponds to what is called the boundary lipid. 

Phospholipid Dependence of Membrane Structure and Function 

A great number of membrane bound enzymes have been shown to require 

phospholipids for stability, deinhibition or maximal activity (14,32,33). 

The problem of phospholfpid dependence can only be studied if one is 

able to control the lipid composition of the natural or model membrane. 

Different approaches can be used to study this problem: 

a} Effect of delipidatior on enzyme activity. 

b) Delipidation follmved by addition of specific lipids. 

c) Substitution of the native lipid in the membrane using phospho

lipid exchange proteins. 

d) Growth in media of different compositions to vary the fatty 

acid components of the phospholipids. 

Delipidation by detergents, solvents or phospholipases often leads 

to loss of activity in membrane bound enzymes. This does not necessarily 

mean lipid dependence, because inactivation can be due to specific 



c 

-

0 

- 10 -

denaturation unrelated to lipids) or inhibitory action of the products 

of the modification (32). Reactivation of the inactive enzyme by added 

lipids is an essential criterion for establishing lipid dependency. 

Fleisher et al. (34) suggested that there should be a correlation between 

lipid removal and loss of activity and a correlation between restoration 

of activity and rebinding of lipid. In a few cases (NADH coenzyme Q 

reductase, acyl CoA synthetase, (Na+ + K+) - ATPase), the addition of 

lipid causes stimulation of the original enzyme activity (35,37). 

A list of some of the lipid dependent enzymes is given(Table I). In an 

extensive summary of the Na+ + K+ - ATPase, it can be seen that the 

results do not always agree with the action of phospholipids on the 

enzyme activity. But as suggested by Kimelberg (31), this can be due to 

the manne~ in which the lipid is removed, the amount of lipid removed, 

or the purity of the phospholipids used for reactivation. Despite much 

controversy, most investigators seem to agree that phosphatidylserine is 

the lipid required to obtain maximum activity of the (Na+ + K+) - ATPase. 

Not only is the nature of the polar head group of the phospholipid 

important, but the fatty acyl chain length and degree of unsaturation 

(32,38,39) play a role in maintaining enzyme activity). Studies with 

fatty acid auxotrophs (40,41) of Escherichia coli indicate that discon-

tinuities in the Arrhenius plots for membrane enzymes reflect temperature 

dependent phase transitions of membrane phospholipids. Thus, the flui

dity of the phospholipid fatty acyl chains may contribute to the control 

of the membrane protein function. 

Many more examples of phospholipid dependence for enzyme activity 

are available in the literature (31,42-49). 
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TABLE I 

Lipid-dependent membrane proteins 

Enzyme (source) 

Amino peptidase (brush border) 

Glucose-6-phosphatase (brain) 

Acetylcholinesterase (erythrocytes) 

Glycophorin {erythrocytes) 

++ Ca -ATPase (sarcoplasmic reticulum) 

(Na+ + K+)-ATPase (beef brain) 

+ + (Na + K )-ATPase (erythrocytes) 

Lipid activator 

Phosphatidylcholine (l) 

Various phospholipids (2) 

Endogenous cardiolipin (3) 

Phosphatidylcholine, 
mixed lipids (4) 

Phosphatidylcholine (5) 
Phosphatidylethanolamine (6) 

Lysophosphatidylethanolamine (7) 

Lysophosphatidylcholine and 
lysophosphatidylserine (8) 

Phosphatidylserine and 
phosphatidylinositol (9) 

Phosphatidylserine (10) 

(a) from the article by Sanderman H. Jr. Biochim. Biophys. Acta 515 
209 (1978) 

(b) from the article by Kimelberg H.K. Mol. Cell. Biochem. 10 171 (1976) 
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TABLE I {continued) 

(1) Wacker, H., M~l1er F. and Semenza G. FEBS Lett. 68 145 (1976) 

(2) Garland R.C. and Cori C. F. Biochemistry ll 4712 (1972) 

(3) Beauregard G. and Roufogalis B.O. Biochem. Biophys. Res. Commun. 
77 211 (1977) 

(4) Sharom F.J., Barratt D.G. and Grand C.W.M. Proc. Nat1. Acad. Sci. 
us 74 2751 (1977) 

(5) Warren G.B., Toon P.A., Birdsall N.J.M., Lee A.G. and Melcalfe J.C. 
Proc. Nat1. Acad. Sci. US 71 622 (1974) 

(6) Knowles A.F., Kandrach E., Racker E. and Khorana H.G. J. Bio1. Chem. 
250 1809 (1975) 

(7) Tanaka R. and Sakamoto T. Biochim. Biophys. Acta ]1]_384 (1969) 

(8) Tanaka R.~ Sakamoto T. and Sakamoto Y. J. Memb. Biol. 4 42 (1971) 

(9) Hokin L.E. and Hexum T.D. Arch. Biochem. Biophys. 151, 453 (1972) 

(10) Ro1oefsen B. and Van Deenen L.L.M. Europ. J. Biochem. 40 245 (1973) 
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CHAPTER III: Membrane Structure 

Membrane Models 

Since 1925, numerous models have appeared purporting to represent 

membrane structure (6,50-57). The model which today has the greatest 

appeal is the fluid lipid - globular protein mosaic model first proposed 

by Singer and Nicholson (8). According to these authors the membrane is 

a solution of proteins dispersed in a fluid lipid matrix. The model can 

be represented by the three - dimensional and cross-sectional view of 

figure 3. The hydrocarbon chains of the fatty acid are oriented toward 

the interior of the membrane and under physiological conditions are in 

a disordered conformation, thus creating a fluid matrix. The exact 

arrangement of the lipids depends on th~ environment and on such properties 

as the length of the hydrocarbon chains and their degree of unsaturation, 

and branching as well as the size and shape of the polar head groups. 

The proteins are either at the surface of the membrane, being held 

through ionic or polar interactions with other proteins, or through divalent 

cation bridges. Such proteins would represent the extrinsic proteins. 

Other proteins are embedded partly or totally, or even span the lipid 

bilayer. These are the intrinsic proteins. 

The association of the proteins with the bilayer involves predominantly 

hydrophobic interactions between the apolar fatty acid chains and the 

apolar amino acid residues. The hydrophilic portions of the proteins are 

either exposed to the outside of the membrane or clustered by forming an 

o: helix which becomes a Polar transmembrane channel. Helicity is not 

an absolute requirement, unordered or B structure can also provide the 

apolar parameter required for penetration through the ~ilayer {58). 



e e 

Figure 3. The lipid-globular prote~n mosaic model of membrane structur2 

fro~ Cell Membranes Weissman G. and Clairborne R., Eds~ HP Publishing Co, Inc, New- York . 

Some proteins are simply embedded on one side or the other, wh~le others pass entirely through the 

bilayer of lipids and cholesterol (black molecules). 

e 
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Experiments using labelled Sllgars indicate that glycoproteins and 

glycolipids are located on the outer monolayer, the sugar residues facing 

the external medium (59). 

Experimental Observations Leading to the 
Formulation of the Singer-Nicholson t~odel 

The Singer-Nicholson model is deduced from a number of considerations 

and experiments. 

Thermodynamic Considerations {8) 

In the phospholipid bilayer structure, the non-po1ar fatty acid 

chains are sequestered away from contact with water, thereby maximizing 

hydrophobic interactions. The ionic groups are in direct contact \·lith 

the aqueous ~hase at the e~terior faces of the bilayer, maximizing 

hydrophilic interactions. The extent to which a protein is embedded in 

the membrane is determined by its amino acid sequence. 

The sequence allows the protein to adopt either an amphipal~ic 

structure (intrinsic protein) or a structure in which the distribution 

of ionic groups is nearly symmetrical (extrinsic protein}. The interactions 

of the protl:!in with its environment are such that the free energy of the 

system is at a minimum. 

Freeze Fracture Electron Micros~QQt (50-63) 

Freeze fractw·e splits membranes in pla.nes paranel to their surfaces, 

exposing the membtane interior. Analysis of biological membranes by 

freeze fracture shows that the fracture faces are populated with particles 

which represent proteins or protein complexes on one face and pits on the 

opposite face. This is consistent with the existence of proteins embedded 

in the bilayer. 
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Physico Chemical Studies (23,64-66) 

Physicochemical studies of intact membranes suggest autonomous 

domains of lipid and protein. Despite the presence of protein as a major 

membrane component, a large proportion of membrane is arranged in a 

bilayer, as evidenced by X-ray, fluorescence, ESR. 

Salt Effects 

High salt concentrations do not dis~ociate a large fraction of 

proteins from the membrane ( 6 ). This implies that forces other than 

polar or electrostatic forces are involved in the maintenance of the 

membrane structure. 

Enzyme Digestion 

An earlier model of membrane structure (Davson-Danielli model {50) ) 

suggested that proteins covered the lipid bilayer. Experiments with 

hydrolytic enzymes which do not penetrate the membrane bilayer have 

shown that in some cases phospholipids are directly accessible to phospho

lipases whereas in other instances treatment with proteolytic enzymes 

or other hydrolases is required to render all phospholipids susceptible 

to enzymatic digestion by phospholipases. This suggests that in 

some membranes, proteins cover or render inaccessible all or part of 

the phospholipid head groups. 

When treated at the external surface only a few proteins are 

digested by exposure to proteases (67). 

In the red blood cell membranes, as much as 70% of the lipids can 

be hydrolyzed without causing a change in protein configuration (55). 

This result indi~ates that there is little binding between the phospho

lipids and the proteins. 
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Sialic acid from sealed RBC is released by neuraminidase, suggesting 

that sugar residues are located on the outer monolayer (68}. 

Labelling Experiments (69-74) 

Iodination of the proteins of human red blood cells,ghosts and 

inverted vesicles (74) have shown that some proteins are labelled at 

either one or the other surface, while oth~rs can be labelled from both 

surfaces, suggesting that these proteins span the lipid bilayer. 

Membrane Asymmetry 

Further Experimental Evidence for 
the Basic Singer-Nicholson Model 

The model described by Singer and Nicholson proposes that the 

membrane components are arranged asymmetrically. Experimental evidence 

is available which is consistent with this model (75-79). 

Asywmetry of the phospholipid distribution: S.E. Gordeski {80) has 

summarized the evidence for phospholipid asymmetry in the human erythrocyte 

membrane. Using chemical probes for phospholipids (1, fluoro 2,4-

dinitrobenzene (FDNB) as a permeant probe and 2,4,6-trinitrobenzene 

sulfonic acid as a impermeant probe), enzyme treatments (phospholipase 

A2, sphingomyelinase), and phospholipid-exchange reactions, it \'/as 

concluded that: 

1° phosphatidylcho11ne and sphingomyelin are located on the outer 

surface. 

2° phosphatidylserine and 27% of phosphatidyl-ethanolamine are 

refractory to labelling by FDNB, suggesting that in these 

phospholipids the reactive groups are inaccessible presumably 

because they are involved in a tight binding with the pr·oteins. 
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The significance of this asymmetry is unknown, but it would clearly 

alter the net charge distribution a.t the two surfaces. 

Asymmetry of the protein distribution_: Labelling experiments have been 

done extensively to locate proteins at each membrane surface. The clearest 

experiments are obtained with red blood cell membranes and s.how that some 

proteins are only accessible from one side.or another of the membrane, 

while some are accessible from either side (74}. With most plasma 

membranes, more membrane proteins are accessible at the cytoplasmic 

surface than are accessible at the external surface. 

Asymmetry of membrane function: Several functions of the cell membrane 

have been discussed by Bretscher with respect to functional asymmetry 

(81). One example is the (Na+ + K+) - ATPase of the erythrocyte membrane, 

\1/hich shows that the enzyme is asymmetr·ic in its arrangement across the 
+ ~ 

membrane. The enzyme is stimulated by K on the outside and by Na' on 

the inside of the cell. Only. internal ATP is hydrolyzed (82) and the 

catalytic activity is not abolished by treatment of the intact cell i·lith 

trypsin (83), whereas treatment of unsealed ghosts with trypsin inactivates 

the ATPase (84). 

Membrane Fluidity 

According to the Singer-Nicholson model (8), the fatty acid chains 

of the phosphol ipids are. in disOI~dered conformation in the core of the 

bilayer and form a fluid matrix. On the basis of this fluidity, movement 

of lipids and proteins in the plane of the membrane is expected to be 

relatively free. 

The assessment of the correctness of this conclusion requires the 

use of spin labels attached to the phospholipid residues and fluorescent 
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labels for the proteins. But the results should be taken'with caution 

because of the lack of specificity of the labels and the.perturbations 

that they can induce ( 85). 

Lateral diffusion of lipids: Experimental evidence shows that most of 

the lipids exhibit rapid diffusion in the plane of the membrane as 

predicted by the model (86-90). 

Transmembrane diffusion of lipids: Thermodynamically, transmembrane 

diffusion of the lipids is an unfavorable process, because it implies 

the passage of the polar head group through the hydrophobic membrane 

interior. 

Studies from synthetic phosphatidylcholine vesicles containing 

a spin-label show no evidence for transmembrane diffusion (91). However, 

studies with natural membrane containing a spin label suggest a very 

rapid movement (92). Obviously the data from the two systems are not 

in agreement. The issue has not been resolved·as there may be experimental 

artefacts leading to erroneous conclusions, e.g. it is not certain where 

the spin label is located in the membrane when introduced into a pre

existing membrane. 

Furthermore a rapid rate of transmembrane diffusion would be 

inconsistent with the evidence of phospholipid asymmetry in the membrane. 

Lateral diffusion of proteins (93-94): The capping phenomenon and patch 

formation on lymphocyte membranes, as shown by the techniques of immuno

fluorescence and freeze fracture are good examples of the mobility of 

the proteins in the plane of the membrane. Aggregation and disaggregation 

of membrane particles can. also be induced by changes in temperature, 

pH and by bifunctional agents. 
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Rotational motion of proteins: It does not appear to be possible to 

generalize on the rotational motion of proteins in a memb~ane environment. 

Some proteins seem highly mobile as for example rhodopsin, cytochrome 

a3-co complex (95,98 ), while others appear highly restrained 

(bacteriorhodopsin). 

Transmembrane diffusion of proteins ~9): There is no evidence for trans

membrane dilfusion of proteins. Mobile protein carriers as models for 

transport systems are no longer considered likely, because of the thermo-

dynamic restrictions to the passage of a protein through the membrane. 

Lipid Segregation 

Membrane proteins have binding sites for lipid molecules and these 

sites have different affinities for different species of lipid. In the 

membrane the proteins are able to segregate specific lipids from the 

lipid pools and thereby acquire a local lipid environment which is 

compatible with the function exhibited by the protein in question. It 

has been mentioned above that some 20% of the membrane lipids form the 

so-called boundary lipids. In red blood ce11 membranes, it has been 

shown that phosphatidylserine and phosphatidylethanolamine are involved 

in a tight association with the membrane proteins (100-102). 

Role of Cholesterol 

Cholesterol does not bind to membrane proteins, but has high 

affinity for phosphatides. 

Cholesterol acts as a buffer of membrane fluidity. Studies done 

with pure phospholipids show that cholesterol increases the fluidity of 

the fatty acid chains \'lhic.h in absence of cholesterol \'<'ould be in an 

ordered crystalline state, and increases -the crystalline structures 
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of those chains which are in a liquid state at the physiological 

temperature. Thus in the membrane cholesterol creates a fluid liquid 

crystalline phase in lipid mixtures which would/ in the absence of 

cholesterol~form separate crystalline and liquid domains (103-106). 

Cholesterol might play an essential role in the insertion of lipids 

and proteins into the membrane and in controlling the activity of the 

different membrane enzymes. 

A review of the function of sterols in membranes has been published 

recently by Demel and Kruyff (107). 
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CHAPTER IV: Transport 

Due to its composition and structure, the membrane is highly 

impermeable to most polar and charged molecules. But as quoted by 

Racker ( 108) 11 with the pri vi 1 ege of i sol a ti on comes the reponsi bil i ty' 

of communication". To cope with this responsibility the membrane is 

equipped with specific transport systems for the passage of solutes from 

one side of the membrane to the other, as well as surface receptor 

mechanisms to translate information from the external milieu to the 

internal environment. 

Different Types of Tra~ort 

Transport of low molecular weight solutes across mammalian cell 

plasma membranes can be subdivided into three categories as follows: 

Facilitated Diffusion 

Facilitated diffusion is a process independent of metabolic energy. 

It does not lead to accumulation of the ·solute against an electrochemical 

potential, but to the equilibration of the solute across the membrane. 

This process is differentiated from simple diffusion by the fact that it 

is highly specific, temperature sensitive and much more rapid than a 

process of simple physical diffusion. It shows saturability and 

competition with specific structural analogs. 

Exchange 

Exchange is a special case of facilitated diffusion. The flow of 

one solute down its concentration gradient is linked to the flow of 

anothel' solute {transported by the same system} in the opposite dit·ection. 
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This type of transport can produce transient accumulation, but without 

any additional energy requirement other than the flow of one solute down 

its concentration gradient. 

Active Transport 

This definition of transport is used to described those systems where 

a substance is accumulated against its electrochemical potential gradient 

and where metabolic energy is associated in some manner with the translocation 

of the solute. The other characteristics of translocation are similar to 

those of facilitated diffusion. Chemical modification of the solute or 

of the transport system could also be involved in this type of mechanism. 

For the purpose of this discussion, the term transport will be limited 

to a specific translocation of solute from one side of the membrane to the 

other, without any chemical intermediates of the solute formed during the 

translocation process. The discussion will also be limited to a description 

of the transport of organic solutes across eukaryotic plasma cell membranes. 

Mechanism of Transport 

How does a solute traverse from one ~ide of the membrane to the other? 

Afew models have been proposed but so far no one is able to describe the 

translocation process in molecular terms. Historically the first idea 

of metabolically linked translocation was phosphorylation of the solute 

during passage across the membrane as in the bacterial phosphotransferase 

system (109). Then it was· shmvn by use of sugar analogs(llO) that active 

transport does not involve chemical modification of the solute. Two models 

have been proposed to account for translocation without chemical alteration: 

the carrier model and the pore model. 
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The Carrier Model 

Some of the ?arliest attempts to explain translocation considered 

that the carrier would be a small amphiphilic molecule which would bind 

the solute on one side of the membrane, diffuse throu9h the bilayer and 

release the solute on the other side of the membrane (111). 

This idea \'/as reinforced by the discovery of the ionophores and 
. + 

their mechanism of action and srecificity, as for example K accumulation 

in the presence of valinomycin (111). 

The fact that transport systems often show enzyme-like properties 

of high specificity and saturation kinetics has given rise to the idea 

that protein~ are the carrier s~bstances. Thus it was proposed that the 

carrier was a reversibly modified protein (111) and that between acceptance 

and release of the solute there was a transmembrane rotation of the whole 

molecule. Considering the structure of the membrane this process would 

require a prohibitive level of energy of activation. 

The Pore Mode 1 

According to the pore model, the protein extending through the 

membrane forms a pore or channel. The surface of the pore provides points 

for sequential binding to complementary chemical gt·oups of the migrating 

solute molecule in a highly specific manner, whether for passive or 

active transport. Accumulation would occur if the binding sites form 

an asymmetric chain or ifenergy is appl·ied to the system in an asymmetric 

manner ( 112). 

Recent Findinqs 

The answer to the question on how proteins carry out transport may 

lie between the two extreme models of the mobile carrier and the fixed 

pore. 
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A number of membrane transport systems:1ave been isolated and 

characterized: + + these include the (Na + K) ATPase of the plasma membrane 

from the kidney of dog (113), the rectal gland of the dog fish (114) 

or the electric organ of the electric eel ++ (115), the (Ca ) ATPase of 

Sarcoplasmic reticulum (116), the anion exchange protein of the red blood 

cell (117), the glucose transport system of the red blood cell (118), 

rhodopsin from vertebrate rods {119). 

The existence of these isolated transport systems provides more 

information on solute translocation. These proteins all have the Si'u;~e 

fundamental characteristics (120). They are tr~nsmembrane glycoproteins 

They are embedded in a fixed asymmetric orientation in the bilayer. The 

glycosylation appears to be a special feature of eukaryotic cells. 

The best aVailable model is the anion transport system of the human red 

blood cell (extensively studied by Rothstein et al. (117) ), where 

transport is believed to be catalyzed through conformational changes in 

the protein. 

The transport function is associated with the band 3 protein (so-called 

from the protein electrophoretic pattern on SOS gels). This protein acts 

as an anion permeation channel through the bilayer as visualized on 

Figure 4 . Near the outside surface of the membrane. the protein 

possesses the anion binding site which can undergo a local conformational 

change allowing a one for one anion exchange across the diffusion barrier. 

Although the term mobile carrier is still used~ the carrier is now 

believed to be part of a protein and its mobility is restricted to small 

distances within a fixed protein structure. 



- 26 -

~ 

-c c Q) 

Q) E - m 0 Q) ... 
<11 a. 

0 
c u 

>-. 0 

0 m - 0 0 0 
""0 0 - o-- 0 

·~ -• ~ • .;.: 

0 
• ~ 

0 ' 0 
. 0 

<11 
c: 
Q) -0 ..... 
a. 

,-
~ 

Q) 
c 
0 ..... 

~ ..0 
E 
Q) 

E 
0 
c: ... 
<lJ -c: .-en .-•• c: c: CL.I .-

0 ·- ...... -· ·- '"'0 ·-. c: c: V"l 

0 
0 ·-..0 

I 

-o 
0 0 



- 27 -

Energization of Active Transport -lW The characteristic of active transport is that osmotic ~tmrk is 

c 

done. Accumulation of a solute means transmembrane asymmetric distribution 

of the solute. In order to produce and maintain this asymmetry, metabolic 

energy is required. Different methods can be visualized to transduce 

this energy to the transport system. The energy can be applied by acting 

on the solute or on the carrier mechanism {tself. 

Energy Transduction to the Solute or Group Translocation 

The solute is modified as it is transported, thus preventing its 

exit via the same solute specific carrier. This type of mechanism is 

widespread in the bacterial world and has first been described by Kundig 

et al. for E. coli (121). The best example is the phosphoenolpyruvate 

sugar phosphotransferase system. which has been extensively studied 

(109) and results in accumulation of phosphorylated derivatives at the 

expense of phosphoenolpyruvate, invo-lving at least three membrane enzymes. 

Energy Transduction by Carrier Modification 

Several systems have been described in which the energy transduction 

occurs via a modification of the carrier itself. The best examples are 

the (Na+ + K+) ATPases of a variety of anir11al cells (113,115) and the 

(Ca++) ATPase of sarcoplasmic reticulum (116). 

In these systems, ion accumulation occurs as the result of a 

reversible phosphorylation of the carrier by ATP. The carriel' exists 

in two forms., a phosphorylated aild a dephosphorylated form, each of which 

has different ion binding affinities. 

This hypothesis is referred to as the covalent hypothesis, ATP 

being used directly to produce an energized carrier. 
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Indirect Coupling or Coupled Flow Hypothesis 

Energy and transport can be coupled via indirect mechanisms 

involving neither solute nor carrier modification. 

This hypothesis was originally proposed by Crane (122}. Studying 

active transport of glucose in the intestinal epithelical cell, Crane 

made the following observations. The process requires energy, and, in 

the presence of Na+~ free sugar accumulates in the cell. This accumul~tion 

is dependent on a component that pumps Na+ out of the cell and which uses 

ATP. He concluded that 11 Sugar absorption is coupled to a second and 

different energy dependent transport process such as Na+ transport, and 

does not itself require a direct energy input 11
• 

It then appeared that this proposition affects a large number of 

systems for the transfer of organic solutes, the flow of solutes being 
. + + . + + 

coupled to Na or H depend1ng on the type of cell. Na and H transport 

are directly l·inked to a primary metabolic event. 

The Na+-Gradieht Hypothesis 

As early as 1900, the effect of Na+ on sugar uptake in small intestine 

was noted by Reid (123,124). In 1958, Riklis and Quastel (125) made 

the first report of a functional role for Na+: Na+ is essential for sugar 

transport. Its replacement by K+ abolishes all active transport of 

glucose. Sugars which will accumulate required the presence of Na+. 

Structural modifications leading to a loss of accumulation were also 

.associated with a loss of the Na+ requirements. 

Subsequentl~ Crane (126) proposed that Na+ dependence was associated 

with the molecularbasis of active sugar transport, and he ruled out chemical 

transformation of solute as a necessary part of the entry mechanism by 

using transported but non phosphorylatable sugars. He suggested the 
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formation of a transient complex. N/-sugar-carrier, which can traverse 
+ the membrane to the cell interior where dissociation occurs. Na can 

then be extracted by an energy dependent process and the sugar would be 

trapped in the cell. 

Dependence on Na+ and dependence on active Na+ transport appeared 

to be widespread phenomena for the transport of organic solutes (127) (amino 

acids, sugars ... ) and as stated by Schultz andCurran(128) may be 

characteristic of all organisms that require Na+ in the extracellular 

medium. 

Considering the asymmetric distribution of Na+ between the inside 

(low Na+ concentration) and the outside (high Na+ concentration) of the 

cell, it was suggested that Na+ asymmetry (129) could provide the energy 

required for the active transport of solutes. Furthermore a number of 

experiments showed that Na+ transport was creating a potential difference 

varying directly with the Na+ concentration (130) And that electro

neutrality was maintained by a passive Cl- flux (130). On the other 

hand, active glucose transport was shown to stimulate Na+ transport in 

the intestine and to be important in the determination of the transmural 

potential difference (131). + Thus a link exists between Na and glucose 

entry. 

Experiments by Csaky (132) on the inhibitory effects of phloridzin 
+ + and ouabain on both sugar transport and the (Na + K ) ATPase lead him to 

propose that "it is not the ca.rrier which requires Na+ for functioning, 

but part of the transport system which is responsible for the conversion 

of chemical energy into pumping energy 11 (l33) and hence that the 
+ + + (Na + K ) ATPase could be considered t~e link between Na and non 

electrolyte pumps (134). These conclusions of direct coupling between 
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the Na+ pump and active sugar transport were in disagreement with Crane's 

propositions {122) in which a direct requirement for Na+ by the solute 

carrier v1as predicted. The discovery that the Na + pump is located at 

the serosal boundary of the cell while the active sugar carrier is 

located at the mucosal boundary eliminated the possibility of direct 

coupling between the two functions. This fact strenghtened 

Crane's hypothesis of a Na+ dependent carrier and indirect coupling 

between intestinal Na+ and sugar transport. 

Description of the Na+ Gradient Hypothesis 

The Na+ gradient hypothe$iS is now accepted as a fundamental 

principle by which some cells are able to couple organic solute transport 

to the energy derived from the electrochemical potential gradient 

e~tablished by the Na+ pump. In 1970, Schultz and Curran (128) proposed 

a refined model taking in account the effects of the movement of the 

carrier in any of its forms. This model is depicted in figure 5 

The carrier C is totally unrestricted. It may translocate empty, 

with Na+ ion or solute S or with bot~ together. Effective coupling of 

the flow of S and Na+ is achieved only through the mediation of the 

carrier form C-S-Na+. If the flow is restricted to the form C-S-Na+, 

then the coupling coefficient is 1 and the coupling efficiency is 100%. 

The carrier mediated entry of solute will continue until the degree of 

saturation of the carrier with solute at the inner membrane surfaces·is 

equal, at which point solute influx and efflux rates equalize and 

a steady state cellular solute concentration is maintained. This model 

implies that the system is symmetrical, the only asymmetry being the 

soluteand Na+ concentrations on each side of the.membrane. 
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The second part of the figure represents the ATP driven Na+ pump 

which maintains a Na+ gradient. The role of the Na+ ion is twofold; 
+ + Na is the cofactor and Na gradient is the driving face of the system. 

+ The Na Ion as a Cofactor 

The interaction of the Na+ ion with the ·carrier can affect the 

affinity of the carrier for the solute, the mobility of the ternary 

carrier complex or both the affinity and the mobility. Therefore three 

types of gradient coupled carriers have been described and found 

experimentally: affinity (Km) type, velocity (Vmax) type and the mixed 

type ( 135). 

The affinity type model in which the primary effect of N/ is to 

increase carrier affinity with unaltered mobility is the model of sugar 

transport in hamster (136) and rat (137) jejunum and rabbit kidney 

vesicles (138), and of amino acid transport for several systems: alanine 

transport in rabbit ileum (139), glycine transport in pigeon red blood 

cells (140), phenylalanine transport in rabbit kidney vesicles (.141). 

+ For the velocity type model, the order of binding of S and Na 
+ is inconsequential, and the binding of either S or Na does not increase 

the affinity for Na+ or S. But translocation of the ternary complex 

or of the free carrier across the membrane barrier is ~uch more rapid 

than translocation of either of the binary complexes. A transport 

system of this type is for example the transport of 3-0-methylglucose 

in rabbit ileum (142). 

In the mixed type model, both affinity and mobility changes occur 

as, for example, glycine uptake in red blood cells (143), glycine 

transport in Ehr1ich Ascites tumor cel1s (144). 
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The Role of the Na+ Gradient 

Active transport is dependent on the Na+ gradient as the driving 

force. The transmembrane Na+ gradient is the sum of the chemical potential 

for Na+ and of the electrical potential difference 6 ~ 

6 ~ + RT ln 

The mobility of the Na +-dependent carrier \vi 11 be influenced by the 

magnitude of the Na+ gradient, and, if charged, by the electrical difference. 

+ The Role of the Na Pump 

Mammalian cells are equipped vJith a Na+ pump which continuously 

pumps Na+ out of the cell at the expense of ATP, thus maintaining a 

continuous flow of Na+ outward. 

Assuming the degree of coupling between the solute transport and 

the electrochemical potential for Na+ to be 100%, the rate of solute 

transport will depend on .the magnitude of the Na+ gradient. 

Predictions from this Model 

In the ideal case, the following predictions can be made: 

The unidirectional fluxes of both S and Na+ are a function of the 

values of [S] and [Na+] and of the potential difference 6 ~-

If both fluxes are completely linked and no other systems exist 

for translocation other than the coupled mechanism, Na+ and S should 

translocate in the same stoichiometric ratio and no translocation of 

either should occur in the absence of the other. 

When the Na+ pump is working, the transmembrane electrochemical 

potential gradient for Na+ can be maintained. The final state which the 

organic solute achieves, is a steady state, the level of which is a 
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function of [Na+] out, [Na+] in, and of the magnitude of the potential 

difference at steady state. 

When the Na+ pump is off, the cellular Na+ gradient cannot be 

maintained, the final state is an equilibrium. 

Coupling and Energ~ Transduction 

The steady state accumulation achieved. by a gradient coupled system 

depends on the degree of asymmetry of the system, the tightness of coupling 

and the leaks in the system. Crane (145) defined two types of leaks, the 

inner leaks whose importance depends on the proportions of the various 

forms of the carrier and their mobility, and the outer leaks due to the 

presence and interactions of other solutes and ions with the carrier and 

to the existence of other membrane pathways. 

The nuter leaks are described in figure 6 : the membrane has more 

than one gradient coupled system, the solute S may translocate by exchange 

diffusion, diffusion or by other active tl~ansport processes with energy 

transduction mechanisms other than gradient coupling. In the alanine 

transport system of rabbit ileum (145) the outerleak of Na+ is 7 times 

the flux of Na+ on the alanine carrier. A similar flow ratio for Na+ 

has been established for the Ehr1ich Ascites cell (146). Leaks caused 

by other tla+ dependent transport systems have also been shmvn for glycine 

in rabbit reticulocytes 04Q and pigeon red blood cells (147). Na+ 

independent leaks occur by exchange diffusion as for example phenylalanine, 

cycloleucine or methionine leaks in the Ehrlich Ascites cells (148). 

For all the reasons mentioned above, the coupling efficiency is 

unlikely to be 100~~, and the coupling coefficient wi1l be greater· than 

0, but smaller than 1. 



- 35 -

SYSTEM STUDIED 

nTH SYSTEM 

yTH SYSTEM 

,-
'-"' 

EXCHANGE 

DIFFUSIONAL LEAKS 

OTHER MECHANISMS 

s ---+-

Sn 
x· 

x·sn 

s 
y• 

v·s 

x· 

s 

s 
Sn --+--

x• ----..-_ 
y• --+-----

s 

s 
x· 
x·s 

Sn 
x· . 

x·sn 

s 
y• 
v·s 

y• 

Sn 



c 

- 36 -

Energy Reguireme~t 

The energy adequacy of any driving device depends on two conditions: 

enough energy in the "driving system" should be available and the coupling 

betv1een the driving process and the driven process should be tight enough 

to warrant sufficient transfer of this energy. 

The degree of tightness for Na+ coupled glycine transport has been 

examined by Heinzet al. (146) using the analytical principles of non 

equilibrium thermodynamics. They were able to show a fairly tight 

coupling between amino acid influx and Na+ influx in intact cells ( degree 

of coupling between 0.5 and 0.6). 

The area that needs quantification is the amount of energy available 

for Na+ coupled transport. Is the Na+ gradient adequate or must there be 

an additional energy input? 

For discussion purposes the Na+ gradient can be presumed to consist 

of a chemical potential and of an electrical potential. A number of 

observations suggest that the chemical component of the Na+ gradient is 

not sufficient. 

1) + the energy available from the chemical component of the Na 

gradient can be calculated and cannot exceed the 11 ceiling value (149)" 

of RT ln [Na+] i [Na+] i and [Na+] 0 representing the activities 
T [Na+] 0 

of Na+ in the internal and external medium. the other letters having their 

usual meaning. Assuming a ·1:1 stoichiometry between solute and Na+ for 

AlB accumulation in the Ehrlic Ascites cells, the energy calculated from 

the above relationship is inadequate to account for the observed AlB 

accumulation. 
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2) Active transport can take place during complete inhibition of 

metabolism, as long as appropriate gradients of Na+ and K+ can be maintained 

(150, but ATP depleted cells are 3 times less effective than metabolically 

active cells despite very comparable chemical gradients of Na+ (150, 151). 

3) Metabolically active cells can continue to accumulate amino 

acids while the chemical gradients of both Na+ and K+ are absent or even 

reversed (151, 153). · 

4) Ouabain inhibits amino acid and sugar transport before there is 

any marked change" in cellular Na+ and K+ concentrations (153, 155). 

The apparent inconsistency of the above data with the N~+ gradient 

hypothesis can be resolved if there is an electrical compo~ent to the 

Na+ gradient which is part of the driving force for organic solute 

accumulation. If the Na+ pump is electrogenic, its contribution to 

charge separation will increase when pump activity increases, i.e. when 

cellular Na+ is elevated. Therefore conditions when chemical gradients 

are reversed may be precisely the time of large electrical difference 

across the membrane. The rapid action of ouabain would also be consistent 

because it would be anticipated that electrical difference would decrease 

more rapidly than change in the bulk of cellular ions. + Moreover Na 

coupled transports are electrogenic, i.e. they alter the membrane 

potential and are sensitive to changes in the membrane potential. 

A number of experimental observations are available which show that 

1) the pump is electrogenic, 2) the Na+ dependent transport of solute 

is electrogenic and 3) the membrane potential contributes to the driving 

force for solute transport: 

1- When the cellular concentration of Na+ is elevated (for example 

by a cold storage), the pump activity is increased, the electrical 
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potential is also increased and uptake of AlB in the Ehrl ich A3cites 

cells is accele~ated, even in the absence of a Na+ chemical gradient {156). 

2-InEhrlich cells with inverted Na+ and K+ gradients, the pump 

operates at a more vigorous rate than normal, until physiological Na+ 

and K+ concentrations are restored. This results in a transient hyper-

polarization of the cell interior as followed by the distribution of 

Tetraphenyl-phosphonium (TPP+), a lipid soluble cation used to monitor 

potential difference changes (156). 

3- Laris et al. (161) monitoring membrane potential with 3-3 1 

dipropylthiocarbocyanine iodide, showed that amino acids which require 

Na+ for transport cause a depolarization of the Ehrlich Ascil~s cells. 

When the cells contain normal Na+ concentration, the Na+ pump has no 

effect on the membrane potential and the addition of ouabain has no 

effect. But if the cel'lular Na+ concentration is raised, the cells 

become hyperpolarized. The observed hyperpolarization requires external 

K+ and is inhibited by ouabain (162). 

4- Na+ coupled sugar and amino acid influx across the luminal 
abovl:

membrane of small intestine and renal proximal tubule bring~ trans-

membrane depolarization. By acting as Ha+ ionophores, Na+ coupled 

flows tend to shuntthe electrical potential difference-(157,160). 

5- Using a cyanine dye as a fluorescent probe of transmembrane 

potential difference, Philo and Eddy (163), showed that in the f_b._t·lich 

Asci s cells, valinomycin (i·Jhich increases K+ permeability) causes 

hyperpolarization of the potential difference and that in the presence 

of Na+, glycine causes a decrease in the potential difference. 

6- Treatment of K+-loaded vesicles from membrane of small intestine 

(164.165) and proximal tubule (166) with valinontrcin markedly accelerat~s 
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the rate of Na+ coupled sugar and amino acid entry. 

7- Similarly, treatment of K+ loaded ATP depleted Ehrlich Ascites 

cells with valinomycin results in an increase in methionine accumulation 

{166). This effect is not inhibited by ouabain, but gramicidin which 

affects both Na+ and K+ permeabilities (167) abolished the increased 

uptake of methionine due to valinomycin by short-circuiting the membrane 

potential (166). 

From all this experimental evidence, it can be concluded that the 

rate of transport and the steady level of sugar and amino acid. accumu-

lation are influenced by the electrochemical potential difference for 

Na+ across the membrane. The contribution of the electrogenic Na+ pump 

explains the effect of ouabain and the fact that optimal solute accumu

lation depends on the presence of ATP. 

The energy available from the Na + electrochemical gradient can be 

expressed by the following equation (162): 

RT 
E =

F 

P: permeability constants 

P [S] [Na+] accounts for the increased Na+ movement with solute 

ANa+ represents the electrogenic movement of Na + through the pump. 

It is not clear yet, even after considering the contribution of 

the electrical membrane potential that the amount of energy available 
+ for Na dependent transport of organic solutes is sufficient. Other 

energy sources might exist. 

Recent studies of marker enzymes have indicated the presence of 

NADH dehydrogenase activity in plasma membrane preparations of liver and 

fat cells {169). Garcia-Sancho et~· (168) also observed that the 

electron donor phenazine methosulfate plus sodium ascorbate was able 
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to restore uptake of 2 methylamine isobutyric acid (r1e- AlB), in ATP 

depleted cells in the absence of ion gradients. Quinacrine, which 

inhibits NADH dehydrogenase, completely suppresses the uptake of Me-

AlB, even if ATP levels are maintained and ion gradients not depressed. 

This led the authors to conclude that 'an oxidoreduction system in the 
+ plasma membrane can participate in energization of both Na -dependent 

+ . 
and Na independent amino acid transport, allowing the utilization of 

reducing equivalents which can be made available by shuttle from the 

mitochondria. 11 

Organic Solute Transport in Plasma Membrane Vesicle~ 

The use of plasma membrane vesicles has been introduced by Kaback 

( 170) and is novJ very commonly used to study transport. In these 

simplified systems, ion sequestration is unlikely, little metabolism 

is expected, the interactions of ions and solutes with the cytoplasm 

are eliminated. It becomes possible to vary the composition of ions 

and solutes on each side of the membrane. But in these systems there 
+ is no ATP, and hence there is no active Na pump. The only driving 

force is the applied Na+ gradient 

Intestinal Brush Border Membrane Vesicles 

Hopfer et al. (171) were the first to obtain a membrane vesicle 

preparation from brush border membranes of small intestine, which showed 

D-glucose transport activity specifically stimulated by Na+, 

inhibited by phlorizin and 0-galactose. The vesicles also contain a 

Na+-dependent L-alanine (165) and phenylalanine (164) transport system. 

Both systems are electrogenic. 

As the vesicles lack an active Na+ pump only equilibrium is expected. 
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However it was possible to observe a transient active uptake by imposing 

an artificial Na+ gradient (172). An electrochemical potent1al difference for 

Na+ was established by applying an inward downhill gradient of SC~( by 

increasing the conductance forK+ by valinomycin from K+ preloaded vesicles 

or by increasing the conductance for H+ by carbonylcyanide p. tri-

fluoromethoxyphenylhydrazone (CF-CCP) horn H+ preloaded vesicles. In 

each case the inside of the vesicle would become negative with respect to 

the outside and a tl~ans i ent overshoot of so 1 ute entry above the equ i 1 i bri um 

level was observed. 

More recently Murer et~· (173) were able to isolate separately 

the luminal ~nd the contralumin~l plasma membranes. The luminal membrane 

vesicles possess the tJa+-dependent transport systems described above, 

whereas the contraluminal membrane vesicles possess a facilitated diffusion 

transport system for glucose. 

Renal Brush Border Membrane Vesicles 

Characteristics s·imilar to those of the isolated intestinal brush 

border membrane vesicles have been described for the kidney brush border 

~embrane vesicles. Electrogenic transport systems have been demonstrated 

for 0-glucose {138,174), L-alanine (175), 6-alanine (176), L-proline (177), 

L-phenylal3nine (141), glycine (178). 

Uptake of D-g1ucose is inhibited by the simultaneous flow of L-alanine. 

This inhibition is dependent on Na+. The addition of L-alanine to 

membrane vesicles preincubated with D-glucose causes an efflux of 0-

glucose. t'tonactin and valinomycin prevent these interactions (179). 

This suggests that amino acid and sugar transport are coupled electrically. 
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Pigeon Red Cell Membrane Vesicles 

Lee et al. (180) prepared membrane vesicles from pigeon red cells 

showing glycine uptake similar to that observed in intact cells. 

Glycine uptake requires Na+ and is dependent on glycine concentration. 

Ehrlich Ascites Tumor Cell Membrane Vesicles.· 

Colombini and ~ohnstone (181) prepared plasma membrane vesicles from 

the Ehrlich Ascites cells. This preparation contains an exchange 

diffusion system for amino acids and aNa+ dependent amino acid uptake 

system (182). Influx of AlB can be st·imulated by an inward p/ chemical 

gradient or a valinomycin induced K+ efflux (183). Gramicidin, which 

dissipates the Na+ gradient inhibits the uptake of AlB. Evidence of 

a two fold accumulation of AlB in the absence of Na+ gradient and the 

inability to stimulate AlB efflux by reversed Na+ gradient, suggests 

another source of energy than the Na+ gradient alone. 

Ghosts from Sheep Reticulocytes 

Benderoff et al. (184, 185) identified aNa+ insensitive, ATP 

independent tran~port system for histidine, methionine, leucine and phenyl

alanine, and a Na+ dependent transport system for glycine which was 

sensitive to the membrane potentia 1. They a 1 so shov1ed -that upon 

maturation both activities were lost. 

Vesicles from Virus-Transformed Fibroblasts 

A number of reports have described the uptake of amino acids in 

simian virus 40 transformed fibroblast vesicles. 

Quinlan 2t al (186) demonstrated a Na+ stimulated uptake of L

leucine and AlB. L-leucine uptake was shown to be saturable and strongly 

inhibited by L-valine; l-alanine and glycine had very little effect. 
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Hamilton et al. (187) studied AlB uptake and their results indicated 

t\-10 kinetica1ly independent transport systems for AlB: one with a low 

apparent affinity for AlB which is Na+ independent, and the other with 
+ + a high affinity for AlB which is Na dependent. The action of Na l·iaS 

shovm to be an alteration of the Km value. 

More recently Lever (188) made an extensive study of the effect 

+ of Na and membrane potential on amino acid uptake (alanine, glycine, 

AlB). · Accumulation of amino acids could be driven either by an electrical 

potential difference imposed across the membrane in the presence of Na+ 

or by an imposed chemical diffei'ence in Na+ concentration alone. ,:,,r: 

electrochemical Na+ gradient and an interior negative membrane potential 

contribute additively to the driving force for amino acid accumulation. 
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CHAPTER V: Approach to the Identification of the 
Membrane Components Involved in Transport 

Several approaches have been used to detect the membrane protein 

components involved in transport. Although numerous examples are found 

in the literature, only a few of them are cite.d here: 

- Protein labelling procedure (69~74,189). If the transport system 

under study is the prominent function of the membrane, one can assume 

that this transport system is represented by a large number of protein 

molecules. In this situation, iodination is a good and easy method. 

-Differential protein (190-193} labelling. Labelling is performed 

in the presence and absence of the substrate to be transported. By analysis 

of the labelled proteins in each situation, it is possible to determine 

the protein substrate "card er 11
• 

-Affinity labelling (194-197). Using a derivative of the substr~te 

which does not translocate, but which binds to the carrier) atter:1pts have 

been mo.de to identify the membrane components involved in tl~ansport. 

These derivatives become particularly useful if a covalent bond can be 

made bet\veen the protein and the derivative or if the dissociation 

constant is very low. The dansyl derivatives used by Kaback (198) al'e 

an example of this type of approach. 

Extraction of the membrane with various reagents like enzymes 

(199), chaotropic agents, solvents, detergents, protein perturbants, 

anhydrides ... 

After treatment of the membrane with the reagent, the activity of 

the remair,ing material ·is tested. This method has been very successful 

in helping to identify the carbohydrate transport protein in red blood 

cells (228). 
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- Reconstitution experiments. These experiments involve complete 

solubilization of the membranes followed by reconstitution of the 

membrane from all or part of the solubilized components into a liposome. 

We have initiated studies on identification of the transport components 

by determining whether reconstitution is a viable approach v.Jith amino 

acid transport systems of Ehrlich Ascites cells. 

Membrane Solubilization 

As already mentioned, the membrane is composed largely of lipids 

and proteins. Its structure is believed to be a lipid bilayer with 

proteins partly or totally emb~dded in it. Solubilization means disruption 

of the mernbl~ane by breaking the electrostatic and hydrophobic bonds, and 

dispersion of the different components. 

Criteria of Solubilization (200) 

Complete solubilization means dissociation of the membrane into 

its basic units. The criteria ~sually used to define solubilization are 

operational rather than absolute. Optically clear solutions and one sharp 

Schlieren peak on analytical centrifugation, do not necessarily mean 

true dispersion. Other operational criteria have to·be introduced as 

foll ov,rs: 

- a) No sediment is formed on centrifugation at 100,000 g for at 

least l hour. 

- b) No membranous structure is detectable under the electron 

microscope. 

-c) The soluble material is :o retained by Sepharose 4 B after 

equilibration of the resin with detergent or solubilizing agent. 

- d) The so'luble material penetrates a 5% polyacrylamide gel 
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equilibrated with the solubilizing agent. 

Solubilizing Methods 

Mechanical and chemical methods hav2 been used to solubilize 

membranes. 

Mechanical method~7)5onication is a method often used for m~mbrane 

disruption, but this method does not lead to the formation of a homogenous 

solution. It is a difficult method to control and reproduce and often 

leads to a loss in enzyme activity. 

Chemical methods: 

Organic solvents (201}: The behaviour of organic solvents towards 

membranes is dependent largely on their balance of polar and non-polar 

characteristics. If a solvent is relatively polar (e.g. glycerol) there 

is 1 ittle possibility of non-polar interactions. Likewise highly non-polar 

solvents (e.g. hydrocarbons) are incapable of polar interactions and 

normally not useful for membr~ne dissolution. The most effective solvents, 

such as chlorinated or hydroxylated hydrocarbons, l"ie between the tvm 

·extremes. Some solvent extraction procedures are often most effective 

at slightly alkaline or acid pH's. But extraction of the most polar 

lipids (cardiolipin or polyphosphoinositides) sometimes require extremes 

of pH. 

Solvents usually separat~ the lipids from the proteins, the lipids 

entering the solvent phase. As the lipids are removed, and because of 

the lo\~ dielectric constant of the solvent, electrostatic interactions 

between the proteins are enhanced and conformational changes occur 

often, leading to inactivation. Thus the usefulness of solvents for 

isolation of membrane components is limited. 
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Chaotropic agents: Chaotropic agents are able to break the water 

structure and in doing so increase the water solubility of non-electrolytes 

(202,203). Chaotropes cause protein release from the membrane and leave 

a lipoprotein residue. Among the chaotropic agents which have been used 

are: SCN-, CIO~, I- , haloacetates, urea, guanidine. For example, 

succinate dehydrogenase has been extracted from beef heart mitochondria 

with NaC104, 0.4 .M (204). 

Detergents: With all the agents described above, the environment of 

the proteins is perturbeG so that the chances of denaturation are very 

high. A new class of solubilizing agents which is more efficient and 

less likely to denature>the mild detergent, has been introduced for 

membrane solubilization. 

Other agents: r1any other agents can be used to try to solubilize 

membranes {7,32,205-207): chelating agents, which deplete the membranes 

of the bridging ions, alkali and salts which weaken the electrostatic bonds, 

solutions of low ionic strength which also deplete the membrane of the 

bridging inns, solutions of high ionic strength which lead to a decrease 

in electrostatic stabilization, changes in pH which lead to changes in 

ionization and hydrogen bonding. But these agents are only able to bring 

the peripheral proteins into solution. The bulk proteins are not solu

bilized. 

Detergents (208) 

If solubilization must be accomplished without disruption of the 

native structure, the solvent medium must be able to simulate the native 

environment of the proteins at the lipid/aqueous interface. Like lipids, 

detergents are amphipa.\:hic molecules. They possess a non-polar structure 
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with some polar groups. Consequently they are more likely to preserve 

membrane component integrity than organic solvents 01~ ions. 

Classification of deterqents: Detergents fall into two classes depending 

on the charge of their polar heads. 

Ionic detergents: The tonic detergents can be represented by sodium 

dodecylsulfate (SOS) or the bile salts like sodium cholate. An example 

of a cationic detergent is given by tetradecylammonium bromide. 

Nonionic detergents: A few examples of these detergents are given 

in table I I. \lo~) 

Physical properties of detergents: When small quantities of detergents 

are added to water, part dissolve as monomers and part form monolayers 

at the air/water interphase. When the monomer reaches a critical value, 

added detergent begins to associate to form micelles. The driving force 

of the aggregation is hydrophobicity. The interior of the micelle consists 

of the hydrophobic groups which are sequestered from the water by the 

polar groups covering the surface of the micelle. Micelles are thermo-

dynamically stable colloidal aggregates. 

Monolayer 

monomer 

mice 11 e 

The concentration at which micelle formation 

occurs is the critical micellar concentration 

(CMC). 

The CMC values decrease as the hydrophobic 

character of the detergent increases. The 

ionic detergents thus have higher CMC values 

than non-ionic detergents. The CMC values of 

both ionic and non-ionic detergents can be 
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decreased by increasing the salt concentration (reduction of electrostatic 

repulsion between the head groups). pH has little effect on micellar 

properties of non-ionic and ionic detergents with strongly acidic or 

basic groups. However lowering the pH to 6.5 precipitates the hile 

salts. Micelle formation will occur only above the critical micellar 

temperature which coincide~ roughly with the melting temperature of the 

hydrocarbon chains. Micelles can be considered homogeneous in size. 

The mean micellar size and shape depend on the characteristics of the 

detergent molecule and on the experimental conditions. Usually low CMC 

values correspond to high micellar weight whereas high CMC values correspond 

to low micellar weight, with the exception of bile salts which form small 

micelles. 

Another parameter assigned to detergent is the hydrophilic lipo-

philic balance (HLB). This parameter represents the ratio of hydro

phi"licity and lipophilicity in a detergent. It derives from the distribution 

ratio of the molecule between hydrocarbon oil and water. If the HLB is 

higher than 7, the detergent is more soluble in water than in oil. 

Mechanism of solubilization: It is generally believed that the monomeric 

form and not the micellar form of the detergent binds to the membrane. 

The binding of detergent monomers to the membrane prevents the formation 

of pure detergent micelles by reducing the free detergent concentration 

below the CMC, so that micelles of detergents do not occur together in 

. the presence of intact membranes. 

The extent of solubilization depends mainly on the amount of 

detergent bound and can therefore be correlated with the proportion of 

detergent bound to the membrane. The lower the CMC of the detergent 

and the higher the concentration of the membrane. the closer will be the 
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total detergent to membrane ratio to the bound detergent to membrane 

r~tio. Consequently for evaluation and reproduction of solubilization 

it is necessary to indicate both the detergent and the membrane concen-

tration. 

The following figure {figure 7) (11) describes what happens when increasing 

concentrations of detergent are added to a membrane. 

Step 1: when a small amount of detergent is present, the molecules of 

detergent are incorporated into the membrane, without breaking it. 

Step 2: when more detergent is added, the membrane is solubilized into 

the micellar solution containing mixed protein-lipid detergent micelles 

in equilibrium with detergent micelles and free detergent molecules. 

Step 3: when enough detergent is added, pure protein detergent micelles 

are obtained in equilibrium with detergent lipid and detergent micelles. 

The membrane is completely solubilized into its individual components. 

Interaction of membrane proteins with deteraents: Helenius and Simons 

recentlY(208) reviewed the interactions between proteins and detergents. 

Detergents can be classified as 11 mild 11 and 11 denaturing". 

Ionic detergents are frequently considered denaturing agents~ the 

best example being SDS (sodium dodecyl-sulfate). Different levels of 

affinity characterize the binding of SOS to proteins. Native pr-otein 

molecules have a S111all number of high affinity binding sites for all 

detergents, but when the concentration of SOS is increased and all the 

high affinity binding sites are saturated, binding to other sites occurs. 

This binding is cooperative and involves a conformation change of the 

protein by which bur ied hydrophobic sites become exposed. Thus, vJith 

SDS t\-Jo types of SOS protein - complexes can form: one containing 0.4 g 

SOS per g of protein at a free SOS concentration betw~en 5.10-4 and 8.10-4 M, 
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and one containing 1 .4 g SOS per g of protein at a free SOS concentration 
4 above 8.10- M. ~1ost membrane proteins are denatured by SOS, and it is 

possible by increasing the ionic strength to reduce the CMC for SOS, 

thus reducing the possibility of denaturation. Some enzymes have been 

shown to be resistant to denaturation by SOS (alkaline phosphatase from 

liver cell plasma membrane, phospholipase A of E. coli cell membranes). 

Non ionic detergents and bile salts do not induce cooperative modes 

of binding with accompanying denaturation. Triton-X-100 and DOC (deoxy

cholate) only bind to high affinity binding sites; in fact they are very 

inefficient in breaking protein-protein interactions. Most proteins 

preserve their quaternary structure in the presence of high concentration 

of Triton X-100 or DOC. Most activities are usually maintained, the 

exceptionsbeing (Na+ + K+) ATPase, Ca2+ -ATPase, cytochrome oxidase, 

glucose-6-phosphatase, and hormone respons·iveness of adenylate cyclase. 

Choice of a deteraent: ·A few rules can be drawn from all the above 

considerations, remembering that a prime consideration is the restoration 

of activity when the detergent is removed: 

- If phospholipid simulation is not important, there are practical 

advantages is choosing a detergent that forms small micelles since the 

amount of detergent bound to the protein will be small and will not 

interfere with the physical characterization of the protein as for example 

molecular weight determinations. 

- Ionic detergents are more likely to denature proteins than non 

ionic detergent or bile salts. 

If the CMC of the detergent is low, the binding of the detergent 

to the proteins may be v~ry strong. This accounts for the observation 

that ionic detergents are easier to remove than non-ionic. 
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St~f Protein in Detergents 

Isolation of a membrane protein involves the separation of a given 

protein-detergent n1icelle from another protein-detergent and lipid

detergent micelle. Methods for separation are based on density dif

ferences(density gradient centrifugation), charge differences{ion exchange 

columns) and micelle dimensions (gel filtration). The most selective 

method is affinity chromatography, which is widely used for the isolation 

of membrane receptors. A review on characterization of membrane proteins 

in detergent solutions has been written recently by Tanford and Reynolds 

( 209) . 

Reconstitution 

Reconstitution of a single enzyme function provides a method for 

the investigation of the 1 ipid requirement of the afon: mentioned enzyme 

in situ and the deta i1 s of the interaction of the enzyme with its 

membrane environment at the molecular level. It is a method which can 

yield information on the insertion of proteins into preexisting membranes. 

It is a unique approach to deduce the mechanism of action and control of 

ion pumps, and transport systems at the molecular level. A number of 

methods for reconstitution have appeared in the literature and are 

summarized below. 

Reconstitution is carried out with the solubilized membranes or 

components isolated from membranes to which it may be necessary to add 

exogen ous lipids or to reincorporate the proteins into a preexisting 

vesicle or bilayer. If detergents are used to prepare the proteins, 

reconstitution is not complete until detergent is largely removed. 
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Reconstitution by Det~_ent Removal Techn.ique 

This is usually accomplished by dialysis or gel filtrp_tion. 

Dialysis is not applicable to non ionic detergents, because they 

form very large micelles and are tightly bound to the proteins. Gel 

filtration using Biobeads or Biogel A-50 m has become the method of 

choice. The membrane components appear in the void volume and the 

detergent re~ains on the column. But gel filtration is not applicable 

if the starting material consists of isolated membrane proteins in 

detergent, because lipids and divalent cations have to be added for the 

formation of functional membranes. 

With detergents which can be removed by dialysis, the method of 

choice is to add, to the proteins dissolved in the detergent, lipids 

also suspended in the same detergent, and to dialyze away the detergent 

in a buffer containing the divalent cations. The advantage of the 

dialysis method is a high degree of reproducibility suitable for comparative 

studies as for example, the effect of phospholipid composition. The 

disadvantage is that dialysis is slow (10-20 hours) and that inactivation 

might occur during this long process. Many systems have been reconstituted 

by this method: NADH-CoQ reductase (210), site 3 of phosphorylation (211), 

cytochrome oxidase (212,213), proton pump with bacteriorhodopsin (214), 

light stimulated uptake by vesicles containing cyt c oxidase and 

bacteriorhodops·in (215), Pi-ATP exchange (216,217), (Na+ + K+) - ATPase 

showing active K+ transport coupled to Na+ transport, from the rectal 

gland of Sgualus icanthias (218), alanine carrier from thermophilic 

bacterium PS3 (219), Ca++_ATPase from solubilized sarcoplasmic reticulum 

{220,221), glucose transport system from adipocyte plasma membrane (222). 
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Reconstitution by Sonication 

The method as described by Racker (223,224) consists of suspending 

dried phospholipids in a salt solution containing detergent extracted 

membrane proteins, and exposing the mixture to sonic oscillation. Major 

advantages are: the reconstitution by sonication is performed in the 

absence of detergent and the speed of reconstitution. The vesicles 

often have higher activity than those obtained by dialysis. The AlP

dependent Na+ pump reconstituted by sonication of the ATPase from the 

electric eel and pure phospholipids shows a rate of translocation of 

Na+ 10 to 20 times the rate obtained from vesicles reformed Ly the 

dialysis method (225). 

The major disadvantage of the method is the variability due to the 

difficulties of controllin~ sonication. Moreover, optimal sonication 

times depend on the phospholipid composition, so that comparative studies 

are limited. Some proteins, like cytochrome oxidase, are quite sensitive 

to sonic oscillation. Among the systems reconstituted by the sonication 

method are: Pi-ATP exchange by the oligomycin sensitive ATPase (223), the 

ea++ pump from the sarcoplasmic reticulum (223,226), the proton pump 

with bacteriorhodopsin (223), Na+ dependent 0-glucose transport from 

brush border membranes of rabbit kidney cortex (227), 0-glucose transport 

catalyzed by a protein fract·ion from human erythrocytes (228,229) and 

from hamster small intestine (230), adenine nucleotide transporter from 

bovine heart (231). 

Reconstitution by Cho 1 ate Di 1 uti on Pr.2.~-~dure 

This method has also been introduced by Racker and it avoids both 

sonication of the membrane and dialysis (232) to reform the vesicles. 

Phospholipids are sonicated either in the presence or absence of cholate 
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and mixed with the membrane protein at a final concentration of about 

o;7% of cholate. After an incubation period, the sample is diluted at 

least 25-fold. 

By this method, Racker and his cmvorkers successfully reconstituted 

theCa++ pump with rates twice those obtained from vesicles reformed by 

the dialysis method, and the Pi/ATP exchange (232). 

This method is very rapid and reprorlucible and high activities are 

obtained. However systems requiring drastic conditions of dissociation 

may not be responsive to this reconstitution procedure. This method 

also shows that detergent removal does not necessarily need to be complete~ 

and in a mo~e extreme case, cytochrome oxidase from mitochondria 

solubilized by Triton X-100 is reconstituted by decreasing the ionic 

strength without any change in the detergent concentration. 

A functional disadvantage of the 3 proposed procedures is that there 

is no possibility of controlling the orientation of the proteins during 

the reconstitution process. 

Incorporation of Proteins into Preformed Liposomes 

In earlier work, Eytan et al. (233) used liposomes containing 

lysolecithin (10% of total phospholipids). Lysolecithin was used to 

facilitate the incorporation of various mitochondrial proteins into the 

liposomes. By this method the authors reconstituted cytochrome oxidase 

activity~ COiilplex Ill., Pi-ATP exchange, but attempts to incorporate 

Ca++_ATPase from sarcoplasmic reticulum were not successful. The 

disadvantage of this method is the fact that it involves high concen

trations of lysolecithin which may affect the properties of the 1 ipid 

bilayer. 
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The same group pioneered the incorporation of membrane proteins in 

liposomes containing acidic phospholipids (234) instead of lysolecithin 

(cardiolipin, phosphatidylinositol or phosphatidylserine). This 

procedure leads to unidirectional incorporation of the enzyme tested 

(cytochrome oxidase, aQH
2
-cytochrome c reductase, oligomycin-sensitive 

ATPase). Phospholipid specificity and requirement can be easily studied. 

The effect of the presence of one protein in the liposome on the 

incorporation of additional proteins has also been investigated, as well 

as the selectivity of the process by incubating the proteins with a 

mixture of tv1o liposome pop1Jlations differing in either lipid composition 

or protein content. The presence of another membrane protein in the 

liposomes either increases or decreases the affinity of a protein to 

the liposomes (ATPase is preferentially incorporated into cytochrome 

oxidase vesicles, while cytochrome oxidase is preferentially incorporated 

into protein free liposomes). 

Thus there are many considerations in selecting an approach for 

reconstitution. The choice of the technique for reconstitution will 

depend on the starting material, whole membranes or isolated proteins, 

stability of the protein, lipid requirements etc. Depending on the 

technique used, th~ amount of phospholipid used and reincorporated will 

vary and the activity of the system reattained will vary \vith the method 

used. 

Mechanism of Reconstitution 

When membrane vesicles are reconstituted from their constituents, one 

observes a formation of membrane de novo (235-237). When the detergent is 

removed, reconstitution of a membrane is spontaneous because of the low 

CMC of the phospholipids and because the bilayer configuration is 
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energetically favored in aqueous solutions. The problem is to restore 

the original configuration. The binding of the proteins to the lipids 

may be expected to be the same as in the native membrane if no alteration 

of the protein occurs in the solubilization process. What directs the 

proper orientation is unknown. More experiments on incorporation of 

proteins into preformed lipbsomes may shed some light on this question. 

In most of the cases to date removal of detergent by dialysis or gel 

filtration, or sonication methods to reform vesicles, a mixed population 

of inside out and right side out vesicles is obtained. 
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PURPOSE OF THE WORK 

In order to understand the process of transport, the essential 

components involved must be characterized. Transport systems are located 

in the cell membrane, but if the general composition of the membrane is 

now well documented, very Httle is yet known about the exact arrangement 

of its components. 

It is thus necessary to develop an assay for the transport proteins 

which can be used along the purification procedure and the characterization 

of the system. 

As transport of organic solutes in mammalian cells does not involve 

any chemical transformation of either the solute or the carrier, only 

the translocation of solute from one side of a membrane to the other can 

be observed. To measure transport activity, the isolated transport 

proteins have to be incorporated in a system which mimic s the 

original membrane vesicles. 

Transport of amino acids is only one of the numerous activities of the 

plasma membrane of these cells,the proteins involved represent only 

a small percentage of the membrane proteins. 

Thus labelling techniques cannot be visualized. Binding assays are 

generally not successful because binding affinity cor.stants are generally 

too 1 ow ( Kd > 1 0-6 M) . 

The purpose of this research is to solubilize plasma membranes from 

the Ehrlich Ascites tumor cells and to reconstitute transport activities 

similar to that of the original membranes from the solubilized material. 

The purpose is to show that the components are stable enough to with

stand dissolution and that characteristic functional activity can be 
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obtained. This is a first step to identify the specific ~omponents 

and elucidate the molecular basis for transport. 

·-"" 



c 

- 62 -

METHODS 

Maintenance of the Ehrlich Ascites Tumor Cells 

The cell line was obtained from the Institut du Cancer de l 'Hopital 

Notre-Dame ·in ~-1ontrea1. The cell l·ine \vas maintained by weekly intra-

peritoneal injection of cell suspension into male swiss white mice using 

0.4 ml of ascitic fluid per mouse. 

Preparation of Plasma Membranes from Ehrlich Ascites Tumor Cells 

The method described here is a modification of the method of 

Colombini and Johnstone (181). All centrifugations were done at 4°C. 

Seven days after injection of the tumor, 20 mice were killed by cervical 

dislocation. The cells were immediately aspirated from the mouse and 

collected into two centrifuge bottles containing 200 ml of 0.9% NaCl 

and a drop of heparin to prevent clotting. The cells were centrifuged 

at 900 g for 2 minutes in the Sorvall RC-3 and then washed at least 

4 times in 0.9% NaCl using centrifugation periods of 1 to 2 minutes. 

Before the last centrifugation, a known aliquot of the cell suspension 

was centrifuged in a graduated tube at 1 ,400 g to determine the packed 

cell volume. To the washed cells was added ten cell volumes of l mM 

ZnCl 2. The cells were kept for 10 minutes at room temperature followed 

by 10 additional minutes in an ice bath to obtain S\vo ll en ce 11 s. Under 

phase contrast the plasma membrane appeared dark and well differentiated 

while the cytoplasm appeared condensed around the nucleus. The cells 

were ruptured using a polytron homogenizer PT-10-20 at a setting of 3. 

Lysis was followed by examining aliquots of the cell suspension every 

minute under phase contrast microscopy to determine the percentage of 
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broken cells. When 80 to 90% of the cells were lysed the homogenization 

was stopped. Further homogenization caused nuclear damage and led to 

contaminated membranes. The bulk of nuclei and unbroken cells were 

removed by centrifuging the cell homogenate for 1 minute at least 3 times 

at 900 g in the Sorvall RC-3. The resulting supernatant was then layered 

on top of 4 sucrose step gr~dients each consisting of: 250 ml of sucrose 

30% (w/w), 100 ml of sucrose 35% (w/1';), 100 ml of 40;~ (whJ) sucrose 200 ml 

of sucrose 45% (w/w) and 50 ml of sucrose 60~ (w/w). All sucrose solutions 

contained 0.5 mM ZnC1 2 and 0.5 mM phosphate buffer, pH 7.4. The gradients 

were centrifuged for 35 minutes at 3,800 g in Sorvall RC-3. Uuring this 

centrifugation the remaining nuclei and unbroken cells were pelleted to 

the bottom of the gradients. After centrifugation, the layers were 

scanned using phase contl~ast microsccpy. The membranes were found mostly 

in the 45 and 40~ sucrose layers. The membrane fractions were collected, 

pooled and diluted with cold distilled water to 1.5 times their volume. 

EDTA, 0.1 M, was added to a final concentration of 0.66 mM to chelate 

the zinc ions. The membrane suspension was then transferred to 250 ml 

polycarbonate c~ntrifuge bottles and centrifuged in a Sorvall RC-2B using 

the GSA rotor at 16,300 g (10,000 rpm) for 30 minutes. The pellets were 

suspended ·in 15)~ D~lSO. The pellets were scanned for remaining nuclei 

by examining samples under phase contrast. The nuclei .were removed by 

centrifugation on a table top Sorvall SS-34 rotor with an input voltage 

of 50 (5,000 rpm) for 1.5 minutes. The centrifugations were repeated 

until less than four nuclei were detected in lOO fields scanned. 

The membranes were finally centrifuged at 12,000 g for 15 minutes in 

the SS-34 rotor of the Sorvall RC-2B at 4°C. The membranes were suspended 

in a known volume of 15% OMSO and stored at -l8°C, where they can retain 



c 

c 

- 64 -

their activity for about tvm months. 

Solubilization of Plasma s 

1- Chelate 2% - urea 4 M mixtures. 

This method is a modification of Kagawa and Racker's procedure for 

solubilizing membrane components (216). The reaction mixture contained: 

membranes 1-2 mg of protein/ml, Na-cholate (pH 7.4) 2~, urea 4 M, EDTA 

(pH 7.4} 0.1 mM, Tris-HCl {pH 7.4) 5 mM, NaCl 100 rnt~1. The membranes 

were suspended in a solution containing all the above components except 
.J. 

Na'-cholate. Sodium chelate was added last, drop by drop, to avoid any 

local high concentration of chelate at any time. The mixture was stirred 

for 30 minutes at 4°C. During this period the turbidity of the suspension 

almost completely disappeared. After solubilization, the mixture was 

centrifuged at 145,000 g for 2 hours in a Beckran LS-50 ultracentrifuge 

using the type 65 rotor. /l, small yellovrish pellet of insoluble material 

formed. The supernatant was designated as the 11 Solubilized fraction". 

2- Triton X-100 - urea 2 M. 

The procedure of Garewal and Wasserman (238) was used. The reaction 

mixture contained the following components: Tris-HCl (pH 7 .4) 5 mM, NaCl 

lOO mM, EDTA~H 7.~ 0.1 mM. Urea 2 M, Triton X-100 2~ and membranes whose 

concentration was adjusted so that the ratio Triton/protein (w/w) was 

equal to 4. The mixture was stirred at 4°C for 60 minutes and then 

ultracentrifuged as described above. 

tion of Phos for Reconstitution 

The lipids (40 mg/ml) were suspended by sonication under N2 at 4°C 

in chelate, 2%, urea, 4 M, EDTA, 0.1 mM until clear (circa 5 minutes). 

The suspension was then centrifuged in an Eppendorf microfuge for 20 minutes 
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to pellet any undispersed lipids and the metal particles from the 

sonication probe. 

Reconstitution of Membrane Vesicles 

1- Recovery of vesicles from membranes solubilized in cholate-urea. 

A suspension of lipids was added to the solubilized plasma membranes 

to give a final concentration of exog~nous lipids of 1 mg lipid per mg 

of protein~ The mixture was placed in a dialyzing tube (l cm dt~y flat 

width). Dialysis continued for 22 hours at 4°C with at least 100 volumes 

excess of buffer (lOO mM NaCl, 5 mr-1 Tris-HCl pH 7 .4, 0.1 mM l•igC1 2 , 0.1 mM 

CaC1
2

) containing 10 mM phenylmethylsulfonylfluoride, a prot~ase inh·ibitor. 

The buffer was changed once, after the first 4 hours of dialysis. During 

the dialysis period, the rPrnoval of the detergent led to the formation of 

insoluble material which was first centrifuged at 12,000 g for 30 minutes. 

Subsequently the reformed membranes were centrifuged in the Eppendorf 

microfuge for 3 minutes. 

2- Recovery of vesicles from membranes dissolved in Triton X-100-

Ul~ea 2 M. 

Two approaches have been tried to obtain functional vesicles from 

Triton dissolved membranes: a) Triton X-100 was first removed from the 

solubilized membranes by treatment with Biobeads SM-2 for two hours in 

the cold with constant stirring. As much as 70 mg of Triton can be removed 

per grn of Biobeads. The biobeads were then removed by centrifugation at 

2000 rpm. Lipids (1 rng/ml final concentration) were added to the super

natant \:Jhich cmttil:ined the membrane proteins. The mixture was sonicated 

at 4°C for 10 minutes. After centrifugation in the Eppendorf microfuge 

for 5 minutes, a white pellet was obtained. 
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b) Lipids dispersed in Triton X-100 - 2 M urea were added to the 

solubilized membranes. Then the mixture was added to the Biobeads to 

remove the Triton. 

Uptake Measurements 

Native and reconstituted membrane vesicles were handled in the 

same way to measure uptake and efflux. 

Sealing: To seal the vesic1es and to preload them with the desired 

solute, the vesicles were preincubated at ~7°C for 30 minutes in a medium 

containing: lOO mM NaCl, 5 mM Tris-HCl, pH 7.4, 0.1 mM MgC1 2, 0.1 mM 

CdCl 2 and a protein concentration of 10 mg of proteins per m1 of native 

membranes or 5 mg per ml of reconstituted membranes. After 30 minutes, 

the vesicles were transferred to 20°C to measure uptake. 

Incubation: The reaction was started by the addition of the radioactive 

solute. 5 ~1 of radioactive solute (circa 1.6 x 106 cpm/ul) was added 

per lOO ~1 of incubation medium. 50 ~1 samples were taken at intervals, 

injected into 2 mls of ice cold Na+ sta~dard medium, pH 7.4, filtered 

under vacuum on a glass fiber filter, grade 934 AH (Reeve Angel), 

washed with 10 mls of ice cold standard Na+ medium, dried under an infra

red lamp and finally counted in glass ·vials containing 10 mls of scin

tillant (5 gm PPO, and 50 mg of dimethyl-POPOP per liter of toluene). 

A correction for non-specific retention was ahtays determined by 

injecting an aliquot of preincubated membranes (50 ~l) into a tube 

containing two mls of ice cold standard sodium buffer and 2.5 ~1 of 

radioactive solute. Immediately after mixing, the content of the tube 

was filtered and washed as described above. 
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Calculations: Transport activity is expressed either as moles of 

substrate taken up per milligram of membrane protein per unit time or 

as microliter equivalents of medium taken up per milligram of protein 

per unit time. The latter expression represents the microliters of 

medium cleared of substrate and is a convenient way of normalizing the 

data from different experiments using a variety of 14c solute concentrations 

of different specific activities. It i: calculated by the following 

equation: ~liter/mg = cpm per mg protein on the filter 
cpm per ~liter medium 

The amount of substrate taken up is calculated by multiplying the 

microliter .equivalents of med~um by the concentration of the substrate 

in the particular experiment. 

Efflux Measurements (reco~stituted vesicles) 

Efflux experiments were conducted at room temperature. After 

loading of the vesicles with the radioactive solute, a sample was taken 

to determine the content of label in the vesicles. Then aliquots of 

50 ~1 of membranes were diluted into 2 mls of medium containing: lOO mM 

chloride salt, 5 mM Tris-HCl, 0.1 mM MgC1 2, 0.1 mM CaCl 2, at room 

temperature. After different periods of time, the contents of the 

tubes were filtered, washed with the basic sodium medium, and handled 

as described above. 

Results are expressed as percentage of initial solute remaining 

in the vesicles. 

Space Measurements 
22Na+ was used as a marker of intravesicular volume. This solute 

is readily taken up and in the absence of ATP there should be no active 
i + transport of Na . Therefore the distribution of Na ·in the vesicle 
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could be carried out with solutes containing two different labels. 

SDS Polyacrylamide Gel Electrophoresis (SOS PAGJ[) 

SDS PAGE was performed according to Laemmli (239). The proteins 

were heated for 5 minutes at l00°C -in 1~~ SOS. They \vere then applied 

on top of a 3% stacking gel over a running g~l of 7.5%. The current 

applied was 3 mA/t~be. The electrode buffer was maintained at lO-l2°C 

during the electrophoresis to prevent curvature of the protein bands. 

When the tracking dye reached the last l/2 cm of the running gel, the 

electrophoresis was stopped. The gels were fixed, stained ~:ith Coomassie 

Blue and destained according to Fairbanks, Steck and Wallach (240). 

Stained gels were scanned at 540 nm using a Gilford Linear Transport, 

a Beckman DU Spectrophotometer and a Fisher Recordall Recorder. 

Analytical Polyacrylamide Gel ElectrOQhor~is: 4 n Ul'ea, 2% chelate, 

pH 8.3. 

A sample of solubilized membranes was layered on top of a 3~, 

2.7% crosslinked stacking gel containing: 0.375 M Tris-HCl, pH 8.3, 

2% chelate, 4 M urea and 1 ~1/ml TEMED. The running gel was of 5% 

polyacrylamide containing the same components and the same degree of 

crosslinking as the stacking gel. The electrode buffer contained: 

urea 4 M, 2% cholate, 10 mM Tris, 77 mt·1 glycine at pH 8.3. The electro-

phoresis was conducted at room temperature for 20 hours with a current 

of 6 mA/tube. 

The gels were fixed, stained with Coomassie Blue and destained 

according to Fairbanks, Steck and Wallach. 
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Electron Microscopy 

1- Thin sectioning. 

Small aliquots of membranes were fixed in suspension with an equal 

volume of half- strength Karnovsky fixative (241) and pelleted. The 

pellets were fixed overnight at 4°C with the same fixative, then post

fixed for 1 hour in 1.33% osmium buffered with collidine and finally 

block stained for 1/2 hour in saturated aqueous uranyl acetate. 

The pellets ,.,,ere dehydrated in graded ethanol and embedded in 

Vestopha 1 W {243. · Ultrathin sections wet·e cut on an LKB Ultra tone II I 

using glass or diamond knives. Sections were mounted on copoer grids 

with carbon coated collodion support film. Reynord•s lead citrate 

(243) was used for 1 minute to stain the sections. 

2- Negative staining. 

The method used is based on the procedure of Brenner and Morne 

(244). Droplets of membranes in suspension were deposited on collodion and 

carbon coated grids and allowed to adsorb for 1 to 5 minutes. Excess 

material was removed by touching the droplet with the edge of a filter 

paper. A drop of 1-2% phosphotungstic acid pH 7.2 neutralized with 

1 N KOII was then put on the grid and stained for 1 minute, and the excess 

stain was again t·emoved as above. 

3- Freeze-etching. 

A sample of reconstituted vesicles was centrifuged at 50,000 g at 

4°C using aSH 39 rotor. A hard pellet was formed, 1>1hich was dehydrated 

in 25% glycerol for 2 hours. The pellet was cut and small specimens 

were placed on gold disks. These disks were subjected to rapid freezing 

in liquid Freon, then in liquid N2• Fracturing of the frozen specimen 
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was done at -150°C under vacuum, etching was carried out for 1 minute 

at -100°C. The exposed surface was shadowed with a platinum and carbon 
0 0 

layer (20 A) and coated with a 200 A layer of carbon. The organic 

material was digested away by floatation in hypochlorite solution; the 

replicas were washed by floating on '.'.'ater and placed on grids. 

All the grids from the above preparations were examined in a 

Phillips 3CO Electron Microscope operated at 60 KV using a 20 or 30 nm 

objective aperture. Micrographs were recorded on Kodak Electron i~age 

plates. Magnification was calibrated using an E.F. Fullam carbon grating 

replica of both 28,000 LPI or 54,684 LPI cat f 1000 or~ 1002 respectively. 

Preparation of 32P Labelled !n~act Plasma Membranes 

32P(O.l7 mC/mouse) was injected into the peritoneal cavity of 

mice 48 and 24 hours before harvesting the cells. Membranes from tnese 
32P labelled cells were prepared in the usual way. 

Chemical Deter~inations 

1- Proteins. 

Proteins were measured according to the method of Lmvry et al. 

(245). When the urea concentration was above 1% urea, the standard 

curve had to be prepared in the presence of urea at the same concentration 

as in the samples, since it is known that high urea levels give some 

reaction rJith the Lowry reagents. To r::easure proteins solubili in 

Triton X-100, Biuret method (246) was the method of choice, since the 

phenoxy groups of the Triton interfere with the Phenol reagent. 

2- Phospholipids. 

Lipids were extracted in methanol chlotoform (2:1) (v/v) according 

to Bligh and Dye·(' (247). They wet~e then hydrolyzed overnight at 
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150-160°C in 10 tl H2so4. T\·JO drops of H2o2 were added and the heating 

was continued for another 1.5 hour until the solution was clear. The 

phosphorus released was measured according to Bartlett's procedure using 

the Fiske-Subbarow reagent (248). 

3- Sialic acid. 

Sialic acid \'/as measured by the thiob.arbituric acid method of 

Warren (249). Total sialic acid was measured after hydrolysis for 

hour at 80°C in 0.1 N H2so4• Neuraminidase-accessible sialic acid was 

measured according to the proc2dure of Cassidy et al. (250). 

ATPase 

The ouabain sensitive Na-K ATPase is determined according to 

Colo~bini and Johnstone using 250 vM ~P-ATP (181). 

fv1a teri a 1 s 

Cholic acid was purchased from Eastman Kodak, N.Y. Prior to its 

use it was recrystallized from ethanol 70% according to Kagawa and 

Rac ker ( 216). 

Purified phospholipids were obtained from Gibco (Grand Island, N.Y.) 

and Calbiochem (La Jolla, Calif.). 

L-~-Lecithin from soybean was obtained from Sigma Biochemicals 

(St-Louis, Missouri) and asolectin from Associated Concentrates 

(Woodside, N.Y.). Prior to use, these phospholipid mixtures were subjected 

to a purification step according to Kagawa and Racker (216). They were 

then kept at 4°C under N2. 

Radioactive materials were purchased at NEN (Boston, Mass.). 

All other chemicals came from local dealers (Fisher Scientific mainly) 
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or from Sigma Biochemicals {St-Louis, Missouri). 

c 
Abbreviations 

AIB a-amino isobutyric acid 

TEI~ED N ,N ,N' ,N' -tetramethyl ethyl enedi ami ne 

EDTA Ethylene-diamine-tetracetic-acid 

PAGE Polyacrylamide gel electrophoresis 

ATP Adenosine triphosphate 

EAC Ehrlich Ascites cells 

SDS Sodium dodecyl sulfate 

ATPase Adenosine triphosphatase 

NEM N-ethylmaleimide 

3-0MG 3-0-methylglucose 

BSA Bovine serum albumin 

PC MBS P. chloromercuribenzene sulfonic acid 

IR Infrared spectroscopy 

NMR Nuclear magnetic resonance 

ESR Electron spin resonance 

·C 
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RESULTS 

CHAPTER I: Assessment of Solubilization 

The first attempt to solubilize the membranes using 2% chelate brought 

only 40% of the proteins into solution. The addition of urea at 4 M doubled 

the amount of protein that was brought into solution. Since the degree 

of dispersion is not known, solubilized material was defined as material 

not sedimented by centrifugation at 145,000 g for 2 hours. 

Based on the intact membranes, it was found that 80 to 90% of the 

proteins, 7m~ of the phospholipids and lOO% of the sialic acid were 

present in the supernatant aft~r ultracentrifugation for 2 hours at 

145,000 g. 

As noted above, the material which compri.ses the supernatant of the 

145,000 ultracentrifugation may still contain large aggregates of 

material. The lipids can act as ''life preservers keeping the proteins 

afloat'' (236). Therefore additional tests were carried out to estimate 

whether large complexes (> 106) remained in the supernatant. 

Negative Staining 

Examination of the supernatant under the electron microscope after 

negative staining failed to show any structural material . The non 

centrifuged material show white very homogeneous disks which probably 

represent lipid or lipoprotein droplets (Figure 8). The appearance of 

this material is vel~y different from that of the vesicles. If the sample 

of solubiliZf.:!d matedal Has kept in the cold or frozen, the size of these 

droplets increased enormously (Figure 9) but a freshly prepared sample 

showed only very Slitctll droplets. For comparison, intact membranes negatively 

stained are also presented (Figure 10). 



fj_gure 8. Negative stain.ing of non-centrifuged material 

Membranes were treated with 2% cholate-4M urea for 30 ninutes at 4°C. 

The arrow points to the residual membrane vesicle. The other vesicles 

represent liposomes. Magnification is 32,700X. 
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Penetration into Acrylamide Gels 

Another criterion of the degree of solubilization is the ability to 

penetrate a 5% polyacrylamide gel in cholate-urea. First runs \'lere done 

in the cold room (4°C) for a few hours (7 hours, until the dye reached 

the bottom of the tubes). Only a fraction of the material was able to 

penetrate the gel. Subsequeht electrophoresis was carried out at room 

temperature for 20 hours in a PAGE containing 2% cholate 4 M urea. As 

shown in figure 11 most of the supernatant had penetrated the 5% gel. 

Only a very faint band appeared on top of the stacking gel. In the 5% 

gel several bands are detectable. Near the interface in the b% gel, 

little resolution had occured. It was n.ecessary to run these gels for 

extended times because little material penetrated the 5% gel in the first 

three to four hours, presumably because there was little net charge in 

the proteins at pH 8.3 in absence of SOS. It is possible that in the 

20 hours run some of the lmv molecular \•teight membrane proteins 1vere lost. 

Attempts to estimate the degree of disaggregation by carrying out the 

electrophoresis in the cold or for shorter periods of time were not 

successful. In the cold, little material penetrated the gel presumably 

because lipid globules seen under the electron microscope reformed and 

caused clogging. 

The ability of the cholate-urea proteins to enter the 55~ gel suggests 

that the particle molecular weight is below 106 daltons. 

In the studies conducted, the proteins were derived from chelate

urea solubilized membranes. However, the PAGE protein scans were done of 

membranes directly dissolved in SOS. Since there may be some loses of 

specific proteins by the cholate-w·ea procedure, the proteins solubilized 

by chelate-urea were subjected to SOS electrophoresis and compared with 
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membranes directly solubilized. It was apparent that the distribution of 

the protein bands is nearly identical (figure 11). 
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FIGURE 11 
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the soL1hi'l ·;zed membranes . Tl1e gel con ta ·in :; ·120 ·pg of ~ roteir: . The ~e1 

\'/as stainPcl V.'ith Coomassie Blue . 

Gel 2 uLd 3: SOS P!iGE of nntive (l) and reconstituted (2) memb1·ane 

ves i c les . 1he membranes were dissolved in l ~~ SOS. Eac h gel contains 

170 ~g of prot ein. ThP ge l s were stJ ined with Coomassie Bl ue . 
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CHAPTER II: Reconstitution of Osmotically 

Active Membrane Vesicles 

Reconsitution procedure 

1- Membranes solubilized in chelate-urea. 

A sonicated dispersion of lipids iri chelate-urea was added to the 

solubilized fraction of the membranes. The detergent was removed by 

dialysis in ·the cold and insoluble material reforrr.edspontaneously. It 

is interesting to note that during a period when the membrane preparation 

. was badly contaminated with mitochondria, reconstitution of vesicles 

was poor. Any insoluble material that reformed was difficult to 

centrifuge. 

To examine the possibility that some uptake of amino acid might 

be due to contamination with microorganisms the reformed vesicles 

were plated on agar. No colonies were formed, indicating the absence 

of bacterial contamination. In addition the presence of penicillin in 

the reconsti tut ion medium did not alter the reformation of the vesicles 

nor their properties. 

To minimize oxidation of lipids and proteins during reconstitution, 

dithiothreitol or mercaptoethanol was added. Neither sulfhydryl compound 

altered the reformation of vesicles. Tests with 14c chelate showed that 

over 99% of the chelate was removed during dialysis. The content of 

chel ate in the reconstituted vesicles was estimated to be 0.008%. 

2- Membranes dissolved in Triton X-100-urea 2M. 

With membranes dissolved in Triton X-lOO_urea 2M, reconstitution 

cannot be obtair.ed by the dialysis method, s~nce it is difficult to 
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remove Triton by dialysis. This is probably due to its high molecular 

weight and low critical micellar concentration. It 1·1as not possible 

to obtain material able to take up AIB. 

Characteristics of the reconstituted material 

1- Chemical composition. 

The reconstituted vesicles have protein/lipid ratios similar to 

those of the original membranes, namely 68/32 (w/w) for the intact 

membranes and 66/34 ( w/v.J) fo1~ the reconstituted membranes. 

To determine what percentage of the cells' own phospholipids were 

reincorporated into the ves icles_ m\c.evJere injected with 32P and used 

for preparation of membranes. The data showed that 60% of the phospho-

lipids of the reconstituted vesicles came from the original phospholipids. 

All t he sialic acid appeared to be reincorporated into the reconstituted 

vesicles. They have a higher content of sial ic o.cid than the original 

membranes, 70±16 nmoles of sialic acid per mg of protein for the reforrned 

vesicles as compa red to 18±2 for the ori ginal membranes . 

2- Protein profile ot native and reconstituted vesicles. 

Since only a fraction of the original proteins is reincorrorated 

into the vesicles, the question arises whethe r the protein dis tribution 

.in the reformed vesicles was ident ical to that of the original material 

or whether some proteins were erriched, others deleted, in the recon-

stituted vesicles . 

Fer this purpose, the original and reconstituteJ vesicles we1·e 

dissol ved in l % SOS and then subjected to SOS PAGE using a 7.5% gel. 

Figu ;~e 12 and 13 srmv t he spectrcphotoll1E:: tr·ic trace of the stained · 

ptote ins . It is appa:~ent From ~he scans that the majol~ protein bands 



Figure 12 . Po lyacr~lamide gel el ectrophfro9ra~ of SOS dissolved membr ane 

vesicl es 

The gel was scanned at 540 nm us ing a Gilford linear transport attached 

to a Bec kman UV spectro~hJto~eter. Fo r prep3rartion of gel s see fi gure l l . 
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See figures 11 and 12 for conditions. 
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\·;ere reincorporated in i:he vesicles. The high molecular weight and low 

molecular weight proteins appear to be nearly completely reta ined, 

while the intermediate molecula r weight are reduced in the recon

stituted vesicles. 

3- Electron microscope studies. Evidence that proteins are 

incorporated in the bilayer 

Thin sectionin g: An electron ~icrograph of the original 

membrane vesicles is shown in figure 14 and is compared to the appearance 

of the reconstituted vesicl es (Figure 15). It is evident that the 

reconstituted material appears vesic~lar and that the vesicles are of 

fairly uniform size, but small er than the original vesicles. The 

diameter of the reconstituted vesicles is 0.3u as compared to l u for 

the original vesicles. The solid black lines outlining the vesicle 

r:..embrane are believed to be due to proteins. If proteins were trapped 

i nside the vesicl es rather than incorporated in the bilayer, the 

vesicies would not look empty in this section micrograph as these 

vesicles de. 

Freeze fracture: Another approach to localizing the proteins 

in the reformed vesicles is by free ze fractu1·e . When a membrane is 

fractured at vet~ low temperature, the lipid bilayer opens and the 

prot eins either go to one surface or the other one, so that when the 

fracture face i s shadowed, convex or concave shadows are seen. Freeze

fractured micrographs of the reconst ituted vesicl es are shown exhibiting 

the characteristic graining due to the presence of proteins (Figure 16). 

4- Sidedness of the reconstituted vesicles 

A potenti al variaJle in ves i~le formation is t he sidedness of the 

refa rmed vesicles. Within experi mental error, close to all the si alic 



Figure 14. Thin-secti on ing of fixed and stained native membrane vesicles 

See Methods for details . Magnificat i on is 58,500 . 
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acid residues are incorporated into the membranes: facing interior, 

exterior~ or randonly distributed. In the original membrane vesicles, 

if one assumes that the vesicles are ~11 sealed to neuraminidase, 

virtually a11 the available sialic acid is released by neuraminidase, 

suggesting that sialic acid is exposed to the outside giving a homo-

geneous population of right-side out vesicles. In reconstituted membrane 

vesicles, despite the use of a large excess of neuraminidase and an 

extended incubation time period, only a fraction of the total sialic 

acid is released by neuraminidase. Moreover, if replicctte samples are 

dialysed simultaneously to reform vesicles, the degree of accessibility 

to neuraminidase is still variable. On the average less than 40% of 

the total sialic acid is accessible to neuraminidase. These data 

suggest two possib·ilities: a) the reconstituted vesicles form an 

heterogeneous populatio~ of inside-out and right-side-out vesicles, 

b) the sialic acid is not accessible because it is located on the 

inner tracks of some multi1ayered liposome vesicles. 

Another indication of the inaccessibility of the sugar residues from 

the outside was given by the fact that no vesicles were retained on 

a Con A Sepharose 4B column. 

Factor:s affecti.!:!.fLthe formation of vesicles 

Many parameters can influence the reconstitution, namely temperature, 

ions, 1ipids, and proteins, etc. Before examining each of these parameters 

it was necessary to defi r.e the criteria to be used to determine the 

degree of vesicle formation and the funct·ional state of the vesicles. The 

criteria chosen to assess vesicle formation and function were: 

a. Formation of a pellet capable of precipitating at 12,000 g for 30 1 
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b. Presence of a vesicular structure under the electron microscope. 

c. Time-dependent uptake of amino-acids (since objective of the 

work is oriented toward amino-acid transport). It is necessary to 

demonstrate that the reconstituted vesicles were sealed to small molecules, 

that is to show that they were able to take up amino acids in a time 

dependent way. If the vesicles were very leaky, it would be anticipated 

that the washout would remove most of the intravesicular solute. Only 

sealed vesicles could retain solute in the intravesicular space. The 

amino acid used ·in most experiments was AIB (a-amino isobutyric acid), 

a non-metabolizable aminoacid which can be transported, but does not under-

go accelerated exchange with other amino acids in the intact Ehrlich cells. 

d. To distinguish between non-specific and specific uptake, and at 

the same ti~e to measure the intravesicular volume, 22Na was used as a 

marker and incubated with the membranes at the same time as 14c-AIB. 

Without ATP it is unlikely that there is Na+ transport. The diffusion 

of Na+ should give a measure of the intravesicular volume if incubation 

is carried out to an equilibrium position. It was repeatedly found that, 

after 30 minutes at 20°C, the value of 111 AIB/11l N! i'Jas greater than 1. 

This does not necessarily mean that AIB was accumulated inside the 

vesicles against a concentration difference, but that AIB was moving in 

faster than Na+, and that a steady state had not yet been achieved after 

30 minutes incubation at room temperature. However, incubation for 

longer periods of time did not increase the uptake of AIB or Na+. In 

fact, decreases were observed. This was probably due to the instability 

of the tl~anspor·t system of the reconstituted vesicles. Therefore attempts 

to get at a true intravesicu1ar volume \'/ere not entirely successful. 
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e. Even if the reformed membranes had a vesicle like appearance 

under the electron microscope, it was essential to ascertain· that retention 

of solutes by the vesicles was due to the filling of a space and not to 

binding. To distinguish between time-dependent filling and time dependent 

binding, we examined the effect of osmotic strength on the uptakes of AIB 

and Na+. Based upon studies done in the original membranes and with intact 

cells, sucro~e was used as a non-permeant molecule. When the sucrose 

concentration was increased, the vesicles should shrink. Binding would 

be unaffected, but reduction of the intravesicular space would be expected 

to reduce the amount of amino acid and Na+ retained. The data for original 

membranes vesicles and reconstituted vesicles are shown in Figure 17. 

The effects nf increasing sucrose concentrations from 0 to 200 mM on the 

intravesicular space, as measured by the amount of AIB and Nl retained, 

are given. It can be seen, for the intact vesicles, as well as for the 

reconstituted ones, that both AIB and N~values were reduced when the 

sucrose concentration was increased, consistent with the reduction of 

volume of the intravesicular space. 

1- Temperature of reconstitution. 

Meissner and Fleischer reported that the reconstituted ci+-ATPase 

from sarcoplasmic reticulum showed higher activity if dialysis for 

reconstitution ~·;as carried out at 20°C rather than 4°C (220). However, 

for vesicles reconstituted from membranes of the Ehrlich Ascites Tumor 

Cells, higher activity was recovered after dialysis at 4°C, as shovm 

on figure 18. Both NtuptakG and AIB uptake were reduced when recon-

stitution occured at 20°C. In particular the uptake of AIB was reduced 

to a greater extent than Na:· uptake with vesicles reformed at 20°C. 



Figure 17. Effect of osmolar"ity on ,~.IB and Na+ uptake 

Vesicles, reconstituted with asolectin, were sealed at 37°C in the 

standard Na+ m·edium: 100 mt•1 NaCl, 5 m~1 Tris-HCl pH 7.4, 0,1 mi•1CaC1 2 
0,1 mM MgC1 2. After 30 minutes the vesicles were centrifuged and 

incubated at room temperature for additional 30 minutes in the 

standard Na+ medium containing the appropriate concentration of 

sucrose along with 0,5 ml~ [l-14c] AIB (specific activity 9 mCi/mmole) 

and 22 Na+. 

0 

0 
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Figure 18. Effect of the temperature of r-econstitution on AIB uptake 

Vesicles~ reforned with asolectin, were sealed at 37°C in the standard 
+· . .·. 

Na mediu~ (see figure 17). After 30 minutes the vesicles were transferred 
to roorr: temperature. [1-14c] AIB (specific activ-ity 9mCi/mmole) was 

addedto a final concentration of 0.5 mM. lOO ~1 samples were taken at 
specified times as described under.Uptake measurements. 
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If the uptake of Na+ at thirty minutes can be regarded as a measure of 

the vesicular volume, the data suggest that the AIB transport system is 

adversely affected by reconstitution at 20°C. Consequently all subsequent 

reconstitutionswere done at 4°e in the cold room. As pointed out earlier, 

conditions which tend to maximize the difference between AIB and Na+ 

uptake were considered indicative of restoration of transport function. 

2- Ion requirement. 

Razin (235) emphasized the necessity for high Mg++ concentrations 

(at least 10 mM) in the dialysis medium for better reconstitution. The 

effect of ~1g++ and ea++ concentrations on vesicle formation and activity 

has been studied for membranes reconstituted with soybean lecithin. 

The results are shown in Table HI: ea++ or Hg++ concentration was increased 

while the other divalent cation concentration was kept constant. Two 

conclusions may be drawn from these experiments: 

a. increasing the divalent cation concentrations resulted in an 

increase in the amount of protein in the reconstituted material~ 

nearly 5 times when the ea++ concentration was increased from 

0.1 to 2.0 mM and 6.4 times when theM~+concentration was increased 

from 0.1 to 10 mM. 

b. less AIB was taken up per mg of protein and the ratio AIB/Na+ 

taken up was smaller than the ratio obtained with vesicles 

reconstituted in the presence of low ea++ and Mg++ concentrations. 

Contrary to what vms reported for other systems increasing the ea++ and 

~1g ++ concentrations did not impl·ove the transport activity of reconstituted 

V~..!Si'cles, from mei!Jbnmes of EAC, optimal restoration of activity occurred 

in a medium containing lmv (0.1 mi·l) concentration of divalent cations. 
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TABLE III 

Effect of the concentration of divalent cations during reconstitution on AIB and Na+ uptake. 

Divalent cation concentrations dtiring dialysis 
++ 

Mg 0.1 mM ++ 
r~g o. 1 mM ++ Mg 10 mM 

++ 
Ca 0.1 mM 

~ime---+ Na+ AIB AIB/Na + 

I 
l I i.7 2.3 1.35 1.4 2. 1 1.5 1.6 1.7 0.88 

51 2.5 3.2 1.28 2.0 3.4 1.7 2.2 1.9 0.86 

10 I I 
I 2.6 4.0 1.54 2.9 3.4 1.17 2.2 1.9 0.86 

30' 3.6 4.4 1.22 

I 
2.5 2.7 1.08 2.7 2.2 0.81 

------

The vesicles were reconstituted with soybean lecithin, with different concentrations of divalent cations 

in the dialysis medium. The experimental conditions are described in Figure 18. + Na and AIB are expressed 

as ul/mg of protein. 

\.0 ..,. 
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3- Protein specificity. 

Experiments have been conducted to demonstrate that restoration of 

transport activity was associated with reincorporatinn of native membrane 

proteins. The results are summarized in Table IV: 

a. When the solubilized membrane proteins were dialyzed without 

addition of exogenous lipids, a small precipitate of insoluble 

material was obtained which did not show time dependent uptake 

of AIB and Na"': 

b. Without proteins, that is when asolectin or soybean lecithin 

.alone in chelate 2~;-urca 4r•1 was dialyzed, no material was 

obtained at the end of the dialysis period after a 30 minute 

c~ntrifugation at 12,000 g. 

c. Heating the solubilized membranes at 100°C for 10 minutes prior 

to using the material for reconstitution with asolectin resulted 

in formation of a very small pellet of insoluble material. 

No uptake was observed. 

d. Using BSA at 1 mg/ml instead of membrane proteins resulted in 

the fonnation of a minute pellet after dialysis wh·ich showed 

no ability to retain AIB. 

Vesicles showing time dependent uptake of AIB and Nlwith a ratio 

AIB/Na+greater than 1 after a 30-minute incubation required the presence 

of native membrane proteins as well as the addition of exogenous 1ipids. 

4- Phosphoiipid specificity. 

The phospholipid specificity has been investigated since it has 

been reported that some membrane proteins required specific phospho-

lipids form maximum activity (14, 32, 33). Different natural and synthetic 
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TABLE IV 

Requirements for the formation of functional vesicles. 

_____________ , ___ , _______ _ 

Asolectin +solubilized membranes (Control) 

Asolectin +heated solubilized membranes 

Asolectin + BSA 

Solubilized membranes only 

Asolectin only 

Increment in AIB 
uptake betv1een 
0 and 30 min 

1.67 

0 

0 

0 

0 

14 For the control, 1- C-AIB uptake was measured as described in Figure 18, 

the ratio (AIB/Na) 30 , was 1.6. 
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phospholipids have been tested for their ability to support the formation 

of functional vesicles. In Table V are listed the different lipids 

assayed in two groups corresponding to two different reconstitution 

experiments. The criteria used as a measure of functionality were: 

1} Time dependent uptake of AIB 

2) Volume of medium cleared of solute,and 

3} The ratio AIB/Nltaken up. 

The percentage of original protein which recombined with the lipids 

to form reconstituted membranes is also given. It can be seen that with 

the following phospholipids; sphingomyelin, L-adipalmitoylphophatidyl

ethanolamine, S dipalmitoylphosphatidylethanolamine, phosphatidylethanol

amine saturated ether, phosphatidylserine, there was no time dependent 

uptake of ~'l.IB, although 10 to 207s of the original proteins were found in 

the refor02d material. With the other phospholipids: {phosphatidyl

choline from egg or soybean, dipalmitoylphosphatidylcholine, phosphatidyl

ethanola~ine and asolectin) there was evidence for time dependent uptake 

of AIB and Na+. 

Fifteen to 40% of the original proteins were found in the recon

stituted ue~branes. It can be seen that there was no correlation between 

the amount of proteins reformed into vesicles and the specific activity 

of transport as def·ined by the ratio AIB/Ni taken up. 

Recently cardiolipin has been tested for its ability to form active 

vesicles. 55% of the original proteins \'Jere found in the reformed 

matedal using cardiolipin. The vesicles formed with cardiolipin were 

able to take up more AIB per mg of protein than vesicles formed with 

asolectin. The Na+ uptake was also higher in the vesicles formed with 

cardiolipin. Since cardiolipin is an acidic phospholi~id, it was impossible 
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TABLE V 

Restoration of transport activity with various phospholipids. 

Percen·t protein + {AIB/Na ) 
30

, 
reincorporated Lipid added 

1. L-a-Phosphatidyl choline (egg) 

L-a-Lecithin Type II (soybean) 

L-a-Dipalmitoylphosphatidyl choline 
(synthetic) 
Phosphatidy~inositol 

Phosphatidylserine 

2. L-o-Phosphatidylethanolamine (E. coli) 
(Calbiochem) 

Pliosphatidylethanolamine (E. coli) 
(Gibco) 
L-a-Dipalmitoylphosphatidylethanolamine 
(synthetic) 

L-~-Dipalmitoylphosphatidyl choline 
(synthetic} 
L-a-Dipalmitoylphosphatidyl choline 
(synthetic) + cholestero~ 

Asolectin 

L-s-D·i pa 1 mi toyl phospha t i dyl et ha no 1 ami ne 
(synthetic) · 

Phosphatidylethanolamine, dihexadecyl; 
saturated ether 
Sphinso myelin 

7 
6 

39 

37 
13 

19 

15 

12 

45 

47 

30 

18 

13 

11 

1.24 

1.22 

2.12 

1.43 

0 

1.26 

1.65 

1.26 

2.38 

2.11 

1.6 

0 

0 

0 

In column 2 is given the percentage of the protein reincorporated into vesicles. 

Uptake of [l-
14c]AIB and 22 Na was followed in all cases .. The accumulation of AIB 

~ 

represented by the ratio (AIB/Na · )301 is given in co1umn 3. Experimental conditions 

· are described in Figure 18. 
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to cone 1 ude from these results \•lhether the Na + va 1 ues represented a 

measure of the intravesicular space, or if this value was the sum of 

the intravesicular Na+taken up plus the amount of Na+electrostatically 

bound to the negative charges of the lipid. Clearly this lipid requires 

further study. 

The addition of cholesterol, which has been shown to regulate the 

fluidity of the membrane and thereby may act as a modulator of enzyme 

activity, did not appear to influence the extent of vesicle formation 

or the activity of the reformed vesicles. t~ixtures of phosphatidyl

ethanolamine and phosphatidylcholine with or without cholesterol have 

also been used Hith no improvement of transport activity. 

The most consistent results i·Jere obtained vJith asolectin, 

with which about 30% of the solubilized proteins were found in the 

vesicles, although membranes \vith dipalmitoylphosphatidylcholine have 

a higher AIB/~tratio than vesicles formed with asolectin. Two problems 

were encountered with the dipalmitoylphospholipid: 

a. the vesicles obtained were very-difficult to handle, because 

they tended to form a jelly. 

b. large liposornes even formed when the dipalmitoylphosphatidyl-

choline-cholate 1%-urea 4M was dialyzed, causing high non-

specific uptake. 

In summary, the apparent lack of phospholipid specificity may be 

due to the fact that the solubilized membl~anes had not been delipidated 

before reconstitution. Alternatively there may not be much specific 

phospholipid requirement for the transport systems or the lipids from 

the cell meDtranes avoided the specific requirements. For pratical 

purposes asolectin has been the lipid most con~only used in these 

experiments. 
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5- Protein-lipid ratio for reconstitution. 

Another variable in reconstitution and one abo~t which there is a 

lot of controversy in the amount of exogenous lipid required for recon-

stitution of vesicles. It has been shown for manymitochondrial enzymes 

and for the purified Ca++_ATPase of sarcoplasmic reticulum (251), that 

a ratio lipid/protein of 20/1 tol00/1 is desirable. But it has also 

been shown that this ratio depends on the enzymatic (236) system studied 

and on the method of reconstitution (compare 220 and 252). Obviously 

if the reconstitution is done with non-delipidated solubilized membranes, 

the amount of lipid to be added will be less than in the case of purified 

system. In the e~rly part of this \<Jork, dip a lmitoyphosphati dyl cho 1 ine 

was used. for reconstitution, and considerable variation was observed in 

+ the amount of AIB and Na taken up. This variation could have been 

due to several factors: 

a. the sonication step was difficult to control and to duplicate 

from experiment to experiment. 

b. the membrane proteins were unstable. 

c. there was variation in the lipid to protein ratio used for 

reconstitution. The latter variable has been examined and 

the results are shown in Table VI. There was a fairly good 

correlation between the amount of AIB and Na+ taken up by 

the vesicles and the protein to lipid ratio; the largest vesicles 

(as measured by N/ uptake) \'Jere obtained with lower protein 

to lipid ratios, that is, with excess lipid. Subsequent 

experiments showed that the most active vesicles (ratios of 

AIB/N{> 1) were obtained when equivalent weights of e~ogenous 

phospholipids and proteins (ratin 1:1) were used for the 
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TABLE VI 

Effect of the protein/lipid ratio during reconstitution on AIB uptake. 

P/L + 
Na 30' 

0.35 2.6 

0.57 3.2 

1 0.9 

2 1.5 

2.4 0.5 

2.8 0.5 

5.5 

5.0 

2.0 

2.3 

1.4 

1.3 

+ (AIB/Na )30 , 

2.1 

1.7 

2.4 

1.6 

2.8 

2.1 

Different amounts of soybean lecithin per mg of solubilized protein 

have been used for reconstitution. Each protein/lipid ratio was tested 

at least two to three times. The experimental conditions for uptake 

are described in Figure 18. Na+30 ,, and AIB 30 , represent the increment 

in Na+ and AIB uptake between 0 and 30'. The data given are representative 

of a typical experiment and are expressed as ~1/mg of protein. 
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reconstitution, and this ratio was used in all subsequent 

experiments. 

Proportionality between the ampunt of AI~ taken up by the reconstituted 

vesicles and the amount of vesicles in the ass.i!L 

Incubations were carried out with different amounts of reconstituted 

vesicles. AIB uptak~ in a Na+ medium was followed. The rate of uptake 

was calculated from the uptake value at 30 seconds of incubation, and 

the steady state value was given by the uptake after 30 minute incubation. 

The background retention was determined at every protein concentration 

and subtracted from each of the va 1 ues g·l ven on the graph. 

Figure 19 shows that the uptake of solute, both the rate of uptake 

and the steady state value, varied directly with the amount of vesicles. 

Conclusion 

It has been demonstrated that it was possible to reconstitute 

membrane vesicles from solubilized membrane proteins and exogenous 

phospholipids. These vesicles were osmotically active and were capable 
+ of taking up aminoacids and Na . The conditions for optimum reconstitution 

were described. 
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AIB UPTAKE AS A FUNCTION OF PROTEIN CONCENTRATION 
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Figure 19. Uptake of AIB as a function of protein concentration 

Conditions for the experiments are described in figure 18. 
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CHAPTER III: Amino Acid Exchange in Reconstituted Vesicles 

The Ehrlich Ascites Tumor Cells possess an amino acid exchange 

system which is a simpler mechanism for amino acid transport than the 

net transport system, since it is r.ot energy dependent and does not 

+ require the presence of Na (252). 

As no fractionation of the solubilized plasma membranes was carried 

out before reconstitution, it seemed reasonable to expect that the 

e~:~hange system might be reincorporated into the reconstituted vesicles. 

E~change diffusion, a one to one exchange of internal for external solute, 

is usually assayed by showing that the presence of a specific solute 

on the trans side of the membrane accelerates the movemer~ of the solute 

from the cis side or vice versa. 

For these experiments phenylalanine was a substrate of choice, 

because it could be obtained at a high specific activity, the background 

retention on the filter was low, and it is known to be a good substrate 

for exchange in the intact cells. 

The effect of nonradioactive phenylalanine in the medium on the 

rate of loss of intraves"icular phenylalc:nine was examined. The data 

are presented on figure 20. The vesicles were loaded with 14C-phenyl

alanine, then the 14c-phenylalanine exodus was followed under two 

conditions: 

a. in a medium free.from aminoacids 

b. in a medium containing 10 JTJ-1 
12c-phenylalanine. 

It can be seen that the presence of 12c-phenylalanine in the medium 

accelerated the exodus of 14C-phenyla1anine from the vesicles. 



Figure 20. Accelerated counterflow ofphenylalanine from reconstituted 

vesicles 

After preincubation, 0.012 mM L-[u-14c] phenylalanine (specific 

activity 414 mCi/mmole) was added and incubation continued at room 

temperature for an additional 90 minutes. 50 or lOO pl of the 
14c-loaded vesic1es were distributed into 2ml of nonradioactive 

medi!Jm containing the standard incubation medium at room temperature, 

{contra 1); the standard meJi urn with 10 mM € ami nocaproi c acid; the 

standard medium with 10 mM L-[u-12c] phenylalanine. After given intervals 

the 2 ml samples were filtered. The filters were washed. dried and 

counted. The data are representative of four similar experiments 

in vesicles reconstituted with asolectin or soybean lecithin. 
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To confirm that this stimulation of efflux was observed only \~hen 

an "exchangeable" amino acid vJas on the trans side, efflux was followed 

in the presence of a non-transported amino acid, c-aminocaproic acid. 

Figure 20 shows that c-aminocaproic acid has very little effect on 

phenylalanine efflux. 

It is unlikely t~at the presence of 10 mN 12C-phenylalanine on the 

trans side caused shrinkage of the vesicles, thereby reducing the intra

vesicular volume and hence the content of 14c-phenylalanine, since 

c-aminocaproic acid at the same concentration (10 mM) on the tr~ns side 

did not alter appreciably the rate of loss of vesicular phenylrlanine. 

It is also unlikely that the increase in efflux was an artefact 

due to an inhibition of reuptake of 14c-phenylalanine by the presence 

of excess 12C-phenylalanine, because the reuptake would be neglibible 

due to the dilution of the 14C-phenylalanine in the efflux medium. 

Hm·1ever to verify the reuptake did not play a part in the stimulated 

phenylalanine efflux the same experiment was repeated with AIB ~hich is 

transported but does not participate in exchange. Figure 21 shows 

that extravesicular 12c-AIB did not increase the exodus of intravesicular 
14C-AIB. 

These results indicate that the system behaves in a manner consistent 

with the presence of an exchange system for phenylalanine in the recon-

stituted vesicles. 
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Figure 21. Absence of accelerated counterflow of AIB from reconstituted 

vesicles 

The experimental conditions are identical to those described in figure 

20, except that 0.5 mM [l-14c] AIB was used to fill the vesicles. Efflux 

was measured with and vtithout [l-12c] AIB in the medium. 
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CHAPTER IV: Reconstituted f•1embrime Vesicles 

Showing Amino-Acid Transport 

Transport of various amino-acids 

Although AIB has been used as the test amino-acid for assessment 

of reconstitution of transport activity, it is not the only amino acid 

transported by the Ehrlich cells. Many other amino acids are transported 

into these cells via several different transport systems. 

With vesicles reconstituted with asolectin the uptake of a variety 

of amino acids was observed as shown in figure 22. The uptakes observed 

\vere time dependent, but the rates of uptake vtere different for different 

amino acids. For example, c-aminocaproic acid, which is a non-transported 

amino-acid was taken up much more slowly than methionine or phenylalanine. 

Leucine, which is transported mainly by the exchange L system in the 

intact cells, was taken up slowly, probably because there was no intra

vesicular amino acid with which to excha~ge. The amino-acids which are 

all actively transported in the intact cells, AIB, glycine, phenylala~ine, 

methionine, reached the same steady state uptake. Thus it is clear that 

the expression of transport with AIB is not an isolated example. 

Effect of temperature 

It is well known that carrier-mediated transport processes are 

markedly affected by the temperature. It is for this reason that uptake 

is stopped by cooling, as, for example, injectingthe sar:1ple into ice 

cold dilution medium. Like every enzymatic or chemical system, transport 

activity increases vtith increasing temperature until denaturation. 



Figure 22. Uptake of various u.mino acids by reconstituted vesicles 

After preincubation in the standard Na+ medium, the vesicles were 

transferred to room temperature. Then the amino acids listed below 

were added and lOO pl samples were taken at specified times. 

The amino acids were used at the following specific activities and 

concentrations: 

[l- 14c] AIB specific activity 9 mCi/mmo1e, 0.5 mM 

L-[methyl- 14c] methionine 

L-[u-14c] phenylalanine 

£-amino[l- 14c] caproic acid 

L-[4,5-3H] leucine 

specific activity 

specific activity 

specific activity 

specific activity 

55 mCi/mmole, 

414 mCi/mmole, 

38 mCi/mmole, 

5 Ci/mmole, 

The data are representative of two different experiments. 

0.1 mM 

o. 012 mr~ 

0,16 mM 

0. 01 mM 

0 
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Figure 23 shows that AIB transport in reconstituted membrane 

vesicles was also temperature dependent, the uptake increasing as 

temperature increased. This increase in uptake cannot be attributed to 

increases in binding, since binding usually decreases when the temper

ature is elevated (thermal motion increases). 

_S_aturabi 1 i ty of the transport system 

Since there is a finite number of transport sites on the membrane, 

it is cl ear that the amount of so 1 ute transpm·ted cannot exceed some 

limiting value if the uptake depends on these sites. In other words 

the system should be saturable. If the transport system in reformed 

vesicles has not been altered, a Km value close the Km observec in intact 

cells or native membrane vesicles should be obtained. Figures 24 and 
..!. 

25 show initial ( 11 
) and near steady state (30') uptake in a :la' medium 

as a function of AIB concentration plotted according to Lineweaver-Burk. 

The linear relationship supports the existence of mediated tra~spcrt 

in the vesicles as opposed to simple diffusion. A Km of 3 rnM ~s obtained, 

\•lhich is in very good aareement with the Kr.t observed in the intact ce1ls 

and membrane vesicles(l82). 

The same experiment has been repeated in a Na+ free mediurr:. As 

shovm in figures 24 and 25(inset)there is no evidence of saturation, 

suggesting that the uptake is eithe:·· by diffusion or that the Kr:1 value 

is too high to see evidence of saturation in the concentration range of 

.LUB examined. Thus, the Km for the system in the reconstituted vesicles 

is comparable to that in the original cell and native vesicles. 



Fi ure 23. Effect of temperature on A!B uptake in reconstituted vesicles 

The .::onditions for the experime,lt are given in figure 18. IncLJ tlor. for 

AIB upta~e was carried out at one. 20°C and 37°C. The data are a0 

average of ti'IO experi1nents. 
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Figure 24. Saturation of AIB uptake in reconstituted vesicles 

(1 minute uptake) 

Conditions for the experiment are described in figure 18. Uptake was 

measured in choline chloride and NaCl ~edia. Asclectin was used for 

reconstitution. The da-::a arc the; mean of tvJO separate experiments. 
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Figure 25. Saturation of AIB uptake in reconstituted vesicles 

{30 minute uptake) 

Same experiment as in figure 24. Uptake was measured after 30 

minutes of incubation. 
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Interaction between amino-acids 

There have been many studies on the uptake of amino-acids in the 

Ehrlich Cells and considerable information is available about the nature 

of the interactions (252). Up to the present time~ no kinetic studies 

on the type of interaction, Ki determinations, etc. have been done with 

intact and reconstituted membrane vesicles from Ehrlich Ascites Cell 

membranes. Therefore we report data obtained with the original and 

reconstituted membranes. 

1- Native membrane vesicles. 

Interactions between aminor.cids have been investigated first in 

the intact membrane vesicles. AIB, glycine and methionine uptakes have 

been followed under different conditions as follows: 

The action of methionine and leucine on AIB upt~ke has been studied 

in a N/ medium v1ith and without a Na+ gradient. The results are shovm 

on figures 26 and 27. Iri a Na + medi urn there was 1 i ttl e effect of 

methionine on AIB uptake. However when a Na+ gradient was applied, 

methionine was a potent inhibitor, while leucine had no effect. 
+ Glycine uptake has been followed in a choline medium) in a Na 

medium with and without a Na+ gradient, and in presence and absence of 

phenylalanine, methionine or leucine. In a choline medium no inhibition 

of uptake v1as observed by any of the amino acids. In aNa+ medium, 

methionine and phenylalanine inhibited glycine uptake while 

leucine had no effect {figure ?8). When a Na+ gradient was applied, 

the same results were obtained, methionine and phenylalanine were 

inhibitory, but methionine "'as a more potent inhibitor than phenylalanine 

(figure 29). 



Figu~~~· Uptake of AIB in the presence of methionine in native 

membrane vesicles 

The pr~cedures used to assay transport in native membrane vesicles 

were identical to those used for reconstituted vesicles (see figure 

18). After preincubation in lOO mM Na+ or K+ medium. the vesicles 

were incubated at room temperature with 0.5 mM [l-14c] AIB (specific 

activity 9 mCi/mmole) in the absence or presence of 2 ;;J,i methionine 
+ in the standard Na medium. The control represents the uptake of AIB 

after 30 minute incubation in the Na+medium in the absence of 

methionine (o). The variation observed in this experiment is less 

than 5%. 
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Figure 27. Uptake of AIB in the presence of leucine in native 

membrane vesicles 

The conditions of the experiment are described in figure 26. The data 

are the mean of two separate experiments. 
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Figure 28. Na+-dependent uptake of glycine in the presence of leucine, 

methionine and phenylalanine in native mem~rane vesicles 

The conditions for the experiment are described in figure 26. The 

vesicles were preincubated and incubated in a Na+ medium. [u- 14c] 

glycine (specific activity: 102 mci;mmole) was used at a concentration 

of 0.05 mt1. 
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Figure 29. Na+-stimulated uptake of glycine in the presence of 

leucine, methionine and phenylalanine in native rnerHbrane vesicles. 

The conditions for the experiment are described in figure . After 

preincubation in a K+ medium~ the vesicles were transferred to the 

standard Na+ medium for incubation at 20°C. 
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-Methionine uptake in aNa+ medium was slightly inhibited by 

phenylalanine and more significantly by leucine. + When a Na gradient 

was applied, the same results were obtained. Glycine had no effect 

on methionine uptake (figures 20 and 31). This pattern of inhibitory 

action of amino acids uptake is analogous to the results with intact 

cells as reviewed by Johnstone et al. (252). 

2- Reconstituted membrane vesicles. 

Studies of the interaction between amino acids with reconstituted 

membrane vesicles have been done using AIB as the substrate and 

methionine, leucine and E-aminocaproic acid as inhibitors, in a Na+ 

medium only. The results presented in figure 32 show that AIB uptake 

was inhib ited by methionine, and was notaffected by leucine or c-

aminocaproic acid, a non-transported amino-acid. 

The inhibition by 10 mM methionine canriot be due to shrinkage 

of the vesicles since leucine and E-aminocaproic acid at the same 

concentration had no effect. These results are siffiilar to those 

described above with the native membrane-vesicles. 

Inhibition of transport 

In the course of this project, it became evident that in order to 

be able to show that the reconstituted ~esicles were able to transport 

amino-acids, the simplest way was to find a specific inhibitor of the 

transport systems. Different agents have been tested on the intact 

membrane vesicles and the results can be summarized as follm·1s: 

1. Iodoacetate, iodoacetamide, NEM, and Harmaline had no effect on 
..J.. 

Na· and AIB uptake. 

2. 

3. 

HgC1 2 2 m:·l affect::ct Ne/ and AIB in a simi.lar way (Figure 33). 
+ PC~iBS shm'led an early effect on Na uptake followed by a 

decrease in AIB uptake (figure 34). This effect could be due either to 



Figure 30. Na+-dependent uptake of methionine in the presence of 

glycine, phenylalaninA and leucine in native membrane vesicles 

The conditions are described in figure 28. L-[methyl- 14c] methionine 

was used at a concentration of 0.1 mM (specific activity 55 mCi/mmole). 
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Figure 31. Na+-stimulated uptake of methionine in the presence of 

phenylalanineand leucine in native membrane vesicles 

The conditions are described in figure 30. The vesicles were 

preincubated in a K+ medium. 
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Fi ure 32. Uptake of AIB in the presence of leucine and methionine 

in reconstituted rembr2ne vesicles 

The conditions are described in figure 18. The data are the mean of 

three separate experiments. 
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+ Figure _33. Effect of HgC1 2 on AIB and Na uptakes in native membrane 

vesicles 

The conditions are described in figure 26. The control represents the 

30 minute uptake of AIB in the absence of HgC1 2 (o). The data are the 

mean of four separate experiments. 
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+ Figure 34. Effect of PCMBS on AIB and Na uptakes in native membrane 

vesicles 

The conditions are described in figure 26. The control represents the 

30 minute uptake of AIB in the absence of PCMBS (•). 
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the presence of the ion Na+, or to a decrease in intravesicular volume. 

These two possibilities have been investigated: 

a) The reduction of AIB uptake observed in a non-Na+ medium was 

the same as the one observed in a Na+ medium. 

b) The effect of PCMBS on L-glucose (a non-transported sugar) 

.and on 3-0MG (a sugar transported .but not accumulated in the 

cell) uptakes has been studied. The results (figure 35) 

show that L-gl ucose and 3-0MG uptakes were affected by Pcr~BS 

in a similar way to AIB uptake. 

The simplest explanation of these data is thatPCMBS is causing 

shrinkage of vesicles with concomitant reduction of solute uptake. 

PCMBS also affected AIB and Na+ exodus in a similar manner to its 

effect on uptake as shown in figure 36. 

Since it was not possible to find an inhibitor specific for Na+ 

dependent amino acid uptake except other amino acids, no studies of 

the effects of these compound~ on the reconstituted vesicles have 

been undertaken. 



Figure 35. Effect of PCMBS on Na+, L-glucose and 3-0-methylglucose ---·-
uptake in native membrane vesicles. 

The conditions are described in figure 26. L-[1-14c] glucose 

(specific activity 51.6 rr;Ci/mmole) was useu at a concentration of 
14 0.1 m~1. 3-0[methyl·- C] glucose (specific activity 52.7 mCi/rnrwle) 

was used at a concentration of 0.09 mM. The control represents the 

30 minute uptake of L-glucose or of 3-0MG in the absence of PCMBS 

(•and,). 
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Fi ure 36. Effect of PCMBS on AIB and Na+ efflux from native membrane 

vesicles 

Efflux measurements fro~ native membrane vesicles loaded with 
. 14 22 + [1- C] AIB and · Na are performed at 0°C. Other experimental 

conditions are described in figure 20. 
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CHAPTER V: Na+ Dependent Transport of Amino-Acid 

In Reconstituted ~embrane Vesicles 

Na + depeiJdent _!ransport ·in recon:;t_itu!_ed membrane vesicles 

As has been repor~ted in the introduction, many transport systems 

in eukaryotic cells ~equire N/ as a modifer and cosubstrate for 

organic solute transport. + Na can affect Km, Vmax, or both Km and Vmax 

for transport. In the previous chapter it has been shown that the 

reconstituted vesicles take up amino 2cids. 

Since the Na+ dependent transport system is a major transport 

system in the Ehrlich Ascites cells, it is very important to demonstraTe 

the restoration of the effects of Na+ on amino-acid uptake in the 

reformed vesicles. 

The Na+ dependence of AIB transport is demonstrated in figure 37: 

the uptake in a K+ medium and in a choline medium is plotted as a 

percentage of the steady state uptake in a Na+ medi urr:; the control 

uptake in a Na+ n~dium is also indicated. In both cases it is apparent 

that the removal of Na+ reduced the uptake of AIB by about 60%. 

Na + depend!-mce has also been verified \'iith different amino-acids, 

namely phenylalanine, methionine and proline. In contrast with these 

amino-acids, leucine and s-aminocaproic acid uptakes are not affected 
+ 

by the ren~ova 1 of Na . 

Effec_Lof urq_toll_9!_ildi e_n_!_.Q.T2._8)8 uptake i ~~-tact r~~~;,brane ves i c 1 es 

It has been shm·m that o proton gradient is the driving force 

for the transport of substrates in bacterial membranes. For this 



Figure 37. Uptake of AIB in Na+ containing and Na+ free media in 

reconstituted vesicles. 

The experimental conditions are described in figure 18. The vesicles 

were preincubated in lOO mM of KCl, choline chloride or NaCl as 

indicated. No change of the medium after the preincu tion. The data 

are an average of three experiments comparing Na+ and K+ media,and 

two experiments comparing choline and Na+ media. 
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reason, it has been decided to see if an artifically imposed proton 

gradient could replace a Na+ gradient to support AIB transport in 

isolated plasma membranes from the Ehrlich Ascites cells. 

First it was necessary to compare the behaviour of the vesicles 

at the two extreme pH 1 s chosen (6 and 8.5) to the behaviour of the 

vesicles at the physiological pH (7.4). The test pH values have been 

chosen because at pH 6 and pH 8.5 there ~s not like1y to be an overall 

change in the structure of the membrane. 

+ 1- AIB and Na uptake at pH 6. 

At pH 6, the intravesicular volume vtas largerthanat pH 7.4 so that 

the apparent greater uptake of AIB at pH 6 than at pH 7.4 was an artefact. 

The ratio AIB/Na\ which was used as a measure of the specific transport 

system, wa~ lower at pH 6 than at pH 7.4. 

Furthermore, at pH 6, the uptake was not dependent on the presence 

of Na+ gradient (high Na+ outside). The lack of response to Na+ at 

pH 6 has not yet been resolved; it is not clear if the swelling alters 

the transport system, or if the transport system itself is insensitive 

+ to Na at pH 6. The latter possibility is clearly a contributing 

factor, since Na+ dependent amino acid transport is very low at pH 6 

in the intact cells (252). 

Because the uptake of AIB at pH 6 did not prove to be Na+-dependent, 

the study of the vesicles at this pH was abandonned. 

2- AIB and Na+ uptake at pH 8.5. 

The uptake of AIB at pH 8.5 was less than at pH 7.4; the steady 

state level was affected but nGt the rate; this was due, at least in 

part, to a reduction of 20% in the intravesicular volume. In constrast 

to the results obtained at pH 6, the uptake of AIB at pH 8.5 was Na+ 
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dependent and could be stimulated by aNa+ gradient (high Na+ outside), 

in a similar manner to that at pH 7.4 (figure 38). 

From these studies it can be concluded that the vesicular volume 

changes vtith pH: the lower the pH, the largerthe intravesicular volume. 

Na + dependence is not observed \<Jhen the pH is 1 ovJered to 6. \·!hen the 

system shovts sens iti vi ty to Na +, the transrort can be further 

stimulated by a Na+ gradient. 

3- Response to a proton gradient 

The imposition of a proton gradient between pH 7.4 and pH 8.5 did 

not affect the accumulation of AIB in a Na+ medium. Results are shown 

in figure 39. 

Similarly, the accumulation of AIB in the presence of a Na+ 

gradient was not affected by the imposition of a proton gradient 

between 7.4 and pH 8.5. 

If a proton gradient can contribute driving force for accumulation 

of amino acids, it was not possibl~ to demonstrate its effect, because 

the magnitude of the proton gradient ; miJosed \oJas net big enough or 

because denaturation occured. 

vesicles 

In general with reconstituted vesicles, the imposition of aNa+ 

gradient stimulated AIB uptake. The degree of stimulation was highly 

variable. Moreover the response to Na+ itself was also variable. 

Despite variability in the response to Na+, uptake was never less 

with Na+ than without Na+ in over lOO experiments. In figure 40, 

three separate experiments are presented, which show the ratio of uptake 

of AID with a Na+ gradient versus uptake without a Na+ gradient 



Figure 38. AIB accumulation at pH 7.4 and 8.5 in native ~embrane 

vesicles 

The conditions are similar to those described in figure 26. The 

vesicles are preincubated and incubated either at pH 7.4 or pH 8.5. 

The data are the mean of two.separate experiments. 
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Figur~ 39. Effect of a proton gradient between pH 7.4 and pH 8.5 

on AIB accumulation in native membrane vesicles 

The vesicles were preincubated at 37°C in the standard Na+ medium 

(figure 17) at pH 7.4 or pH 8.5, centrifuged and transferred to the 

standard Na+ medium at pH 8.5 or pH 7.4 for incubation with [l-14c] AIB 
22 + and Na at room temperature. The data are the mean of two separate 

experiments. 
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+ Figure 40. Stimulation of AIB uptake at pH 7.4 in presence of a Na 

gradient in reconstituted membrane vesicles 

Vesicles were preincubated in lOO mM sodium chloride medium (no gradient) 

or in a mediu~ in which lOO mM KCl replaced NaCl (Na+ gradient). After the 

preincubation the vesicles were centrifuged and resuspended in the standard 

Na+ medium containing [l- 14c] AIB. Other procedures were as described in 

figure 18. Three representative experiments are shown. The data are 
uptake with a Na+gradient expressed as the ratios of ------------
uptake without a Na+ gradient 
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plotted against time of incubation. The data show the variability of 

the experiments with respect to the degree of stimulation, the time 

at \·lhich stimulatory response was seen (15 sec, 1 min, etc.). It is 

not useful to calculate mean values of all these experiments, because 

of this variability. Hence individual examples are given. This 

variability might be due to variabilities iQ the degree of sealing of 

the vesicles, permeability to Na+ and sic~dness of the vesicles \vhich 

at present cannot be controlled. 

Figure 41 shows a typical experiment of AIB uptake in a N/ medium 

and when a Na+ gradient is applied (high Na+ outside). The stimulation 

of uptake by the N/ gradient cannot be explained by a change in v~lume 

of the vesicles loaded with K+, because t·i/ is taken up to the same 

level in a-Na+ medium or when a ~a+ gradient is applied. 

Effect of aNa+ gradient at pH 8.5 on AIB uotake in recons __ tt_tuted~me~!bra_Q_~ 

vesicles 

On the basis of the results obtained with the native membrane 

vesicles, the effect of aNa+ gradient at pH 8.5 has been examined in 

the reformed vesicles. Jl.t this pH the results are much more consistent 

than at pH 7.4. 75% of the experiments showed Na+ gradient-stimulated 

AIB uptake. The stimulation observed vJas of the same· order of magnitude 

as at pH 7.4. Figure 42 shows a mean of four different experiments. 

In line with the observations in the native vesicles, it was never 

possible to show a stimulation of uptake by a N/ gradient at pH 6 

with reconstituted vesicles. 



Figure 41. Na+ gradient stimulated uptake of AIB at pH 7.4 in 

reconstituted vesicles 

The conditions are described in figure 40. The data show a typical 

experiment. 
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Fi ure 42. Na+ gradient stimulated AIB uptake at pH 8.5 in reconsti

tuted membrane vesicles 

The conditions are as in figure 40, except that Tris buffer et oH 8.5 

was used. The data shown are the mean of three experiments. The vertical 

bars are the variations from the mean value. 
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Evid~nce for amino acid accu_m!.llation ~st a chenrical _potentia·! 

To obtain additional and more direct evidence for the accumulation 

of AIB against its concentration gradient, the following experiments 

\'/ere designed: The vesicles vJere loaded with AIB for 30 minutes in 

a K+ medium; at this time, the AIB taken up should be close to an 

equilibrium position. If aNa+ gradient is-imposed, that is, if the 

vesicles are transferred to a N/ medium Hithout changing the AIB 

concentration, uptake of AIB should increase if movement against a 

concentrationgradient can occur. However, ~f the vesicles are trans-
..1. 

ferred to a fresh K' medium containing the same concentration of AIB, 

the level of AIB in the vesicles should remain unchanged if the solute 

was equ-ii·ibrated, or continue to increase if the leve·l before transfer 

was remote from the steady state position. The data (figure 43) 

show that \vhen the vesicles loaded vJith K+ and AIB \·Jere transferred 

to a medium containing Na+ and AIB, there v1as a further increase, 

albeit small, in AIB taken up by the vesicles; this effect was con

sistently observed. In contrast, vesicles transferred to K+ and 1\IB 

showed ·little, if any, fu1·ther increase. Table VII sw11rnarizes the separate 

experimsnts. 

AIB efflux from the reconstituted membrane vesicles 

It is relevant to know whether by reversing the direction of the 

Na+ gradient it is possib1e to show gradient-stimulated AIB exodus. 

. . + 1 ·1 ~ Vesicles were pre1ncubated w1th Na and C-Alb; they were then 

transferred to a medium containing either' N/, K+ or !(\vnlinomycin, 

but no amino acid. As shown in figure 44, exodus of AIB from the 
+ + vesicles was increased in a K medium as compared to a Na medium. 



Figure~. Uptake of ,!l.IB at pH 7.4 against a concentration gradient 

in reconstituted vesic1es 

After sealing, the vesicles were incubated for 30 minutes at 20°C in 

a KCl mediu;n containing 0.5 mM [1- 14c] AIB. A sample vias taken at the 

end of 30 minutes to determine the nmoles amino acid per mg protein 

(initial vesicular amino acid). The vesicles were centrifuged and 

' . ' + + . . . [~ 14 ~ resuspenced 1n fresh ;'ia or K med1urn conta1mng 1- Cj .L\IB at the 

same concentration and specific activity as in the pretr·eatment. 

Samples were taken at intervals at 20°C. The data show a typical 

experiment. 
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TABLE VII 

Accumulation of a-aminoisobutyrate against its chemical potential. 

Experimental conditions are described in Figure 43. 



+ 
Figure 44. Na ·gradient stimulated A1B efflux from reconstituted vesicles 

After preincubation, the vesicles were incubated for 30 minutes at room 

temperature in.the standard Na+ medium containing [l- 14c} AIB~ Then 

50 or 100 pl of the suspension was added to 2 ml of NaCl or KCl medium, 

\·Jithout or with 5 pg/ml of valinomycin. At the times noted~ the vesicles 

were filtered, washed and dried. Th~ data are the mean of three separate 

experiments. 

0 



- 141 -

• -
,.-. 0 
w >< > 

:::J + + 0 +· + 
............ z ~ ~ 
'+-
(}) 

.,. 0 ~ 
I 

, 
I 

I ; 
I 

I ' I 

I 
f 

CO I I 
I I I 

I 
, 

I 

I 
I I <::( I I I I I 

I I I 
I I I 
I , 

I -o I I I 
.-. (]) I J I c 
'-" ~~ 0 ~ ·--+- i I 

' 

E 0 I I I 

I I I - I I I ::3 
I I I 

E I I 
f I I 

·- I I I 
+- .;.. I I 
(.{) I 0 I 

I I I 
I I /" Fp» p 

I / ., ........ ; /' " c j"::,,a. ~ 
0 F;-'~ ..... 

Q) 0 0 0 0 0 0 ·- 0 ro lO ~ C\J -o -
0 0 

!:a-

01 5 U I U I 0 W 8J 8 I \1 o/o • • 



0 

- 142 -

Valinomycin could further increase the loss of 14c-AIB from the vesicles 

in a K+ medium. 

Control experiments \'/ere conducted to vedfy if the stimulation 

by valinomycin was specif·ically due to the increase in K+ per·meability. 

The results are shown in figure 45. It can be seen that valinomycin 

+ did not increase the exodus of AIB in a Na ·medium. 

Moreover it could be demonstrated (figure 46) that AIB efflux 

was stimulated by a N/ gradient only when there i·las high intravesicular 
+ + + Na and no Na externally. If the vesicles were loaded with K and 

+ + AIB and then.transferred to eit~er a K or aNa medium, the loss of 

AIB from the vesicles was the same. The increased movement of AIB 

+ from the vesicles is thus linked to the outflow of Na . 



Fi ure 45. Effect of valinon~cin on AIB exodus from reconstituted 

vesicles 

Experi~ental conditions are described in figure 44. As valinomycin 

is used as an ethanolic solution, the absence of effect oft same 

concentration of ethanol (10 ~1/nl) on AIB exodus was verified. 
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Fi ure 46. AIB efflux from K+ loaded reconstituted vesicles 

The experimental conditions are described in figure 44. The vesicles 

were pre·incubated in a K+ medium and efflux was followed either in a 

N + d' . + d' a me 1um or 1n a K me 1um. 
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CHAPTER VI: Additional Membrane Functions Restored 

-----· .. ----

Sugar traJ.]_sp_o_!"_!: activity 

In the intact Ehrlich cell, 3-0 methylglucose is transported by 

a facilitated process, but is not accumulated (261). :·lo N/ dependence is 

observed. The same results have been obtained with the isolated membrane 

vesicles(l83).The non metabolizable sugar, L-glucose, is not transported 

into the Ehrlich cell. It enters the cell by passive diffusion. 

The uptake of these two sugars has been followed in the vesicles 

reconstitutedvrithasolectin. The results (figure 47) show that the uptake 

of 3-0 methylglucose is more rapid than that of L-glucose but after 30 

minute incubation at 20°C the steady state ·is not obtained. 

Furthermore previous studies using vesicles reconstituted with pure 

phospholipids show that the uptake of 3-0 methyl glucose can be inhibited 

by the addition of D-glucose (30 m~1) or sorbitol {30 m~1) {figure 48). 

It is unlikely that the observed inhibition by D-glucose and D-sorbitol 

is due to vesicle shrinkage because these sugars are perm~ant and the 

space as measured by 22 ~Ja \<1/as unchanged by the addition of these sugars. 

All these considerations lead to the conclusion that at least some 

sugar tr~nsport activity has been restored in the reconstituted vesicles. 

The Ehrlic:h Ascites Tumor Cells possess a(Na++ K+)activatedATPase (?.62). 

This ATPase has also been characterized in the isolated plasma membrane 

vesicles. 

The presence of (Na + + K+) ATPase activity ·Jn the reconstituted 

membrane vesicles has bren examined. As with Na+ stimulated transport, 



Fi ure 47. Sugar uptake in reconstituted vesicles 

Experimental conditions are described in figure 18. L-[1-14c] glucose 

(specific activity 51.6 mCi/mmole) was used at a concentration of 

0.1 mM. The data are the mean of two separate expe1·iments. 

3-0[methyl-14
c] glucose (specific activity 52.7 mCi/mmole) was used 

at a concentration of 0.09 mM. The data are the mean of two separate 

expriments. The control represents the 30 minute uptake of 3-0MG. 
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Figure 49. Action of D-glucose and 0-sorbitol on 3-0MG uptake in 

reconstituted vesicles 

The experimental conditions are similar to those of figure 47. The 

vesicles were reconstituted with phosphatidylethanolamine and phos

phatidylchol ine (l :1). The data are the mean of tv1o experiments. 

The control represents the 30 minute uptake of 3-0MG in the absence 

of other sugars (o). 
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the reconstitution of the (Na+ + K+) ATPase is variable and in a sizeable 

percentage of experiments (40~) no measurable activiy is recover~d. 

Hhen the N/ stimulated ATPase can be demonstrated the rate of ATP 

hydrolysis per mg of protein is variable. Nonetheless, ATPase activity 

has been recovered in sufficient instances so that it is clearly not an 

aberration. The data in TableVIII shov1 the results of ATPase assays vlith 

2 different preparations of reconstituted vesicles I and II. In the case 

of preparation II, total ATPase activity was measured with vesicles 

treated with 1% Triton X-100 in order to so1ubilize all the enzyme, which 

then becomes accessible to ATP. 

From these data it can be concluded that the reconstituted vesicles 

possess a ouabain sensitive, (Na+ + K+) activated ATPase activity, the 

ATPase activity ~easured is variable, all the ATPase activity is not 

detected unless th~ vesicles are treated with Triton-XlOO. These data 

suggest that 1) there is a mixed population of sealed vesicles, son1e 

oriented in the normal direction and some being inside-out, so that 

only a percentege of the total ATPase is measured. The percentage of 

vesicles oriented in one direction compared to the other direction is 

highly variable. Or 2) all the vesicles are oriented in the normal 

way, but the sealing is poor so that ATP leaks in, albeit slowly, 

giving measurable ATPase. With Triton, the rate of entry of ATP is not 

limiting u.nd ATPase activity is increasec;. 01· 3) a mixture of l) and 

2) is also possible. 
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TABLE VIII 

ATPase ACTIVITY OF THE RECONSTITUTED VESICLES 

Vesicle Pre_2?.ration ___ " ___ 
Incubation t~ed i urn I II II + Triton X- 1 00 I 0/o 

no Na + 
16 42 43. 

75 mM rJa + 
l 03 53. 135 

75 + mM Na + l m~l ouabain 5 31 24 

The ATPase activity is expressed as the. amount of /HP in nrno l es 
hydrolyzed in 10' by l mg of reconstituted vesicles. 

The vesicles, suspended in"\ medium containing 10 mM choline chlor.ide, 
5 mM Tris-HCl (pH 7.4), 0.1 m~1 CctCl2 and 0.1 mM t1g Cl2 were incubated for 
10' in a medium containing 40 mM Tris-HCl (pH 7.4), 75 mM NaCl or choline 
chloride) 5 mM KCl, 0.5 mM Tris-EGTA (pH 7.4), 150 ~M MgCl2 and 250 ~M 
32P-ATP. The incubation was stopped by the addition of l ml of ice cold 
5% TCA. · 

20 ~1 samples were taken to measure th2 total radioactivity of the 
medium. lOO mg of charcoal were added to absorb non-hydrolyzed .ATP. 
After filtration 200 ul samples were taken to measure the amount of 32p 
liberated. 
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DISCUSSION 

The biochemist has always been interested in the understanding of 

what is happening in the living cell at the molecular level. In order 

to satisfy his curiosity, his approach has often been the dissociation, 

purification and testoration of the original system. 

Transport activity is one of the systems where a lot of effort 

have been made in attempts to describe the observed phenomena, but no 

information on how a solute can traverse a membrane is available. 

To get to the molecular reactions involved in transport, simpler 

systems than whole cells have oeen developed such as subcellular particles 

in the form of membrane vesicles. But this is still not sufficient. 

The new approach, the biochemical one, is to see if it is possible to 

disaggregate the membrane, to isolate the transport proteins, and to 

see how the system works after its reincorporation in a vesicie like 

structure. 

The objective of this work was to see if tr·ansport activity could 

withstand membrane solubilization and be restored in reconstituted 

vesicles. 

Sol 11zation of Membranes 

A true solubilization of membranes means being able to separate 

the various chemical species from each other as well as from the bulk 

phase lipid co:rponents. The main forces involved in association of 

proteins with lipids being hydrophobic_..~ the method of dissociation 

must t~educe hydrophobic interactiolls \vhile retain·ing the catalytic 

activity of the proteins. 
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Sodium chelate was chosen as the solubilizing agent because it is a 

mild detergent with a low CMC,it has a low molecular weight and can 

be readily removed, and because it has been successfully used by Racker 

forsolubilization and reconstitution of mitochondrial enzymes (216, 217 

231,262,263). Chelate by itself (2%) did not prove to be a sufficiently 

powerful solubilizing agent of the plasma membranes of the Ehrlich 

Ascites cells, solubilizing only 40% of the membrane proteins after 30 

minutes at 4°C. Urea was introduced into the medium for extraction since 

Garev.;al et al. (238) had used urea to improve solubi1 ization of mito-

chondria by Triton X-100. Addition of 4 f4 urea to chelate increased the 

degree 6f solubilization of the membrane proteins to 90%. The pellet 

of non-solubilized material obtained after a 2 hour centrifugation at 

150~000 g·must be largely lipids, since only 40% of the phospholipids 

were recovered in the supernatant. 

Soluble State 

Hhen is 11 Soluble 11 really soluble? 

As a i·Jorking definition 11 Soluble material'' has been designated 

as that material which does not sediment at 150,000 g. This does not 

necessarily mean that the suspension is truly dispersed into its molecular 

components. Lipid -protein aggregates may still be present if the lipids 

associated 1·1i th the proteins can keep the density sufficiently 1 0\v to 

prevent sedin:entation. fn the present \vork, additiona·l observations 

show that the ~olecular size of the units in the supernatant are below 

the size of pieces of membranes and nore in line with a molecular 

dispersion. Thus, this solubilized material is able to penetrate a 

5% polyacrylamide gel indicating a unit size of less than 106. No 

organized structure is detectable under the electron ~icroscope. The 
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globular structures probably represent lipoproteins or lipid globules, 

since their size grow with time and when the sample is kept in the cold. 

None of the globules is seen in freshly prepared samples. Their formation 

and presence probably accounts for the fact that no material penetratea 

the 57; polyacrylamide gel when electrophoresis \vas performed at 4°C. 

Reconstitution of Membrane Vesicles 

Physical and chemical analyses show that the material brought dov.r1: 

by centrifugation after removal of chelate and urea by dialysis is 

vesicular in nature. 

Electron micrographs of fixed thin sections or negativ~ staining 

proceduresas well as freeze-fracture show evidence of particle-free 

vesicles limited by a membrane, usually multilamellar. The size of 

the vesicular structures (0.3 to 0.5 w in diameter) observed after 

reconstitution is more homogenous than that observed with the native 

membrane vesicles. 

Although ves i c 1 e formation, as indicated by e 1 ectron rr:·i crosco;Jy, 

requires proteins, there is no direct evidence from the micrographs 

that the proteins form part of the limiting membrane structure and do 

not in some manner enhance tl1e formation of liposomes which may 

actually trap the protein. A number of experimental observations 

suggest incorporation of the proteins into the limiting membrane: 

1- liposomes can be fOl~med in cold. These 11 Vesic1es 11 do not shov! in 

. electronmicrograpbs the dark outline characteristic of the vesicles 

reformed with membrane proteins. 

2- the core of the reforn~d vesicles appear devoid of material. 

If proteins were trapped inside, they would be expected to come out of 
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solution, aggregate and form electron dense masses. 

3- Freeze fracture stud1es showing "graining" on the surface are 

consistent with proteins embedded in a lipid bilayer. Smooth areas 

in the photograph suggest liposomes lacking proteins in the bilayer. 

4- Thermodynamically, membrane proteins will tend to associate 

with lipids rather than being trapped in a liposome. Nevertheless the 

existence of protein free liposomes is not excluded. 

Experimental evidence for incorporation of the proteins into the 

bilayer also comes from the transport studies. Vesicles formed with 

lipids alone are unable to retain amino acids. lipid vesicles would 

be unlikely able to show competitive interaction between amino acids nor 

between D and L sugars. Since the transport of solute is sensitive to 

osmotic strength, it is unlikely that the discrimination between 

solutes is due to binding. The fact that uptake is sensitive to os~otic 

activity also supports ~he conclusion that the membrane proteins have 

been reincorporated into the bilayer. 

A second problem linked to reconstitution is the problem of 

orientation of proteins in the reformed ves1cles. How is the proper 

orientation achieved? As stated by Racker (236), there are three 

pass i bi 1 iti es: 11 the infarnati on is in the protein or in the phospho-

lipid or in neither, i.e. there is something else in the membrane 

that does the directing 11
• In the case of bacterio;'hodopsin, it is the 

protein itself which directs the orientation (254). The curvature 

of the liposome can also affect the orientation of protein (255). 

But in most cases of reconstitution by dialysis of the detergent 

unindirectional orientation of the protein is not achieved. According 

to the sialic acid measurements and ATPase results the preparations of 
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reconstituted vesicles are rather heterogenous, compared to the original 

membrane vesicles. Racker and Kandrach used an external inhibitor 

such as polylysine to impose asymmetry when reconstituting vesicles 

with cytochrome c (256). Racker and his coworkers also propose incor-

poration of proteins into preexisting liposomes containing lysolecithin 

(233) or acidic phospholipids (234). These methods avoid sonication 

and dialysis, do not involve the disruption of the liposome structure! 

allow the study of the effects of size, composition and asymmetry of 

the liposomes as well as the study of the selectivity of the process. 

They lead to unindirectional orientation of the proteins. rhese 

and similar procedures have not yet been applied to reconstitution of 

amino acid transport from Ehrlich cell membrane proteins. 

The reconstituted vesicles preparation obtained here also show 

some multil ay er ves i c 1 es wh i eh may interfere \·iith uptake mea. surernents. 

Methods of preparing single layer liposomes have been described (257~ 

258) and it could be interesting to ap~ly Racker's incorporation of 

proteins into these liposomes in order to g~t right side out single 

layer vesicles from the solubilized membranes of the Ehrlich Ascites 

cells. 

The formation of reconstituted vesicles is dependent on a number 

of factors including the temperature of reconstitutions the presence 

of ions during the reconstitution, the presence and nature of phospho-

l·ipids. 

The optimum temperature for reconstitution appears to be variable 

depending on the nature of the particular system. Thus Meissner and 

Fleischer (220) found that Ca+-ATPase activity of sarcoplasmic reticulum 

was best recovered if the chelate solubilized reticulum was dialyzed 
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at 20°C. In the present work, activity was obtained when reconstitution 

was carried out at 4°C. Moreover in most experiments with more purified 

systems, reconstitution appeared to be best at 4°C. 

Divalent cations are necessary to keep the integrity of the 

++ ++ membrar.e ( 235) 0.1 m M Ca and 0. 1 mM Mg have been found to be 

the optimal cation concentration for recon itution. 

It is believed (32) that membrane proteins need a specific 

envirom,ent provided by the so-called boundary lipids. In the recons-

titution experiments no attempt was made to assess the boundary lipids 

and whethel~ they are required. The problem of phospholipid specificity 

and efficiency for reconstitution of vesicles has been studied in a 

preliminary v1ay. It v1as found that the non-natur'al phospho1ipids)such 

as B-phosphatidyl ethanolamine dipalmitoyl, do not yield functional 

t'econs ti tu vesicles. With phospholipids leading to the formation 

of vesicles carable of restoring P..lB transport activity, it 1·1as necessary 

to check if the phospholipid vesicles themselves were capable of 

taking up AlB. If the latter happens,.one would expect a mixed population 

of phospholipid vesicles and phospholipid-protein vesicles. Such 

appeared to be the case with phosphatidyl choline dipalmitoyl. Because 

the non-spec-ific uptake was 1 arge, it was deemed unsatisfactory as 

a test system. The best results (minimal non-specific uptake relative 

to total uptake) were obtained with asolectin • a mixture of soybean 

lipids. The parent absence of a requirement for a specific lipid 

may be due to the fact that there is no predelipidation of the membrane 

material before reconstitution. The essential phospholipids are 

probably present in the solubilized membranes, since 60~ of the 

original phospholipids are found in the reconstituted vesicles. The 
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addition of cholesterol had no me~surable effect. 

Vesicles of different sizes •t:ere obtained by varying the protein/ 
+ exogenous lipid ratio fot' reconstitution. As measured by the Na uptake, 

the largest vesicles were obtained in presence of excess lipids. 

However the best activity was obtained \·lhen a ratio protein/exogenous 

lipid close to 1 was used for reconstitution. 

Composition of the Reconstituted Vesicles 

The overall composition of the reconstituted vesicles is quite 

si~ilar to that of the native membrane vesicles. The reconstituted 

v~sicles have a protein/lipid ratio of 66/34 (w/w) compared to 68/32 

(w/w) for the native vesicles. The reconstituted vesicles have a sialic 

acid content 3 to 4 times greater per ~g of protein than the native 

vesicles. In reconstitut vesicles all the sialic acid is not acces-

sible to neura~inidase in contrast with the native vesicles. While 

tl1is suggests a heterogenous population of inside out and right side out 

vesicles, other possibilities are not excluded. If the vesicles are 

multilayered the sialic acid of the internal layers may not be accessible 

to neura11inidase. Alternatively in tne native inembranes, the e·3Se 1'/ith 

which all the neuraminic acid is renoved by neuraminidase may indicate 

that the vesicles are net sealed to the enzyn1e and even intel'nalized 

neuraminic acid residues from inside out vesicles is released. It has 

not yet been possible to deter~ine whether the functional native 

vesicles are all right side out. The oata, which suggest that they 

are, is the ~r value which is close to that of intact cells. Studies 

examining the IC.m fOl~ AlB ar.d glycine a:.: the cytoplasmic surface show 

a much higher Km (264). ·Ne systematic attempt h~s been made to impose 
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a specific orientation of the proteins during reconstitution. 

When the normal and reconstituted vesicles were subjected to SDS 

polyacrylamide gel electt~ophoresis, similat' protein profiles are 

obtained although the major proteins are incorporated into the r-econs

tituted vesicles. There is a visible loss of intermediate molecular 

weight proteins in the reconstituted vesicles (5.104 - 105). 

All these co~siderations indicate that the reformed vesicles are 

very similar to the original vesicles. As many proteins are found in 

the reconstituted vesicles, a number of membrane functions may be 

recovered such as organic solute transport and (Na+ + K+) ATPase. 

These activities have been investigated and the extent and c;1aracteristics 

of reconstitution of function assessed. 

Amino Acid ir. Reconstitu 

Amino acid exchange is the ability of a specific solute on one 

side of the membrane to accelerate the movement of a like solute in 

the opposite direction in a stoichiometric illanner. It is a simpler 

transport system than active transport probably because it does not 

+ require ensrgy or the presence of Na . 

Phenylalanine exchange in the reconstituted vesicles has been 

demonstrated. This conclusion is based on the following evidence: 

{1) Efflux of phenylalanine from the vesicles is stimulated by 

t~e presence of phenylalanine in the external medium. 

{2) Efflux of phenylalanine is not affected by the presence of 

a non tr·anspotted amino acid in the external medium (E-1Hl2 caproic acid). 

{3) Efflux of AlB, a non exchanging amino acid is not stimulated 

by the presence of AlB in the external medium. 
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The exchange observed \tlith phenylalanine is not an artefact due to a 

shrinkage of the vesicles induced by the presence of a higher concentra

tion of phenylalanine in the external medium, because £-NH2 caproic acid 

at the same concentration has very little ifany effect. 

Amino a_~iQ__!:_r_?nspprt 

The central work' in this thesis is that the Na+ dependent amino acid 

transport can be reconstituted after solubilizing the plasma membranes of 

Ehrlich Ascites cells. The extent to which the original characteristics 

of the system is recovered is a measure of the stabi1 ity of the system. 

Moreover, in order to serve its ultimate objective, i.e. purif~cation to 

study transport at the molecular level, it is essential to know that the 

fundamental characteristics of the system are not lost or altered d~ring 

the treatments requir·ed to solubilize and reconstitute. 

If the reconstituted vesicles possess transport systems for amino 

acid, they sr.ould be able to take up different a;rino acids in a manner 

similar to thE intact cells and native vesicles and the characteristic 

uptake should show enzyme-like behaviour since the carrier responsible 

for transport is likely to be protein in nature. 

The vesicles are sufficiently sealed to show a time dependent uptake 

of various amino acids. It is apparent from the results that the rates 

of uptake differ for different amino acids. The arnino acids actively 

tiansported show the highest rates of uptake and after 30 or so minutes 

of incubation reach the same steady state position. 

AlS uptake is dependent on the Gmount of membrane proteins whether 

the initial uptake or the ~ptake after 30 min. incubation at 200 C is 
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measured. This activity is also temperature sensitive, the rate:; being 

greater at 370 C than at 200 C. 

The uptake of AlB is saturable, in accordance with the operation of 

a carrier mediated function. The ~1 was estimated both from initial l~ates 

and from uptakes at 30 minutes of incubation. A Km of 3 mi~ is obtained, 

similar to the ~ obs~rved in intact cells (2 mM) and native membrane 

vesic1es (3.7 ml·l). Uptake of AlB is inhibited by methionine and not by 

1euc·ine and s-NK2 caproic acid,a result which is consistent 1trith the obser

vations in intact cells and native membrane vesicles. 

Na~_~ep~nq_eJYl: ami no acid trans_pQ_rt 

In eukaryot i c ce 11 s, transport systems for organic solutes frequent

ly require Na+ as a cofactor. 

In the reconstituted vesicles, AlB uptake is enhan by the pre-

sence of Na+. Uotake is relatively slow in a K+ or in a choline medium. 

The presence of Na+ does not alter the vesicular volurn~ since measurements 

of tracer 22Na uptake in the presence or absence of lOO mM Na+ in the 

medium gave identical results. 

Other amino acids like methionine, phenylalanine er glycine show 

enhanced uptake in a Na+ medium. The transport of leucine, known to be 

poorly transpot'ted by a Na+ dependent l'oute, and c-NH2 caproic acid \·;hich 

is not knovm to be transportee are not affected by Na+. 

The response to Na+ of the various amino acids is strictly comparable 

to the response in the intact cells 0r native vesicles (259). 
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Na+ gradient stimulated amino acid uptake 

Besides being a cofactor, .Na+ also plays a role in the energization 
. . 

of transport. It has been shown that the Na+ electrochemical potential 

is a major driving force for active transport in Ehrlich Ascites cells 

and other tissues. When a Na+ gradient is applied to the reconstituted 

vesicles at pH 7.4, the response,although variable in degree,is an enhance

ment 6f influx and a transient accumulation above the steady state level 

seen in the absence of the Na+ gradient. The degree of stimulation of 

AlB uptake by imposition of a Na+ gradient could vary from 20 to 100~; and 

the peak of response was seen anywhere from 15 sec. to 2 min. No obvious 

rea~0n was found for this variability. Possible reasons are a variable 

degree of sealing, variable permeability to rJa+ and the proportion of 

vesicles which were inverted. The data on the effect of a Na+ gradient 

on AlB uptake suggested that accumulation against a chemical pote11tial 

had occured. However, without a direct measure of vesicle volume, it was 

not certain whether the vesicular AlB concentration exceeded that of the 

medium. 

To obtain direct evidence that AlB is accumulated against its con-

centration gradient in reconstituted vesicles, a diffcl·ent approach was 

used. If the uptake in a non Na+ medium leads to equilibrium between the 

inside and the outside concentrations of AlB, and if the Na+ gradient is 

able to drive AlB against its own concentration gradient, switching the 

vesicles from a non Na+ medium to a Na+ medium should iead to an i:1crease 

in the uptake of AlB when d gradi2nt is i~posed. This prediction was 

vet~ified experir.ienta "lly ~ the results shm·1 a but·st of uptake for the 

vesicles switched to aNa+ ~edium with aNa+ gradient (Nai > Na
0
).It is 

assumed thut the system v;as at equil ibt'ium prior to the svtitch, because: 
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AlB uptake had reached a steady state before transferring to a Na+ medium 

and did not increase if the transfer vtas made to non Na+ medium. 

AlB efflux 

Tne transport system should be reversible and if the direction of 

movement of Na+ is reversed, Na+ dependent efflux should ensue. 

This prediction was shown to hold true. With a reversed Na+ qradient 

(high Na+ inside) AlB efflux was increased. Addition of valinomycin to 

medium high in K+ with low K+ inside creates a diffusion potential inside 

positive. This increase in membr~ne potential is expected to increase 

AlB efflux and was shown to occur in the present experiments. 

son of intact and reconstituted vesicles 

The uptakes of AlB in both the intact and the reconstituted membrane 

vesicles are summarized for co·~:par·ison in table IX. It can be seen that 

the reconstituted vesides shov1 greater uptake activity per mg of protein 

than the intact vesicles, indic3ting that a considerable fraction of 

act·i vity was restored. 
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TABLE IX 

Uptake of a-aminoisobutyrate in the native and reconstituted membrane vesicles. 

----
a-aminoisobutyrate taken up by 

Native 
f~edi urn Uptake at vesicles 

nmo1s/ma 

lOO mf·l NaCl 15 sec 0.20±.05 ( 1 0) 

30 min 0. 40±. 1 0 ( 1 0) 

lOO mM Choline chloride 15 sec 0.12±.02 (4) 

30 min 0.25±.05 (4) 

----------------------

··----

Reconstituted 
vesicles 

protein 

0. 30± .1 0 (48) 

1 . 00±. 30 (48) 

0.20±. 10 (5) 

0.65±.10 (5) 

MeHn values ± standard deviations are given. The numbers in brackets are the 

numbers of individual experiments. Incubation was at 20°C. The concentration 

of u-a;ilino·isobutyrate \·1as 0.5 mt·l. 
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Concl us·ion 

These data indicate the feasibility of reestablishing .amino Rcid 

transport from isolated components. The system is sufficiently stable 

to withstand the potential denaturing action of the detergents. Moreover 

the transport must either be fairly simple or, if multiple peptides are 

involvedJthe agents used to disaggregate the membrane do not disaggregate 

the basic f~~ctional unit. 

It vwuld appear very unlikely that a muHipeptide transport system 

would become reassociated in very dilute solution with restoration of 

function. 

The reformation of a vesicle containing the transport system is 

spontaneous upon removal of detergent, although it has not yet been 

feasible to direct the orientat~on of the proteins in a unique manner. 

Most of the basic characteristics of the Na+dependent transport 

system are recovered as well as edditional rembrane functions such as 

the sugar transport system and the(Na+ + K+)ATPase. The ground has been 

laid to initiate purification procedures .to identify and purify the amino 

acid transport systen and to study transpol~t at the molecular level. 

Such studies may eventually disclose the mechanisms by 1·1hich a cell 

per·mits the passage of a low molecular \·Jeight water soluble substance 

across a lipid-like membrane at a rapid rate and in a highly specific 

manner and furthermore hOi·i this mechanism is poised and cou!Jled to 

energy so that the transport sys carry out osmotic work. 
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CONTRIBUTION TO ORIGINAL KNOWLEDGE 

1- This work represents the first solubilization of plasma membranes 

from Ehrlich Ascites cells. The solubilization, performed with 2% 

cholate 4 M urea, is able to bring into solution 80 to 90% of the 

membrane proteins. 

2- ~1embrane vesicles can be reformed by c.dding exogenous lipids and 

dia1yzing the detergent. 

3- The reconstitution of functional vesicles depends on the divalent 

cation concentration and temperature of reconstitution, and on the 

presence ~f some specific phospholipids. 

4- The reconstituted vesicles have a chemical composition similar to 

that of th~ native vesicles and are osmotically active. 

5- The reconstituted vesicles show ouabain sensitive (Na+ + K+) activated 

ATPase activity. 

6- Sugar transport activity is present in the reconstituted vesicles. 

7- The reconstituted vesicles possess an amino acid exchange system. 

8- The reconstituted vesicles also possess a Na+ dependent transport 

system for amino acids. The Km for AlB uptake is similaY' to that 

measured for native membrane vesicles and intact cells. 

9- In native vesicles, AlB uptake is inhibited by methionine but not 

by leucine. ~lethionine uptake is not affected by glycine, but is 

inhibited slightly by phenylalanine and more signi·ficantly by leucine. 

Glycine uptake is inhibited by methion·ine and phenylalanine but not by 

leucine. 

10- In the reconstituted vesic.Jes. AlB uptake is inhibited by methiorl'ine 

and unaffected by leucine. 
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11- The energy coupling system is restored: 

C -The uptake of amino acids can be stimulated by a ~~a+ gradient 

0 

(high n/ outside). 

- By reversing the Na+ gradient (low Na+ outside) it is possible to 

stimulate AlB efflux from Na+ and AlB loaded vesicles. This efflux was 

further stimulated by the addition of valinomycin. 

- Amino acids accumulate against the·ir chemical potential. 

1 As it is possible to desintegrate and reform membrane vesicles without 

lo"Jsing transport activity, this v10rk represents a viable assay for further 

identification of the transport system. 
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Uptake of Amino Acids in Reconstituted Vesicles 
Derived from Plasma Membranes of 
Ehrlich Ascites Cells 

R. M. JOHNSTONE AND CLAUDETTE BARDIN 
Department of Biochemistry, McGill University, Montreal, Canada 

ABSTRACT To obtain a clearer concept of the mechanism of organic solute 
transport in mammalian cells, we have attempted toreconstitute a functional 
transport system for amino acids from plasma membranes of Ehrlich ascites 
cells. Purified plasma membranes were dissolved in 2%' Na cholate--4 M urea, 
a mixture which brought over 85% of the membrane proteins into solution. 
After centrifugation of the solubilized material for 2 hrs at 100,000 X g, the 
supernatant was dialyzed in the cold for 20 hrs with additional lipid. The re
formed vesicles were tested for the ability to transport amino acids. The pre
liminary results obtained show that the uptake of a-aminoisobutyric acid can be 
inhibited by L-metbionine and much less by L-leucine as would be predicted 
from the known properties of a-aminoisobutyrate transport in the intact cells. 
In addition, it has been possible to show accelerated efflux of intravesicular 
phenylalanine when phenylalanine is added to the trans side (medium side). 
The data are consistent with the conclusion that there is carrier mediated 
transport in the reconstituted vesicles. 

Although it has become accepted by 
most investigators that the passage of small 
water soluble molecules across plasma 
membranes is dependent on specific pro
teins (carriers) in the plasma membrane, 
there is little understanding as yet of the 
actual mechanism of the transport event. 
To find a solution to this problem, many 
attempts are being made to study trans
port in a simpler system than the intact 
cell. Methods have been devised to study 
transport in vesicles prepared from plasma 
membranes (Busse et al., '72; Carter et 
al., '72; Hopfer et al., '73; Lee et al., '73; 
Colombini and Johnstone, '74a; Colom
bini and Johnstone, '74 b; Beck and Sack
tor, '75; Kinne et al., '75; Quinlan and 
Hochstadt, '76) and others have recon
stituted transport systems in liposomes 
(Kagawa and Racker, '71; Meissner and 
Fleischer, '74; MacLennan, '75). In addi
tion, in work with vesicles from micro
organisms, considerable progress has been 
made (Kaback, '74; Schuldiner and Ka
back, '75). 

We have successfully prepared a plasma 
membrane fraction from Ehrlich ascites 
cells. These membranes form vesicles 
which show accumulation of amino acids 
against their chemical potential in the 
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presence of aNa+ gradient (Na+ external). 
As part of a program to determine which 
membrane components are required for 
amino acid transport, we began by de
termining whether it is possible to restore 
some functional transport activity after 
dissolving the plasma membranes. This 
brief report is a summary of some of our 
results with the reconstitution. 

METHODS AND MATERIALS 

The Ehrlich ascites cell membranes were 
prepared as described earlier (Colombini 
and Johnstone, '73) with the following 
modifications: (a) the sucrose-Zn2+ gradient 
was buffered with 5 mM phosphate buffer, 
pH 7.4, and (b) a cushion of 50% sucrose 
was added to the gradient. Most of the 
nuclei and a few of the membranes pene
trated the 50% sucrose layer. The isolated 
plasma membranes were dissolved in 2% 
cholate--4M urea--0.1 mM EDTA using 
1-2 mg protein per ml. The mixture was 
stirred at 0° C until a clear solution was 
obtained (usually 30 min). The clarified 
solution was centrifuged at 105 g for 2 
hrs at 4 o C and the clear supernatant 
used for reconstitution. A small yellowish 
pellet formed on centrifugation. 

Phospholipids were dispersed by sonica-
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filtration technique as described before 
(Colombini and Johnstone, '74b). Es
sentially, the membrane suspension was 
incubated with 14C amino acid and 100 
p.l samples are taken at intervals, diluted 
20 times in cold wash medium (100 mM 
NaCl, 0.1 mM Mg2+, 0.1 mM Ca2+, and 
5 mM Tris pH 7.4) filtered on glass fiber 
filters under suction and followed by a 
rapid wash of the filter with another 10 
ml of wash medium. The filters were dried 
under an infrared lamp and counted in 
a toluene-based scintillation solvent. 

RESULTS 

The data in table 1 show that the up
take of a-amino-isobutyrate by the reformed 
vesicles is time dependent. If the tempera
ture is reduced to 0 o, there is little increase 
with time of AIB associated with the 
vesicles (results not shown). 

The data also show that methionine 
significantly reduces AIB uptake by the 
reconstituted vesicles but L-leucine at an 
equivalent concentration has no effect. 
Similar results are obtained with the orig
inal vesicles (unpublished data) and with 
the original cells (Johnstone and Schole
field, '59). It should be pointed out that 
there is no evidence in this experiment 
for accumulation of a-amino-isobutyric acid 
against its chemical potential. Additional 
experiments also show that a-amino-iso
butyrate uptake is a saturable process in 

TABLE I 

Competition between amino acids in 
reconstituted vesicles 

Time 
(min.) 

1 
2 
5 

Uptake of a-aminoisobutyric acid 
p. moles/mg protein 

Control 

0.39 
0.50 
0.78 

+ Methionine + Leucine 

0.30 
0.33 
0.55 

0.43 
0.47 
0.81 

Vesicles were incubated in a medium containing 100 
mM Na+, 0.1 mM Mg••, 0.1 mM Ca••, and 5 mM Tris 
buffer at pH 7.4. P•C-labelled a-amino-isobutyric acid 
was used at a concentration of 0.4 mM and specific ac
tivity of9.0 me/mM. L-Methionine and I.-Leucine were at 
10 mM. The incubation was carried out at 20° C in air. 
The uptake at 0 time was 0.14 p.moles per mg protein. 
This value has been subtracted from the values in the 
table above. A representative experiment is shown. 
These vesicles were reconstituted with asolectin 1 mg/ 
ml. 1n two similar experiments of this type, methionine 
inhibited uptake of a-amino-isobutyrate by 25 and 30 
percent respectively while e-amino-caproate had no 
measurable effect. 

the reconstituted system although the Km 
for AIB is about 12-16 mM in the recon
stituted system compared to 4 mM in 
the original vesicles. 1 

The Ehrlich ascites cells are known to 
possess an amino acid exchange system in 
addition to a system for net amino acid up
take (Potashner and Johnstone, '70; Ox
ender and Christensen, '63). Therefore we 
wished to determine whether there was any 
evidence for exchange in the reconsti
tuted vesicles. Evidence has previously been 
presented to show that the original plasma 
membrane vesicles show the phenomenon 
of accelerated efflux characteristic of 
the exchange process (Colombini and 
Johnstone, '74b). The results in table 2 
show that efflux of intravesicular phenyl
alanine is accelerated by the presence of 
non-radioactive phenylalanine in the 
medium. 

Time 
(m in) 

1 
2 

10 

TABLE 2 

Counterfiow of phenylalanine in 
reconstituted vesicles 

% Remaining of initial ••C-phenylalanine 

-------~----------------------+ Phenylalanine 
Control (t2C) in medium 

98 65 
75 57 
70 43 

Vesicles were preincubated with 0.1 mM ••C-phenyla
lanine, 414 mC/mmole in the medium described in 
table 1. After 20 min, the vesicles were divided into two 
equal portions, centrifuged down, and the supernatant 
removed. The vesicles were resuspended in fresh medium 
with and without the presence of non-radioactive phenyl
alanine (10 mM). Sampling commenced as soon as the 
vesicles were resuspended in the fresh medium. The 
data given are typical of 6 experiments where, with 
phenylalanine in the medium, the percent phenylalanine 
remaining after one minute was 6~6% compared to 
98-91% in the control situation. 

In summary, the results obtained are 
consistent with the expression of carrier 
mediated amino acid transport in reconsti
tuted vesicles, showing the characteristics 
of time and temperature dependent up
take as well as saturability and speci
ficity. 

We are presently engaged in attempts 
to show that imposition of a Na+ gradient 
increases amino acid uptake. Thus far, al
though uptake is generally highest in a 

1 With recent preparations of reconstituted vesicles, 
the Km for AIB uptake has been 3.4 ± 0.4 based on 
1 min. fluxes. 




