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GLOSSARY 

The following abbreviations are used 

A, Β Substrates for transport; subscripts indicate sides of the transporting 
membrane (1, 2) 

X Carrier (free) 
Υ, Ζ Modifications of carrier 
XQ Total carrier concentration in transport region 
Ka, Kb Dissociation constants of (binary) carrier substrate complexes, ΧΑ, XB, 

respectively 
Kab, Kba Dissociation constants of (ternary) complexes XAB for A and B, respec

tively 
Km Apparent Michaelis constant 
Ρχ, Pax, Ρχαη Rate coefficients of X, XA, XANa etc., respectively 
Ja, Jb Flux of A or B, respectively 
Λ 0 , Ja

max Initial and maximal flux, respectively 
ECP(D) Electrochemical potential (difference) 
<f>na(<l>ka) Factor by which affinity of carrier (X) for A is increased by the binding of 

Na (K), and vice versa 
455 
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I. GENERAL 

The first observations pointing to a " concentrative uptake " by tissue 
cells were probably made by Van Slyke and Meyer, who in 1913 found 
that amino acids injected intravenously rapidly disappeared from the 
blood [1]. The important pioneer work in studying this amino acid up
take in animal cells was then carried out by Christensen and his group 
[2-6], who tested various cell types for their ability to concentrate 
each amino acid out of the whole spectrum of natural amino acids and 
some of their close analogs. The Ehrlich ascites carcinoma cells 
(referred to as Ehrlich cells), which appear to concentrate almost all 
natural amino acids and to maintain higher distribution ratios of these 
than do most other animal cells [7], proved especially active in this 
respect. It was inferred that this activity of cancer cells might be related 
to their malignancy. This may partly explain why amino acid transport 
has been investigated extensively in Ehrlich rather than in other cells. 
Meanwhile many other tissues have been tested, too, and other aspects, 
in particular kinetic and energetic ones, added to the program. It now 
seems that most, if not all, living cells are able to transport at least some 
amino acids, and that for every natural amino acid there is a transport 
system available in some animal cell species, although different cell 
species may vary greatly with respect to the development of their 
particular amino acid transporting systems. 

A. Homeo- and Transcellular Transport 

The active transport of amino acids, like that of other organic solutes, 
may be either homeocellular or transcellular. The former takes place 
between cells and medium, the latter across layers of whole cells. 
Homeocellular transport tends to build up and maintain a high con
centration gradient. Transcellular transport, as across epithelial 
layers, may move large amounts of solute, often against a low concen
tration gradient. Most investigators believe that this distinction is not 
fundamental, since the proper transport mechanism is, in either case, 
located in the cellular membrane and hence primarily homeocellular. 
Transcellular transport would then be only a secondary phenomenon, 
bound to appear if the cell is " polar," i.e., if two opposite regions of the 
cell membrane differ in their transport abilities or permeability proper
ties. So a transporting pump may be more powerful in the one region 
than in an opposite one, or, equivalently, the leakiness may be different 
in the two regions. In either case the amino acid would be actively 
transported into the cell from one side and then, after sufficient 
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accumulation, "spill over" through the other [8]. Accordingly, during 
transcellular transport the amino acid level inside the epithelium must 
exceed that of either adjacent solution. This seems to hold for the cells 
of the intestinal mucosa and of the kidney tubule. Hence it is assumed 
that during reabsorption of amino acids by these cells the uphill trans
port takes place in the luminal brush border of the absorbing cells, 
whereas the penetration of the serosal border is passive. Whether the 
latter process is mediated or not is at present not precisely known. 

B. Kinetics 

The transport of most natural amino acids in animal cells appears to 
be predominantly mediated, presumably involving a mobile carrier that 
binds its substrate before translocating it across the " osmotic barrier." 
This is inferred from the criteria considered characteristic of such 
transport, as saturation kinetics, specificity, typical interactions between 
different amino acids during transport, e.g., competitive inhibition, 
countertransport. 

The transport of amino acids shows saturation kinetics that often fit 
the Michaelis-Menten relation [9], the double reciprocal plot of the 
initial transport rate against the external concentration being linear, at 
least in the lower concentration range. At higher concentrations very 
often deviations of linearity are observed, the line diverging toward the 
origin. This can be attributed to a nonsaturable transport component 
(often taken as free diffusion), which may not always be justified, be
cause a mediating system with sufficiently low affinity (high Km) would 
behave similarly. Christensen reported evidence that part of the so-
called nonsaturated component of amino acid transport in Ehrlich cells 
may indeed be mediated [10]. Various equations and procedures have 
been proposed to separate this nonsaturable component from the main 
transport [11]. Since the nonsaturable component is, as a rule, very 
small compared to the main fraction, it becomes appreciable only at 
very high concentrations (Fig. 1). If, however, such deviations appear at 
moderate concentrations, they may indicate the operation of an ad
ditional independent transport system for the same amino acid. The 
consequences of such parallel operations of different transport mediating 
systems for the same amino acid are discussed below. 

Even in cases of a straight and homogeneous Michaelis-Menten 
relation it is difficult, or even impossible, to interpret correctly the 
meaning of the two parameters Km and / m a x . Km, the half-saturation 
(Michaelis) constant, is certainly not a reliable index of the affinity 
between carrier site and amino acid because not only / m a x but also Km 

depend on the difference in mobility between loaded and unloaded 
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FIG. 1. A model of carrier mechanism for glycine transport in Ehrlich cells under con
sideration of exchange diffusion. Five essential steps are involved. The active carrier χ com
bines with the amino acid a (Step 1 ) to form the complex ax which moves across the trans
port region (Step 2) and dissociates at the inner side of this region (Step 3). The carrier is 
catalytically inactivated to become y (Step 4 ) . New active carrier is formed with the ex
penditure of metabolic energy (Step 5). Exchange diffusion involves only Steps 1, 2, and 3 
and requires that the reactions underlying Steps 1 , 3, and 4 are at least partly reversible. 
From Heinz and Walsh [28]. 

carrier. If, for instance, the carrier loaded with substrate S has the rate 
coefficient Pax, and the empty carrier the coefficient Px the initial velocity 
Ja° of the transport will be 

r O ΡαχΡχ γ [A] / n 
J* — p~ΊΓρ" ° TP ( i ) 

x K a - ^ - + [k] 
^ax +Ρχ 

It is seen that both / m a x and the apparent Km are functions of both Pax 

and Px [12,13]. Hence, anything that affects the ratio of these two 
coefficients is also bound to change Km, even without altering the affinity 
between carrier and substrate. Obviously / m a x cannot simply be taken as 
product of the total carrier concentration (X0) and the rate coefficient 
of the loaded carrier species, as it is usually done. Instead, / m a x may 
not be determined by such factors at all, especially not in active trans
port, where it may be limited by the supply of energy. 

C. Specificity 

Transport systems, like enzymes, are specific for certain amino acids 
or groups of amino acids, i.e., they "recognize" their substrate on the 
basis of some structural features. As a rule, transport systems seem 
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somewhat less specific than enzymes, since they only prefer certain 
amino acids, without excluding others, so that overlapping of specificity 
between different systems may occur. Also stereospecificity, which may 
be almost absolute with certain enzyme systems, is less pronounced in 
amino acid transport. In most cases the affinity of a given transport 
system for the L configuration is several times higher than for the D 
configuration. But still also D-amino acids may be accepted and trans
ported by the same system [5,14,15]. 

Attempts have been made to map the specificity of given transport 
systems by the use of analogs of natural amino acids. As is the case with 
enzyme systems, the specificity has been found to depend on only a 
few characteristic groupings; this could be expected on the basis of 
Ogsten's theory of "three-point attachment" for enzymes. So the 
transport of neutral amino acids by any adequate system requires the 
presence of a free carboxylic group, a free basic amino group in α 
position, and a nonpolar group [15]. The presence of an Η atom at the 
α-C atom seems to be required for some but not all systems. Funda
mental alterations in any one of the essential groups may reduce or 
even abolish the affinity for a given transport system but may at the 
same time make it acceptable to another one. As will be shown later, the 
shift of the α-amino group to β position will reduce the affinity to the A-
system but at the same time increase the affinity to the β-system. The 
same is true for the replacement of the apolar group by either an anionic 
or cationic group, which will abolish affinity to all systems for neutral 
amino acids but may increase the affinity to a system specific for acidic 
or basic acids, respectively. 

D. Interactions 

1. INTERACTIONS BETWEEN AMINO ACIDS 

Different amino acid species, or different isotopic forms of the same 
amino acid species, may influence each other's transport. This influence 
may be stimulatory or inhibitory. If the fluxes influencing each other are 
in the same direction, the amino acids interacting with each other at the 
same side of the membrane, we call the effect cis effect, i.e., cis stimu
lation or cis inhibition. In other cases the flux of a given amino acid may 
be affected by another amino acid present on the opposite side of the 
transporting membrane. These effects are called trans effects, such as 
trans stimulation and trans inhibition. 

It should be pointed out that the terms just mentioned are strictly 
phenomenological; they merely describe what is observed with a given 
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undirectional flux upon the addition of a solute to the same or to the 
contralateral solution. They are therefore not exactly synonymous with 
the other terms generally used to characterize the same phenomena, 
such as cotransport or symport for cis stimulation, countertransport or 
antiport for trans stimulation, and competition for cis inhibition. 
These other terms are interpretative, i.e., they interpret the phenomena 
in terms of given, preconceived transport models. Such models as that 
of a mobile carrier that binds the transported substrate before carrying it 
across the osmotic barrier may be widely accepted, and there may be 
little doubt as to their validity, but they have not yet been proved. 
Hence the interpretative terms are also hypothetical, even though useful 
in that they describe concepts of the phenomena and help integrate them 
into a more unified theory of transport. In addition, there are cases of 
cis and trans effects to which the interpretative terms mentioned do not 
apply. For example, cis stimulation does not always mean cotransport, 
as will be shown below, nor does trans stimulation necessarily indicate 
countertransport; it could also indicate a positive feedback control, as 
has been shown with some microbial systems [16]. 

a. Cis Inhibition—Competition. The inhibition of the transport of an 
amino acid by the presence of another is very common and shows kinetic 
characteristics of competitive inhibition. It is therefore attributed to the 
competition between different amino acids for one or more common 
transport systems, with the implication that in order to be transported 
the amino acid has to be bound to a specific acceptor site of a transport 
carrier. In other words, interaction between the amino acid and its 
carrier is supposedly similar, or even equal, to the first interaction 
between an enzyme and its substrate, the so-called "recognition" step. 
In many cases the kinetic behavior deviates from that predicted on the 
basis of a simple competitive inhibition: so, the inhibitory constant (Kt) of 
a given amino acid with respect to the transport of others is different 
from its half-saturation constant (Km). These deviations do not necessarily 
disagree with the views above on the carrier substrate interaction, and 
they can often be attributed to the presence of different transport 
systems with overlapping specificities. Various distinct transport 
systems have been identified, partly on the basis of such competition 
studies, as, for instance, the A (alanine-preferring)- and the L (leucine-
preferring)-systems [17]. 

b. Cis Stimulation. Besides cis inhibition, the opposite occasionally 
occurs; the influx of certain amino acids is more or less strongly enhanc
ed by the presence on the cis side of certain others. Christensen et al. 
reported that the accumulation of glycine in Ehrlich cells is increased by 
20-40% in the presence of basic amino acids in the medium [5]. These 
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effects, however, were observed after long incubation times (1-2 hours) 
and therefore do not warrant a true stimulation of influx. Later, Jacquez 
observed a cis stimulation of the 1- and 2-minute uptake of trypto
phan in Ehrlich cells by various neutral amino acids, including the 
amino acid analog azaserine [18]. If the concentration of the stimulating 
amino acid relative to that of the stimulated one was sufficiently raised, 
the stimulation turned into inhibition. Likewise, Guroff et al. found 
that the 30-minute uptake of aromatic amino acids in sarcoma 37 cells 
was strongly stimulated by the simultaneous addition of p-F-phenylal-
anine [19]. The effects were strongest if both the stimulated and the 
stimulating amino acids were present at about equal concentrations. 
More recently, Munck found that in the rabbit ileum the transcellular 
transport of lysine is enhanced by the simultaneous addition of leucine 
to the mucosal fluid [20]. In the three cases mentioned here the trans
port of the stimulating substrate was strongly inhibited during its 
stimulatory action. The extent of this inhibition was equal to, or greater 
than, that of the stimulation. 

To explain this cis stimulation in terms of accepted carrier models, 
various hypotheses, with and without additional assumptions, have 
been offered. It was natural to think first of a genuine cotransport 
between the two interacting amino acids, brought about by a carrier with 
different sites, each one preferring a different amino acid. As will be 
discussed below, this explanation has been abandoned. It is even 
questioned whether the observed stimulation is a true cis effect at all, or 
whether it is due instead to a hidden countertransport. In that case some 
of the stimulating amino acid has to pass to the trans side first before 
influencing the transport of the other substrate. In essence this is 
implied in Wilbrandt's explanation of cis stimulation. Wilbrandt had 
predicted on the basis of an unmodified carrier model of facilitated 
diffusion that under certain conditions a "paradoxical" acceleration of 
transport may occur in the presence of a competitive inhibitor of that 
transport [21]. This follows from the basic kinetic equation of carrier-
mediated net transport. 

Assuming, for simplicity, that Β is equally distributed on both sides of 
the barrier, Wilbrandt showed that on condition that 

A*[Ah Kb[A]2 

MA], + KAB], + Ka Kb Kb[A]2 + Ka[B]2 + Ka Kt 

Q B ] + ^ ) 2 

Kb

2 < 
[Ah - [A]2 

Ka

2 (2a) 

the net transport of A must be stimulated by the presence of B. Certainly 
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Β need not be the same on both sides of the barrier for stimulation of 
the transport of A to occur, but undoubtedly the Β on the trans side 
must have reached a threshold concentration on that side before the 
stimulation becomes manifest. The intracellular concentration of Β 
required to meet the above condition may be higher in active accumu
lation than in facilitated diffusion, since in the former the dissociation 
constant Ka of any actively transported substrate would be much greater 
inside the cell than outside. The question therefore is whether B, at the 
time when competitive stimulation is observed, has already reached the 
required introcellular concentration. Guroff reports that in his experi
ments the stimulation appeared before enough of the added stimulator 
could have entered the cell. Furthermore he found that after loading the 
cell with both the stimulated amino acid (tryptophan) and the stimulat
ing one (phenylalanine), the efflux of tryptophan into the medium was 
not at all inhibited by the second amino acid. This he found difficult to 
reconcile with Wilbrandt's model, in which this inhibition of efflux seems 
to be essential for the stimulating effect. He therefore invoked an 
activation energy to be required for the binding of the substrate to the 
transport carrier [19]. It is known that enzymes exchange a bound sub
strate molecule for another one more rapidly than they bind a new 
substrate to the unoccupied site [22]. Analogously the stimulated amino 
acid, combining with the empty carrier very sluggishly, may do so much 
more quickly if the acceptor site has already been "prepared" by the 
prior binding of the stimulating amino acid, in this case /^-phenyl
alanine. Munck, on the other hand, found his observations in agreement 
with Wilbrandt's explanation [21]. Jacquez, who had first favored a 
true cotransport model for his observations [23], later adopted still 
another explanation, which, though in principle somewhat related to 
Wilbrandt's is derived on the basis of the two distinct transport agencies, 
the A- and the L-systems, presented by Oxender and Christensen [17]. 
Assuming that the amino acid Β is actively transported into the cell by 
the Α-system, one can imagine that Β may soon attain an intracellular 
level sufficient to effectively pull in A by countertransport or exchange 
via the L-system. This explanation would indeed fit the stimulation of 
tryptophan by methionine, as observed by Jacquez [24], since the 
former is known to be predominantly served by the L-system, whereas 
methionine supposedly has an affinity about equal to both the A- and 
the L-systems. Since in this process methionine would have to come out 
again via the L-system, the net entry of methionine would indeed be 
smaller than without its interaction with tryptophan, as has been 
found experimentally. Jacquez et al supported this explanation by 
showing that the stimulating effect of c/s-methionine on tryptophan 
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influx depends on the presence of Na ions [24,25], as they had expected 
since the entry of methionine via the Α-system should be Na-dependent, 
whereas its exchange with tryptophan via the L-system should not. 
Although this explanation is plausible and consistent with experimental 
observations, more recent findings of Munck et al raise new doubts 
as to its validity for his system, the transport of lysine across the intes
tinal epithelium, which is greatly enhanced by the presence of leucine on 
the cis side as well as after the tissue had been preloaded with leucine. 
Investigating the various fluxes across the two borders of the intestinal 
cells separately, Munck and Schultz found that intracellular leucine did 
not enhance the influx of lysine across the mucosal border; this was 
contrary to what was to be expected on the basis of the counterflow 
model [26]. Instead they found that in the presence of leucine the 
efflux of lysine across the serosal border of the epithelial cells was greatly 
enhanced, while that of leucine was reduced. This puzzling phenomenon 
cannot be explained satisfactorily at the present time. In summary, there 
does not yet seem to exist any unifying explanation for all cases of cis 
stimulation so far observed. 

c. Trans Stimulation—Counterflow. As mentioned above, the trans
port of some amino acids may also be stimulated by solutes present on 
the opposite side (trans side) of the membrane. This phenomenon, called 
trans stimulation, was first described by Mitchell for the uptake of 
phosphate ions in Staphylococcus aureus [27], and independently by 
Heinz for the glycine transport in Ehrlich ascites cells [9]. In the latter 
case it was shown that the influx of glycine was about doubled after the 
cells had been preloaded with unlabeled glycine. Similar stimulation 
could be demonstrated with other neutral amino acids, notably those 
present on the cis side, which compete with glycine for transport [15,28]. 
The trans stimulating effect of one amino acid on the flux of the other is 
in many cases mutual and can be demonstrated in either direction; for 
instance, as the influx of substrate A is stimulated by an intracellular 
substrate B, so is the efflux of A by extracellular B. 

Two different models have been offered to explain trans stimulation 
and its relationship to cis inhibition; the model of accelerated counter-
flow [28,29] and that of competitive counterflow [30]. The first one implies 
that the loaded carrier moves faster than the empty one, so that the 
steady state flux is limited by the rate at which the empty carrier returns 
to the cis side. This flux would be greatly accelerated if the carrier could 
return loaded, i.e., after exchanging the first substrate for another one 
from the trans side. This process is therefore also called exchange or, 
better, partial exchange. It is generally assumed, but not thought essen
tial, that the interacting amino acids A and Β are bound at the same site 
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of the carrier. If they were not, the specificity needed not be the same 
for transport and exchange. 

The second model was originally devised for the analogous pheno
menon with sugar transport. It postulates that trans stimulation is 
primarily due to a competitive inhibition on the trans side, i.e., the 
trans stimulating substrate Β inhibits the back flux of the transported 
species A. Such a mechanism requires that the interacting amino acids 
A and Β have an affinity to the same site, whereas, in contrast to model 1, 
the mobilities of empty and loaded carrier need not be different. Only 
the net flux, not the unidirectional flux, is stimulated here, whereas the 
exchange model implies a genuine stimulation of the unidirectional flux. 

For the transport of neutral amino acids in Ehrlich ascites cells the 
following findings favor the exchange model [29]. First, preloading 
Ehrlich cells, for example with alanine, primarily stimulates the uni
directional influx of glycine, not the net accumulation. Second, the 
efflux of glycine is not saturable in wide concentration ranges [28]. This 
is not surprising since, in active transport, e.g., of glycine into the cell, 
the apparent Km ought to be much higher at the inside than at the out
side of the cellular membrane. By the same token, intracellularly accu
mulated L-alanine does not inhibit glycine efflux in Ehrlich cells, but 
strongly stimulates its influx. Furthermore, in pancreas slices both 
aminoisobutyrate (AIB) and methionine, if present in the medium, 
competitively inhibit the influx of 1-amino-cyclopentano-l-carboxylate 
(ACPC); only methionine trans stimulates the efflux of ACPC, whereas 
AIB does not [31]. Hence trans stimulation seems to be possible without 
competition on the trans side, and vice versa, as appears inconsistent 
with the model of competitive counterflow (model 2). 

The specificity of trans stimulation has previously been claimed, and 
often been found, to be the same as that of cis inhibition [15]. There may, 
however, be exceptions to this rule. For instance, methionine, though 
strongly inhibiting glycine influx from the outside, fails to trans stimu
late this flux from the inside of Ehrlich cells [15]. In pancreas slices 
extracellular AIB, while clearly inhibiting the influx of ACPC com
petitively, does not stimulate the efflux of this amino acid, nor does it 
interfere with the homoexchange between labeled and unlabeled ACPC 
[31]. Furthermore, AIB, proline, and glycine, which strongly compete 
with methionine and ACPC, exchange only poorly with the latter. In 
Novikoff hepatoma cells extracellular AIB and proline inhibit methio
nine influx competitively, but, unlike methionine both fail to trans 
stimulate ACPC efflux or to augment the trans stimulation of ACPC 
efflux by methionine or ethionine [32]. If both transported substrate 
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and stimulating agent had an affinity for the same site at the same car
rier, the apparent Michaelis constant (Km) of the trans stimulating 
amino acid Β for its own transport should be equal to its exchange 
constant (Ke), the concentration of Β required for the half-maximal 
trans stimulation of the flux A. This, though verified in some cases, e.g., 
for mutual trans stimulation between methionine and ACPC [31], is not 
always true. Thus Belkhode et al found that in Novikoff hepatoma 
cells the Km for transport of methionine and ethionine is about five times 
higher than the corresponding exchange constant (Ke) for the trans 
stimulation of ACPC efflux [32]. 

If the discrepancies between Km and Ke indicated that transported 
and trans stimulating amino acids were bound to different sites of the 
transport carrier, they would argue against model 2, since, as has been 
pointed out before, it is essential for this model, but not for model 1, 
that the two amino acids compete for the same carrier site. The above 
discrepancies can just as well be interpreted as being due to the par
ticipation of two separate transport agencies with overlapping affinities. 
Considering that AIB, proline, and glycine are mainly served by the 
Α-system, which is a poor exchanger, whereas ACPC and methionine 
are accepted also by the L-system, which is a good exchanger; one 
readily expects that competition and countertransport display dis
cordant specificities. Presumably AIB inhibits the Α-mediated portion 
of the flux of ACPC or methionine, but has little effect on the L-system, 
which mediates the exchange. Likewise the Km of methionine transport 
need not equal the Ke of its exchange with ACPC if both amino acids 
react with two separate systems in different proportions. 

Countertransport may also effect an energetic coupling between the 
two flows. For instance, the L-system, which by itself is not active, may 
accumulate a substrate of its own, provided that another is maintained 
inside the cell at a level sufficient to permit effective exchange [28]. 
Thus, methionine, after being accumulated by the Α-system, could 
effect accumulation of phenylalanine by exchange via the L-system. If 
the transport of the former is secondary active, being driven by the Na 
gradient, the transport of phenylalanine could be called tertiary active 
[33]. Whether and to what extent such tertiary accumulation is physio
logically significant cannot be decided at present. 

d. Trans Inhibition. For animal cells, few cases have been reported 
so far in which the influx of an amino acid is inhibited after the cell has 
been preloaded with another one. To give a few examples, in Ehrlich 
cells the influx of glycine and AIB are slightly inhibited by intracellular 
methionine [15,33] as is the influx of L-tryptophan by intracellular 
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glycine [18]. It is difficult to ascertain whether these phenomena are 
genuine, especially if the preloaded substrate is a strong competitor 
of the test substrate. If such is the case a small amount of the former that 
leaves the cell during incubation may suffice to cause appreciable com
petitive inhibition of the influx of the test substrate. The seeming trans 
inhibition of glycine influx by preloaded methionine in Ehrlich cells 
has been interpreted this way [15]. Appropriate increase of the extra
cellular volume to dilute the egressing competitor is the remedy to be 
recommended in such a case [34]. If a trans inhibition, thus tested, is 
beyond doubt (no such case seems to be certain at present for animal 
cells), there are again different models to explain it. One is analogous to 
Wilbrandt's model of competitive stimulation [21], here applied to the 
efflux; the other model is analogous, but opposite, to that of exchange 
diffusion, here based on the assumption that the empty carrier moves 
faster than the loaded one [29]. Whether trans inhibition is caused by a 
negative feedback device, as has been proposed for certain microbial 
transport systems [35], is still uncertain for animal cells. 

2. INTERACTIONS OF AMINO ACIDS WITH OTHER SOLUTES 

Most remarkable are the effects of alkali ions on amino acid transport, 
especially an apparent cis stimulation of this transport by Na ions, 
which can at least in part be attributed to a genuine cotransport. By the 
same token the postulated coupling of the uptake of amino acids to the 
exit of Κ ions, would in principle be a countertransport. As these inter
actions with alkali ions are considered of paramount significance for the 
energization of amino acid transport, they are treated in the next section. 

The inhibitory action of sugars on amino acids in transport has 
repeatedly been shown. Different explanations have been given to these 
observations, such as competition between sugar and amino acid for a 
common (" polyfunctional") transport system, competition between 
two transport systems for a common source of energy, or a toxic effect 
of an intracellularly formed derivative of the sugar, possibly a sugar 
phosphate, on amino acid transport. Chez et a l , who analyzed the 
reabsorption and intracellular accumulation of alanine during the inhi
bition by 20 mM glucose or galactose, found that the effect was due to 
increase of the alanine efflux across the mucosal border of the epithelial 
cell. They concluded that the inhibition cannot be due to competition 
for a common carrier, since the influx for the amino acid was unaffected, 
nor to competition for energy, since glucose was also inhibitory [36]. 
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E. Energetics 

1. DEFINITIONS AND REQUIREMENTS 

In the steady state the intracellular concentration of many amino 
acids is in most cells higher than in the medium, the distribution ratio 
being mostly lower than 20 and rarely exceeding 100. Such values are 
considerably below those observed with microorganisms, which may 
accumulate amino acids one thousand-fold or more. Apparently, the 
transport systems in animal cells are less powerful than in microbial 
ones. In addition, the leakiness, i.e., the susceptibility for irreversible 
losses of amino acids, may be higher with animal cells than with 
microorganisms. 

The decision whether a mediated transport system is by definition 
active or not is based on two criteria: (a) the existence of a driving force 
different from, but not necessarily opposed to, the conjugate driving 
force, i.e., the electrochemical potential gradient of the transported 
substrate itself; (b) the dependence of transport on cellular metabolism, 
usually demonstrated by metabolic inhibitors. 

Whereas the transcellular transport of amino acids against their con
centration gradient is undoubtedly active by all definitions, the active 
nature of the homeocellular accumulation has often been doubted, ow
ing to uncertainties concerning the state and, hence, the chemical poten
tial of the intracellularly accumulated amino acid. Even if the concentra
tion of amino acids inside the cell, referring to cellular water, is higher 
than that of the medium, and even if the accumulated amino acid can 
be readily extracted from destroyed cells, this does not necessarily prove 
that all intracellular amino acids are free, and hence, at a higher 
chemical potential than those outside. If the cellular amino acids were 
bound to a major extent, covalently, or even by labile noncovalent 
linkages, or if for some other reason the activity coefficient of the amino 
amino acid were much lower inside the cell than in the medium, the 
chemical potential might be the same inside and outside, and the assump
tion of active accumulation might be wholly or partly unjustified. 
Although it seems impossible to assess the intracellular activity of 
accumulated amino acids as reliably as that of the extracellular ones, 
many investigators strongly believe that most of the intracellularly 
accumulated amino acids are free and that the activity coefficient of the 
intracellular amino acids does not differ much from that in the medium. 
The following observations seem to support this view: 
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1. For various tissues the accumulated amino acids have been shown 
to be fully osmotically active. So with excessive accumulation of amino 
acids in Ehrlich cells (or intestinal cells), considerable swelling of the 
cells occurs and the extra-uptake of water corresponds to the extra-
osmolarity inside the cells, taking all amino acids as freely dissolved 
[6,37]. 

2. During metabolic inhibition no accumulation occurs, and pre
viously accumulated amino acids leak out of the cell. If accumulation 
occurred through intracellular binding, it would follow that such 
binding would be prevented or reversed by metabolic inhibitors. As a 
consequence, during metabolic inhibition the fraction of bound amino 
acids should be considerably smaller than with metabolically intact cells. 
Hence the efflux coefficient, if it is proportional to the free amino acid 
concentration, should become apparently greater with respect to the 
total intracellular amino acid concentration. It has, however, been 
found that the efflux coefficient referred to the total intracellular amino 
acid concentration is practically the same with and without metabolic 
inhibition [38]. This would mean that in normal and inhibited cells the 
same fraction of the total glycine content is free and hence that the 
accumulation cannot have been due to an increase in binding. 

3. More recently the state of intracellular amino acids was tested 
more directly by Udenfriend et al with the fluorescent amino acid 
aminonapthylalanine, which is actively accumulated by Sarcoma 37 
mouse ascites cells and which shows the same fluorescence spectrum, the 
same quantum yield, and the same degree of polarization inside the 
cells as in aqueous test solution. Since these values are characteristically 
changed if the amino acid is bound to macromolecules, the authors 
concluded that the accumulated amino acid is freely dissolved inside the 
cell [39]. 

Active transport involves a direct or indirect coupling between an 
osmotic process, the translocation, and a chemical reaction, such as the 
splitting of an energy-rich phosphate [40]. If we assume that this coup
ling is direct, we call the transport primary active, implying that the 
energy released by chemical reaction is immediately converted into 
osmotic work. There are, however, transport systems that are active 
according to the definition above but seem to require the presence of 
the electrochemical potential difference (ECPD) of another solute 
species. If in such a case the transport of the first solute is not immediate
ly coupled to a chemical reaction but is driven by the (nonconjugate) 
ECP of the second solute, we call it secondary active. Here the depen
dence on metabolism is indirect, the metabolic energy being required 
primarily to maintain the driving ECPD. In other words, primary 
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active transport implies a chemi-cosmotic coupling, and secondary 
active transport an osmo-osmotic coupling. 

There appear to be two types of secondary active transport. If the 
(nonconjugate) driving force is in the direction in which the secondary 
transport takes place, we speak of cotransport (symport), expecting the 
phenomenon of cis stimulation. If the nonconjugate driving force is 
in the direction opposite that of the secondary transport, we speak of 
countertransport (antiport) and expect the phenomenon of trans stimu
lation. 

The relation between the active movement of an amino acid and the 
possible driving forces may be visualized by the following equation in 
terms of irreversible thermodynamics [41]. 

Ja =La -Xa + Σ Lai · Xt +Lar · Ar (3) 

Ja is the flow of a given amino acid A across the membrane per unit 
time and membrane area, Xa the conjugate driving force, and X{ the 
(nonconjugate) driving forces resulting from ECP gradients of other 
solutes. Ar is the affinity of the chemical (metabolic) reaction to which 
the transport of A is immediately coupled. L a , Lai9 and Lar denote the 
coefficients that connect the flow of A to the corresponding driving 
forces. In secondary active transport Lar should be small or zero; L e i ' s 
coefficients should be big enough to account for the coupling of the 
flow of A to the corresponding nonconjugate driving force (Xi). In 
cotransport (symport) the cross-coefficient Lai is positive, and in counter-
transport (antiport), negative. 

Presently doubts are raised whether primary active transport of 
amino acids in mammalian cells occurs at all. As will be shown in the 
next chapter, the requirements of a gradient of Na ions (and possibly 
one of Κ ions) has raised the suspicion that the active amino acid 
transport is secondary to the movement of these ions. This would imply 
a cotransport (symport) of the amino acid with respect to Na ions and 
possibly a countertransport (antiport) with respect to Κ ions. 

2. FUNCTIONS OF ALKALI IONS IN AMINO ACID TRANSPORT—GRADIENT 
HYPOTHESES 

The active transport of certain neutral amino acids in animal tissues 
depends on alkali ions, in particular, on the proper distribution of these 
ions between cell and medium. Christensen et al. showed as early as 1952 
that the concentrative uptake of glycine and other amino acids by 
Ehrlich cells is impaired if the N a + of the medium is replaced by K + 
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or choline [5]. In the same laboratory it was later found that the uptake 
of such amino acids by these cells is, as a rule, associated with an uptake 
of Na ions and a loss of Κ ions [4]. These observations, however, were 
made after incubation times of 1 or 2 hours, so it was difficult to tell 
whether the ions affected the transport directly or through prior altera
tion of the cellular metabolism. Hempling reported that during short-
term uptake of glycine by these cells the efflux of Κ ions is increased 
[42]. Later it was found in our laboratory that the unidirectional influx 
of glycine into Ehrlich cells almost entirely disappears in the absence 
of extracellular Na ions [43]. Meanwhile the N a + dependence appears to 
have been established for the active transport of many amino acids in 
almost all animal tissues investigated, such as intestinal mucosa [44,45], 
kidney slices [46], brain tissue [47], muscle cells [48], nucleated ery
throcytes [49], lymph node cells [50], bone cells [51], liver cells [52], and 
pancreas [53]. It is interesting that only the active transport requires 
Na ions. Facilitated diffusion, such as that of sugar in muscle [50], or 
the amino acid transport by the so-called L-system, which is barely 
active (see above) is almost, or completely, independent of Na ions [17]. 
In contrast to animal cells, many microorganisms are able to concentrate 
amino acids powerfully without Na ions [54]. 

Various hypotheses have been offered regarding the mechanism by 
which Na ions act on the active transport of organic solutes. The fact 
that so many different active transport systems share the dependence on 
Na ions led Czaky to the hypothesis that Na ions act by activating an 
enzyme involved in the coupling between active transport and metabo
lism (" activation hypothesis " ) [55]. Since such a reaction is most likely 
located inside the cell, Czaky postulated that N a + would be effective 
only after it had entered the cell. This hypothesis, however, was rejected 
for amino acid transport by various authors in view of evidence that 
only the extracellular Na ions are effective in stimulating amino acid 
influx, whereas changes in intracellular Na concentration values in 
wide ranges have little or no effect on this flux. This is true for Ehrlich 
cells [43], the intestinal mucosa [56], and the diaphragm muscle [50]. 
Furthermore, changes in extracellular Na + affect amino acid transport 
almost instantaneously, probably before the intracellular ion concen
trations have appreciably changed [43]. Hence, whenever Na ions act by 
activating an enzymatic reaction, such a reaction should be located near 
the outer surface of the cell. 

In addition to this " activation hypothesis," a group of other hypo
theses has been offered, which are characterized as " gradient hypothe
ses." These postulate that the alkali ions do not function by their mere 
presence in the proper compartment but by the coupling of their move-
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ment across the cellular membrane with the parallel, or antiparallel, 
movement of the amino acid (co- or countertransport). Such a coupling 
was first suggested by Christensen et al to exist between K + exit and 
glycine uptake in Ehrlich cells. This was based on the fact that this 
uptake decreased with decreasing cellular K + concentration unless the 
intracellular Κ ions were replaced by cationic amino acids, such as 
lysine or diaminobutyrate [57]. The authors inferred that the electro
chemical gradient of Κ ions between cell and medium would provide 
the energy for the active accumulation of amino acids by a mechanism 
similar to that of the preloading effect reported by Heinz and Walsh 
for amino acids [28]. This kind of gradient hypothesis was, however, 
rejected by Hempling for thermodynamic reasons, since it could be 
shown that the extra exit of Κ ions associated with the uptake of amino 
acids was by far insufficient to provide the necessary energy for glycine 
accumulation [58]. Later another type of gradient hypothesis was put 
forward by Crane [59], who postulated that the inwardly directed gra
dient of Na ions is to supply the major energy for the uphill transport of 
solutes. This hypothesis, originally proposed for sugar transport in the 
intestine, was found also to be applicable to amino acid transport in 
various tissues. 

Meanwhile considerable evidence in support of such a hypothesis 
has accumulated. The relevant evidence in this respect may be briefly 
discussed: 

1. In cotransport the fluxes of the two cosubstances should affect 
each other reciprocally. It could indeed be shown for various systems 
that the movement of Na ions into the cell can be accelerated by an 
appropriate gradient of amino acids. Therefore the short circuit current 
across the intestinal mucosa, which is probably entirely due to active 
Na transport, can be strongly stimulated by adding either a transport
able sugar or an amino acid [45]. To the extent that this electrogenic 
Na transport is limited by the permeability of the mucosal border of the 
epithelial cell to Na ions, this finding strongly supports the gradient 
hypothesis. Also in homeocellular transport the entry of amino acids is 
associated with an extra entry of Na ions. This had been shown for 
Ehrlich cells in which amino acids are accumulated during complete 
metabolic inhibition, provided an appropriate gradient of Na ions is 
maintained [25,60]. 

2. For pigeon erythrocytes it could be shown that, during metabolic 
inhibition, transport was not correlated with the ATP content inside the 
cell [61]. 

3. During metabolic inhibition, the reversal of the electrochemical 
potential gradient of Na ions may invert the direction of active glycine 
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transport. It does not matter whether this reversal of the ECP gradient 
of Na ions or Κ ions or both is accomplished by the manipulating of the 
cellular and extracellular concentrations of these ions or of the electri
cal PD across the cellular membrane, e.g., by replacing the extracellular 
Cl ions by nonpenetrating mucate ions [62]. In either case, glycine 
may be pumped out of the cell. 

As already mentioned, the gradient hypothesis postulates an energetic 
coupling between the fluxes of two solutes, the energy released by the 
flux of the ion down its ECP gradient being used to move the amino 
acid thermodynamically uphill. Since coupling between biochemical 
reactions as a rule involves a "common intermediate," it is assumed 
that the present coupling works by the same principle, in that both 
sodium ion and amino acid have to pass the cellular membrane jointly 
as parts of a ternary complex between a carrier (X), the amino acid (A), 
and the Na ion. The transfer of energy is the more efficient the smaller 
the possibility for either solute to pass the membrane by other channels. 

Obviously there are two different ways in which the attachment of a 
Na ion to the carrier might influence the amino acid transport: (a) by 
increasing the affinity of the carrier to the amino acid, (b) by increasing 
the velocity of the carrier, or (c) by a combination of both effects, 
Accordingly, one can visualize three types of models: the affinity type, 
the velocity type, and the mixed type. For better understanding we 
consider each separately. 

a. Affinity Type. The simplest model of this type would postulate a 
carrier with two binding sites, one for the ion and one for the amino 
acid. The sites are assumed to influence each other in such a way that 
filling the first site by a sodium ion will increase the affinity of the other 
site for the amino acid by the factor φ„α. 

We have altogether four dissociation constants. 

[X]' [A] 
[XA] Kn = [X] - [Na] 

[XNa] 
[XNa] · [A] 

[XNaA] 

[XA] - [Na +] 
[XNaA+] 
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For thermodynamic reasons the effect of N a + on the affinity for A must 
be reciprocal, so that the following relation holds: 

— — — — ώ 

Under the simplifying assumptions that quasi equilibrium exists 
between the carrier and its ligands on either side of the membrane and 
that the mobility of all possible carrier species is the same, one can 
calculate that the effect of Na ions will appear only in Km of the trans
port. 

The same effect can be obtained with another model of the same type 
in which a quasi allosteric feature is introduced.* We assume that the 
carrier occurs in two modifications (X and Y), which are rapidly inter
convertible. We further assume that only X can combine with both Na 
and A, so that the binding of either ligand will shift the equilibrium 
toward X, the binding modification. Under the simplifying assumptions 
that there is quasi equilibrium between X and its ligands, on the one 
hand, and between X and Y, on the other, we can calculate that the 
effect of Na ions will only appear in the apparent Km of the overall 
transport. In this model, as opposed to the previous one, the attachment 
of one ligand to the carrier need not affect the affinity to the other, so 
that φηα may be 1, and the number of constants is only three: Ka, Kn, 
and the last one being the equilibrium ratio Y/X. In either model a 
contributory effect of an opposed gradient of Κ ions can be implement
ed : in the first one we have to assume that K + may also be bound to the 
Na site, thereby, opposed to Na + , decreasing the affinity toward the 
amino acid. This is, in essence, the model postulated by Crane for sugar 
transport [59]. In the second of the models we would have to assume 
that K + combines preferentially, or exclusively, with the Y form. In 
either case the K + gradient would affect the apparent Km only, though in 
the other direction than does Na + . 

b. Velocity Type. As to this type, two models analogous to those just 
described could be imagined to visualize it. The first one would postulate 
the carrier with two combining sites as above, but the attachment of the 
Na ion to its site would, in this case, increase the mobility of the carrier, 

* This effect is called quasi allosteric because the assumed conformational transition 
X ^ Y is treated here as occurring by simple mass action law (Y/X=L) with single mo
nomers. "Lattice constraint" by neighboring protomers, which is considered typical of 
allosteric systems, such as oligomeric enzyme proteins, or even membranes, are not con
sidered, since kinetic evidence of such systems has not been unequivocally shown with 
amino acid transport in animal cells. 
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without affecting its affinity for the amino acid. So we would get 

Pxn>Px and Pxna>Pxa 

The model has, however, two shortcomings. 
1. As the overall velocity of the inward movement of Na + depends 

not only on the velocity of the ternary complex but also on the rate at 
which the empty carrier is returned to the outside (Eq. 1) and as an 
inward-directed Na gradient will primarily accelerate the amino acid 
influx via the ternary complex, but not the return of the empty carrier, 
the rate of the latter process will limit the overall flux, so that the maxi
mum acceleration possible by Na ions cannot exceed a factor of 2. 

2. If the Na ions accelerate the empty and the loaded carriers by the 
same factor, e.g., if 

Ρ Ρ 
Λ χ χ χα 

the ECP gradient of the Na ions will definitely increase the unidirec
tional fluxes but not produce an accumulation of the amino acid. These 
shortcomings can be overcome by two additional assumptions: that the 
mobility of the empty carrier (Px) is greater than that of the carrier 
amino acid complex (Pxa), and that the accelerating effect of Na + on the 
amino acid carrier complex is greater than its effect on that of the empty 
carrier: 

Px>Pxa and ^ F>^ 
* xa * χ 

These two assumptions, though formally necessary, imply effects that are 
difficult to explain. For instance, Na ions, if bound to the empty carrier 
(X), would have a retarding effect, but, if bound to the carrier amino 
acid complex, an accelerating effect. A way out of this difficulty might 
be to postulate that Κ ions, by combining with the empty carrier(X), 
impart to it a higher velocity and decrease its affinity for the amino acid. 
These postulates, thus introducing an affinity effect into a pure velocity 
type model, would make the stringent assumptions concerning the 
mobilities of the binary complexes (XA and XNa) unnecessary. The 
implementation of such a function of Κ ions may be more appealing in 
the second, quasi allosteric model as described below. 

Under simplifying assumptions, similar to those made for the models 
of the affinity type, it could be predicted that the effect of Na ions will 
appear in both the J m a x and the Km of the overall amino acid influx. 

As an analogy to the second model of the affinity type, one might add 



12. TRANSPORT OF AMINO ACIDS BY ANIMAL CELLS 475 

a quasi allosteric model of the velocity type. Again two interconvertible 
modifications, X and Y, are assumed to be in quasi equilibrium, but 
here X and Y differ in their mobility, X being more mobile than Y, 
whereas their affinity to the amino acid may be the same. If Na + is 
bound only by X, it will shift the equilibrium toward the more mobile X. 
Again, the same difficulties arise as with the preceding model; so this 
model cannot be used to explain the experimental observations either. 
To avoid these difficulties we can introduce affinity effects, but then the 
model would no longer be a model of a pure velocity type, but of a 
mixed type. For instance, we can implement an effect of Κ ions, which 
are attached to the Y form only, so as to increase its mobility and to 
decrease its affinity for A. This dual effect of Κ ions can be visualized by 
the introduction of a third modification (Z), also in equilibrium with X 
and Y. We can assume for simplicity that of these three modifications 
only two are mobile, let us say X and Z, that only two combine with A, 
perhaps with equal affinity, let us say X and Y; only X binds Na + , and 
Y binds K + . As is visualized in the accompanying diagram, such a 
model, even under these highly simplified assumptions, would account 
for the accelerating and the accumulating effects of both the inward Na 
gradient and the outward Κ gradient, as has been found with various 
systems. Hence the calculation, which is presented elsewhere [63], will 
demonstrate that the effects of Na + and K + in their natural distribu
tion will show in both 7 m a x and Km. 

c. Mixed Type. Besides these "pure" models, models of the mixed 
type, in which effects on affinity are combined with those on velocity, 
can be devised. The last two velocity-type models, to the extent that they 
are modified by the implementation of a Κ ion effect, are already of 
the mixed type. The model preferred by most authors is one in which the 
features of the pure affinity type are supplemented by the assumptions 
that the ternary complex and the empty carrier move quickly, whereas 
the two binary complexes of the carrier with either substrate or ion move 
slowly or not at all [11,64]. 

The question now arises which of the suggested models best fits a given 
system. Provided that the Michaelis-Menten relation between initial 
flux and substrate concentration holds, the behavior of the Michaelis 
parameters 7 m a x and Km, as it is predicted on the basis of the above 
models, might be compared with that experimentally observed. There 

χ 

ζ 



476 ERICH HEINZ 

are a number of transport systems for amino acids in which changes 
in the Na concentration affect the apparent Michaelis constant Km 

with little or no effect on Jmax. These include alanine transport across the 
mucosal border of intestinal cells [65], the influx of AIB in muscle cells 
[50] and in lymph node cells [50], and the influx of glycine in pigeon red 
cells [62]. These would fit either model of the pure affinity type, as has 
been verified quantitatively by Curran et al. [66] for the above-mention
ed alanine transport. These authors postulate a carrier with two sites, 
whereas the velocities of all carrier species are treated as equal. For 
simplicity, those authors base their calculations on an extreme situation, 
in which the dissociation constant of the carrier Na + complex is infinite 
and that of the ternary complex with respect to Na ions is zero (Table I). 

The dissociation constants in the table were obtained from kinetic 
observations. The values of the upper two lines are obtained by a pure 
affinity type model, i.e., under the assumption that the rate coefficients 
of all complexes are equal to that of the carrier alone. The values of the 
second line are obtained on the basis of a mixed type model, under the 
assumption that the rate coefficients of the binary complexes are negli
gible, whereas those of the empty carrier of the ternary complex and of 
the binary complex with K + (lower line) are about equal. The symbols 
φηα and φαη are the factors by which the affinity of the carrier for A is 
increased by the attachment of Na + , and the affinity for Na + , by the 
attachment of A, respectively. The meanings of $ k a and φαΙί are analogous. 

In Ehrlich cells, for the transport of methionine [11], of glycine [67], 
and of amino isobutyrate (AIB) [68], it has been found that both 
/ m a x and Km respond to changes of the Na concentration, / m a x being 
raised and Km being depressed. Models considered to explain these 
results are all of the mixed type, combining affinity and velocity effects 
of N a + . On the basis of such models, Inui and Christensen [11] predict 
that in all cases of Na activation both parameters of the amino acid 
transport will change. This generalization has not yet been justified, for 
the authors have arbitrarily introduced both velocity and affinity-type 
effects into their model by postulating that the substrate crosses the 
membrane only as a ternary complex and that the affinity for either 
substrate and N a + is higher in the ternary complex than otherwise. The 
dissociation constants for the various complexes between the carrier 
and its ligands, as calculated from the experimental data on the basis 
of the model mentioned above, are listed in Table I. 

The most thorough and extensive analysis of experimental data in 
terms of a preconceived model has been carried out by Eddy [64,67]. His 
model is also of the mixed type, combining effects of N a + and K + on 
affinity with those on mobility of the corresponding complexes. In a 
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first step he evaluates the dissociation constants under the assumptions 
that the amino acid passes the membrane only as the ternary complex 
(XNaA) and that the mobility of the empty carrier Px is about the same 
as that of the ternary complex Pxna, whereas the binary complexes XA 
and XNa are immobile. According to his estimate, binding of Na ions 
to the carrier almost doubles the affinity to glycine and vice versa. On 
the other hand, binding of K + to the carrier reduces the affinity for 
glycine to about one-fourth its original value and vice versa (Table I). 
Using these values, he tries to estimate the relative mobilities of the 
various carrier species from the best fit between experimental data and 
general equations in which mobility ratios are arbitrarily inserted. For 
this procedure the assumptions underlying the first step, namely, that 
the velocities of the two binary complexes XA and XNa are zero, are no 
longer made. The best fit is obtained if the rate of the ternary complex 
(Pxna) is not smaller than that of the free carrier (P x), if the rate coefficient 
of the binary complex with K + (Pxk) is about three times greater, and 
that of the binary complex with Na + (Pxn) is about three times smaller 
than that of the free carrier (Px). The rate constants of the binary com
plex with glycine (Pxa) and that of the ternary complex between carrier, 
glycine, and K + (Pxka) appeared to be negligible. The result of this test 
seems to indicate that the model of the mixed type is consistent with 
the experimental observations. 

In spite of the good fit for the experimental finding, the constants 
listed in Table I are not fully satisfactory for the following reasons: 
neither Curran et al. [66] nor Inui and Christensen consider any effect 
of Κ ions in their calculations. Inui and Christensen [11] and Eddy et al. 
[64], in estimating the effect of N a + on the affinity of the carrier for the 
substrate, derive an equation based on the assumption that the amount 
of total carrier on the cis side is constant. This assumption is in
compatible with another assumption they make, namely, that the 
mobilities of the various carrier species are quite different. Hence the 
equations of these authors, and consequently the parameters calculated 
from them, are not quite correct. However, the deviations from reality 
may be irrelevant in the present context. 

d. Stoichiometric Ratio of Coupling. It seems reasonable to assume 
that the substrate and Na + , while combining with the carrier to form the 
ternary complex, do so in a fixed stoichiometric ratio. This ratio may 
determine whether a given ECP difference of alkali ions is sufficient to 
account for the generation and maintenance of the observed ECP 
difference of an amino acid. If, for instance, the stoichiometric ratio is 
unity, the maximum ECP difference of the amino acid cannot be higher 
than that of the alkali ions, provided that the latter one is the only driv-
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ing force for the transport. If, however, the stoichiometric ratio is two, 
the ECP difference of the amino acid may approach a value twice the 
driving ECP difference. For some systems the stoichiometric ratio has 
been estimated in one or both of the following ways: from the order of 
reaction of the amino acid influx with respect to the Na ion concentra
tion, and from the ratio (r) of the extra uptake of Na + per extra uptake 
of amino acid after the addition of excess amino acid to the medium 
(r = AJna/AJa). A higher order of reaction should be associated with a 
stoichiometric ratio higher than one, and a sigmoid curve should be 
expected if the influx of the amino acid is plotted versus extracellular 
Na concentration in that case. 

Some values of the presumed stoichiometric ratio obtained by this 
procedure are listed in Table II. It is seen that in some cases satisfactory 

T A B L E II 

RATIO OF EXTRA N a + UPTAKE OVER AMINO ACID UPTAKE (r)a 

Δ / Ν 2 + / Δ / β Δ / Λ ν δ . [ N a + ] e 

In pigeon erythrocyte 
Glycine [61] 1.8 Sigmoid 
Glycine [33] 1.5 Sigmoid 
Alanine [33] 2.52 ± 0.34 Hyperbolic 
Serine [33] 3.94 ± 0.52 Hyperbolic 
Threonine [33] 4.50 ± 0.46 Hyperbolic 
Proline [33] 0.22 ± 0.08 Hyperbolic 
OH-proline [33] 3.16 ± 0 . 2 0 Hyperbolic 
Asparagine [33] 1.66 ±0 .28 Hyperbolic 
Cysteine [33] 4.20 ± 0.52 Hyperbolic 
β-Alanine [33] 0.96 ± 0.30 Nonhyperbolic 

In the Ehrlich cell 
Glycine [60] 0.94 ±0 .11 Hyperbolic 
AIB [25] 1 Hyperbolic [11] 

In striated muscle 
AIB [50] 1 

In the epithelial cell of 
rabbit jejunum [66] < 1 

Increasing toward 1 with 
increasing [ N a + ] e 

a Ratio compared to the shape of curve obtained if the rate of uptake is plotted versus 
the N a + concentration at constant amino acid concentration. A hyperbolic curve is expec
ted with first-order reactions, a sigmoid one with reactions of second or higher order. Most 
of the information presented in this table is taken from a similar table presented by Christen
sen [33]. 
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results are obtained by either procedure; in other cases, especially those 
involving pigeon erythrocytes, satisfactory results are obtained by 
neither. Some ratios appear unreasonably high, e.g., ratios of the 
SH- and OH-bearing amino acids cysteine, serine, threonine, and hy-
droxyproline are between three and five. On the other hand, the ratio 
of proline (0.22) appears to be unreasonably low. Furthermore, the 
ratios from uptake measurement are often inconsistent with the apparent 
order of reaction, a hyperbolic curve being found where a sigmoidal one 
was expected. 

Obviously it is very difficult to ascertain the true stoichiometric ratio 
of the ternary complex by these procedures. For various reasons this 
ratio may be different from r, which is obtained from influx measure
ments. If, for instance, the increase in uptake of Na ions, induced by the 
extra uptake of amino acid, stimulates the Na pump, too low a value for 
r may be found. The same will hold if the amino acid enters to an appre
ciable extent by Na-independent pathways, as has been shown experi
mentally [65]. Accordingly, Curran et al. found, for their system of 
alanine transport, that the measured ratio r is not constant but increases 
with the extracellular Na concentration, apparently tending toward 
unity [66]. This behavior of r is typical for any affinity-type model, 
which predicts that the fraction of the ternary complex within the total 
carrier-bound amino acid should rise with increasing Na concentration. 

A few more words should be added concerning the function of K + 

in amino acid transport. It has been mentioned that the outward ECP of 
K + may contribute energy for amino acid accumulation. This contri
bution is small [67] and not specific for K + , since K + can be replaced by 
cationic amino acids though not by Li ions [57]. If, however, the extra
cellular K + is reduced below a certain level, the uptake of amino acid is 
diminished [33], even though this increases the ECP gradient of K + . 
A threshold level of extracellular K + is apparently required for active 
amino acid transport. It would follow that K + has several functions in 
this transport: one may be to contribute the osmotic driving force by 
means of its outward ECP gradient. Furthermore, extracellular K + may 
be required to activate the Na extrusion by the Na pump [50]. In ad
dition, it may have a more specific and direct effect on the transport 
mechanism for amino acid, which cannot be specified as yet. 

e. Other Sources of Transport Energy. Although there is abundant 
evidence of an energetic coupling between the transport of certain 
amino acids and the flow of Na ions, it may be questioned whether this 
coupling accounts for the full extent of active amino acid accumulation. 
In other words, it still seems possible that the amino acid transport may 
also be coupled directly to metabolism, so that primary and secondary 
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active transport would act side by side. There are indeed several obser
vations that strongly suggest such a possibility: 

1. During metabolic inhibition of cells in excess medium, it is the 
unidirectional influx of the amino acid that is primarily depressed, 
whereas the efflux coefficient is hardly affected (Table III). This has 

T A B L E I I I 

EFFECT OF METABOLIC INHIBITION AND ANEROBIOSIS ON DISTRIBUTION RATIO AND FLUX 
COEFFICIENTS (kia, kcx) OF GLYCINE IN THE STEADY STATE" 

Flux coefficient 
Extra Distri (ml/gm/min) 

Experiment cellular bution -
number Inhibition glycine ratio kin k t x 

121 None 0.75 14.7 15.0 1.3 
146 None 3.90 6.1 5.3 0.9 
155 None 0.75 16.0 13.1 0.8 
147 1 mM DNP + 1 mM C H 2 I C O O " 3.80 2.0 2.5 1.1 
148 1 mM D N P -f 1 mM C H 2 I C O O " 4.75 2.8 2.4 0.9 
167 1 mM D N P 2.06 2.5 3.6 1.4 
156 Anerobiosis 7.60 1.7 1.9 1.1 

β The flux coefficients were obtained by a graphic procedure from the uptake values 
after 1, 2, 3, and 4 minutes incubation. The inhibitors 3-5-dinitrophenol (DNP) and mono-
iodoacetate (CH 2 ICOO~) were added to the medium about 10 or 20 minutes before the 
main incubation. From Heinz [38]. 

been found for the influx of glycine [38] in Ehrlich cells and of alanine in 
the epithelial cells of rabbit ileum [67]. Obviously metabolic inhibition 
will cause an increase of the Na concentration inside the cell, whereas 
that of the medium, owing to the great excess in volume, will decrease 
only slightly. It has repeatedly been shown that the influx of these 
amino acids depends on the extracellular Na level only, being almost 
insensitive toward changes of the cellular Na concentration [43,66] 
(Table IV). Hence the depression of the influx during metabolic inhi
bition cannot be attributed simply to a change in electrolyte distri
bution as postulated by the gradient hypothesis. 

2. Even though glycine may be appreciably accumulated in the 
presence of an appropriate Na ion gradient in pigeon erthyrocytes [62] 
and in Ehrlich cells [67] during complete metabolic inhibition, the 
accumulation ratios obtained with normally respiring cells at the same 
Na ion gradients are about three times higher. This is seen in Table V 
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T A B L E IV 

INTRACELLULAR LEVELS OF N a + AND K + 

AND GLYCINE INFLUX" 

Intracellular Relative 
glycine influx 

(ml/gm/2 min) [ N a + ] [ K + ] 

Relative 
glycine influx 

(ml/gm/2 min) 

61 168 
167 74 

9.7 
9.8 

a Extracellular concentrations are the 
same in all experiments, i.e., corres
ponding to Krebs-bicarbonate-Ringer 
solution. The relative glycine influxes 
obtained after 2 minutes incubation 
from the uptake of radioactivity divided 
by the radioactivity of the medium. 
From Heinz [22]. 

T A B L E V 

GLYCINE ACCUMULATION BY LYSED AND RESTORED CELLS" 

Distribution 
Initial cell [ N a + ] Initial glycine ratio of glycine 

[ N a + ] in in (in/out) 
calculated medium medium 

Pigeon erythrocytes (mM) (mM) (mM) Initial Final 

Lysed and restored 24.0 140 0.63 1.17 2.31 
Intact 17.5 140 0.63 6.06 8.22 

a The values are obtained after incubation for 104 minutes at 37°C. The values are taken 
from Table IV of Vidaver [62]. For details of the procedure the reader is referred to the 
original paper. 

and in Fig. 2. Vidaver attributes part of the discrepancy between intact 
and lysed cells to the greater leakiness of the membrane of the lysed cells. 
This may be justified, but it implies that lysis makes the membrane 
more leaky for glycine than for Na ions. Yet it is uncertain whether this 
differential leakiness accounts for the full extent of the discrepancy. 
From Eddy's curves two things are obvious: (a) while the line corre
sponding to the inhibited cells seems to pass the origin, the line corre
sponding to the respiring cells does not, as if at one-to-one distribution 
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 ̂ 0.8 

-  0.4 

1.6 0 0.4 0.8 

log([Na+] out/IW] in) 

 ̂ 0.4 

 ̂ 0 

1.2 1.6 0 0.4 0.8 

log([Na+]out/[Na+]in) 

FIG. 2. The relationship between transient glycine accumulation and distribution of 
Na ions in Ehrlich ascites cells. Upper left (A): cells inhibited by NaCN; upper right (B): 
normally respiring cells. Regression line of (A): y = 1,257 χ +0.068; regression line of 
(B): y= 1,774 χ +0.211. Ordinate stands for the logarithm of the glycine distribution 
ratio (in/out) and abscissa for the logarithm of the corresponding ratio of Na ions. From 
Eddy [67]. 

of Na ions an appreciable accumulation of glycine occur, and (b) at a 
tenfold excess of extracellular over intracellular Na + , the transient 
accumulation ratio of glycine is about three times greater with respiring 
than with inhibited cells. Do these observations of Vidaver and Eddy 
mean that the ion gradient accounts for not more than about one-third 
of the total energy required for maximal glycine accumulation? Eddy 
tries to explain the difference in accumulative power between respiring 
and metabolically inhibited cells by a special kind of compartmentali-
zation [67]. He suggests that near the inner face of the cellular mem
brane the Na pump maintains a region in which the Na level is lower 
than in the bulk of the cellular space, so that the essential Na gradient 
may be much greater than that determined from the difference between 
extra- and intracellular Na concentration. The validity of this hypothesis 
obviously requires a barrier between the mentioned peripheral region of 
the cell and the interior space of the cell. This barrier would have to 
restrain Na ions from rushing into that region from the interior of the 
cell while at the same time letting the transported amino acids freely 
pass in the opposite direction. In addition, one would have to postulate 
either a second sodium pump into the interior part of the cells, or an 
Na-specific shunt between the external space and the interior cells, 
bypassing the peripheral region. Without these unlikely ancillary 
assumptions, it is hard to see how the Na-deficient peripheral region, as 
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postulated by Eddy, could be maintained long enough to account for the 
discrepancy in transport power between CN-poisoned and normally 
respiring cells. 

3. Furthermore, uphill transport of aminoisobutyrate (AIB) could be 
demonstrated with both Na and Κ concentration gradients moderately 
reversed, even in the presence of ouabain. Since under these conditions 
the Na pump is likely to be paralyzed, the above-discussed low N a + 

region at the periphery of the cell could scarcely have developed. Only 
with extreme reversals of the electrolyte ion gradients could an outward 
transport of AIB be observed, which confirms that an energetic coupling 
according to the gradient hypothesis does exist [68]. 

4. Also, purely thermodynamic arguments seem to favor the assump
tion of a direct coupling of amino acid transport to metabolism. If the 
alkali ion gradients fully accounted for the amino acid transport, the 
energy delivered by the (passive) electrolyte movements should be 
amply sufficient or, allowing for unavoidable energy losses due to 
irreversible steps within the coupling mechanism, clearly in excess to 
cover the power of the transport mechanism in operation. The latter 
value, however, is very difficult to assess with reasonable accuracy. For 
that purpose we have to know first the chemical potential difference and, 
second, the rate at which the amino acid is pumped against this dif
ference. Provided that all or most of the cellular amino acid is free and 
that the activity coefficient of the amino acid does not differ much 
from that in the medium (it seems reasonable to assume that both con
ditions hold), the chemical potential difference of a neutral amino acid is 
not a problem. Much more difficult is the estimation of the pumping rate, 
especially in a homeocellular system, because the net transport, and 
hence the net power generation, is zero. In the steady state, however, 
there is a continuous loss of substrate, mainly through irreversible leak
age of amino acids across the cellular membrane and, in the case of 
metabolizable amino acids, through metabolic utilization. Since these 
losses have to be precisely balanced by the true transport in the steady 
state, the true rate of the latter can be estimated from the rate of loss 
[69]. To determine the leakage rate, one has to keep in mind that it is 
probably much smaller than the efflux, since a considerable fraction of 
the efflux may be due to exchange and thus not irreversible [70]. The 
power generation thus obtained is, of course, only the absolute mini
mum, because additional losses due to the operation of the carrier have 
also to be considered. Such losses are particularly high if the rate of the 
substrate-free carrier is high compared with that of the substrate-
loaded carrier [71]. Since still other losses are likely to be involved, the 
power delivered by the electrolyte fluxes should be clear above the 
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calculated figure. The fraction of this power immediately channeled into 
the amino acid transport depends on the above-discussed stoichio
metric ratio at which the ion and the amino acids are bound to the 
carrier. Calculations of this kind have recently been carried out by 
Jacquez and Schafer [72]. Assuming a stoichiometric ratio of one, they 
found that the power derived from the sodium gradient alone is clearly 
not sufficient for the amino acid transport. If, however, the outward 
ECP gradient of Κ ions is included, the power available from the joint 
ion gradients would just cover the power required for the amino acid 
transport provided that the coupling works with 100% efficiency. 
Because of the above arguments, such a high efficiency is very unlikely; 
the results do not support the hypothesis that the electrolyte gradients 
are the only energy source for the amino acid transport. 

If the experimental findings cogently indicated (they do not quite) that 
besides the alkali ion gradient an additional source of energy contribu
tes to the active transport of amino acids, possibly by means of a direct 
(primary) coupling of the transport with a metabolic reaction, other 
difficulties would arise. These two couplings of the amino acid transport, 
one with the movement of alkali ions and the other with a metabolic 
reaction, appear to depend on each other; otherwise we should expect 
that in the absence of sodium the other energy source would still be 
available to drive an Na-independent fraction of transport. On the 
contrary, without sodium, practically no amino acids are transported. 
Hence, whatever the additional source of energy may be, sodium ions 
are required for amino acid transport. Sodium ions would thus have two 
separate effects: an energetic one through their electrochemical poten
tial gradient and a catalytic one on the coupling between metabolism 
and amino acid transport. In terms of Eq. (1) the increment of sodium 
ions would increase not only X{, i.e., the " sodio-motive force," but also 
the cross-coefficient Lar that links the amino acid transport to the chemi
cal reaction [73]. It is difficult to visualize such a dual effect of Na ions 
in terms of a reasonable model. If there were two different systems, one 
driven by the ECP gradient of N a + and K + , the other by a direct, but 
Na-activated, coupling with a metabolic reaction, the kinetics would be 
different from those actually observed. If a single carrier species were 
cyclically changing between a metabolically activated, strongly amino 
acid-binding form and an inactivated, weakly binding one, one would 
have to postulate that the Na ions activate both forms by the same factor 
to satisfactorily account for all observations. Further studies are neces
sary to clarify this issue, but at present the question whether primary 
active transport of amino acids occurs and, if so, how it ties in with the 
gradient-driven transport is still open. 
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F. Regulation 

There can be no doubt that the active transport of amino acids in the 
intestinal mucosa and in the kidney tubules serves to supply and to 
retain the amino acids needed by the whole organism. Not so obvious 
is the physiological significance of the transport systems that maintain 
intracellular amino acid pools. It seems that amino acids are often 
accumulated faster, and maintained at higher levels, than appears 
necessary for their optimal utilization. In Ehrlich cells, for instance, the 
influx of glycine in vitro is about 100 times faster than the incorporation 
into protein or the degradation of this amino acid [74]. For glutamate, 
which is transported more slowly but metabolized faster in these cells 
than glycine, this apparent disproportion between the two rates is 
smaller, but the rate of transport is still more than twice the combined 
rates of incorporation and utilization [75]. One may suspect that the 
high transport rates are to maintain the cellular amino acid pools at 
levels high enough for protein synthesis. However, for various types 
of cultured cells Eagle et al. found that protein synthesis is already at 
its maximum if the interacellular pool of the essential amino acids is 
between 0.1 and 0.2 mM, which is also well below the level usually 
maintained [76]. It thus appears that the rate of amino acid transport is 
far from limiting the rate of any pathway of amino acid utilization, at 
least in the cells discussed. To the extent that the situation is similar with 
other cells, one may wonder how any regulation of amino acid transport 
could help regulate cellular metabolism or growth. Actually, no devices 
of feedback regulation of product inhibition have been unequivocally 
detected for amino acid transport in animal cells. On the other hand, a 
number of hormonal effects on various systems of amino acid trans
port, some only in vivo and others also in vitro, have been reported. In 
view of these considerations one may still question whether and to what 
extent such effects serve a meaningful purpose within the amino acid 
metabolism of the particular cell or tissue. 

1. PEPTIDE HORMONES 

a. Insulin. Kipnis and Noall discovered in 1958 that insulin (0.4 U/ml] 
strongly stimulates the accumulation of amino isobutyrate (AIB) in the 
cells of diaphragm muscle in vitro. The effect was stronger with tissue of 
animals that had been fasting for 72 hours than with that of normally fed 
animals [77]. Later a similar effect of insulin was found on the transport 
of six natural amino acids, including glycine, L-proline, and L-methionine 
[78,79]. The stimulation was observed at insulin doses down to the 
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physiological values of 0.001 U/ml [80]. It was not reduced while 
protein synthesis was completely inhibited by puromycin [81]. Only 
after prolonged exposure to this inhibitor was amino acid transport 
impaired [82]. The implications of this finding as to the chemical basis 
of transport are discussed in the next section. Insulin also enhances the 
incorporation of amino acids into protein of intact cells, an effect 
apparently independent of that on transport, for incorporation of sub
stances other than amino acids into protein is also enhanced [83]. 

In the presence of puromycin the accumulation of five more amino 
acids (alanine, phenylalanine, tyrosine, histidine, and leucine) is also 
stimulated by insulin [84]. Wool assumes that this stimulation occurs also 
in the absence of puromycin but is then outweighed by the parallel 
increase in incorporation of amino acids into protein. Manchester, 
however, found that the latter effect of insulin is small, probably too 
small to balance the stimulation of transport [85]. 

Attempts to determine which of the Michaelis parameters of amino 
acid influx, Km or / m a x , is changed under insulin action have led to 
conflicting results. Akedo et al report a decrease of Km with little 
change of J m a x [79], whereas Manchester finds the opposite [85]. 

Insulin stimulates amino acid transport only if Na ions are present in 
the medium [48, 86], whereas the stimulation of the facilitated diffusion 
of sugar into the same cells is Na-independent [48]. It is therefore 
assumed that only, or mainly, the A (alanine-preferring)-system responds 
to insulin [87], though the differential sensitivity toward insulin of the 
various systems of amino acid transport has not yet been rigorously 
tested. 

b. Growth Hormone (GH). In vivo effects of GH on the accumulation 
of aminoisobutyrate (AIB) in many tissues, such as kidney and muscu
lar tissues, with the exception of heart muscle, have been known for 
some time [88]. More recently an in vitro effect of GH in increasing the 
uptake of AIB, aminocyclopentanocarboxylate (ACPC), L-alanine, and 
L-histidine by the " intact" rat diaphragm of hypophysectomized rats 
has been found [89,90]. The effect, which is much smaller with tissue of 
normal rats, has been taken as a support of the hypothesis that the 
primary action of GH is to stimulate amino acid transport into cells. 

c. Thyroid Stimulating Hormone (TSH). This hormone is reported to 
increase AIB uptake if added in vitro, but only in slices of the target 
organ of TSH. The effect is specific since insulin, GH, ACTH, luteiniz
ing hormone, oxytocin and epinephrin are inconsistently effective or 
ineffective [91]. 

d. Follicle Stimulating Hormone (FSH). The uptake of AIB, glycine, 
and L-valine in isolated ovaries of the rat is stimulated by FSH, provided 
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the hormone has been administered 4 hours before the removal of the 
organ. Inhibition of protein synthesis does not reduce stimulatory 
effects. FSH has no effect on the ovary in vitro [92]. 

e. Glucagon. This hormone, if added in vivo, seems to stimulate the 
uptake of AIB, cycloleucine, and possibly other amino acids in liver 
tissue during liver perfusion [93]. 

2. AMINO ACID DERIVATIVES 

a. Epinephrine. Given in vivo (0.1 mg/kg), epinephrine increases AIB 
accumulation in various tissues of the rat after about 2 hours [94]. 

b. Thyroid Hormones. These hormones, of which 3,3',5-triiodothyro-
nine (T 3) seems to be the most effective, appear to have different effects on 
different tissues. On the one hand, in intestinal segments of thyroidecto-
mized rats the intracellular accumulation in vitro of cycloleucine, L-his
tidine and L-valine is increased [95]. The influx, which seems mainly 
affected, can be reduced to normal values by parenteral administration 
of triiodothyronine for 4-5 days before the experiment. In embryonic 
chick bones, on the other hand, the same hormone (T 3) stimulates the 
intracellular accumulation of certain neutral amino acids, such as 
tyrosine, phenylalanine, tryptophan, cycloleucine, histidine, leucine, 
and methionine, but inhibits that of glycine, valine, and isoleucine 
[96,97]. The transport of other neutral amino acids and anionic or cat-
ionic amino acids is not affected. The authors assume that the hor
mone action is specific for the L (leucine-preferring)-system, whereas 
the A (alanine-preferring)-system, which is also present in bone cells, is 
insensitive to T 3 . The inhibitory effect of T 3 on the transport of valine 
and isoleucine, typical substrates of the L-system, does not seem con
sistent with the authors' assumption. 

3. STEROID HORMONES 

In contrast to peptide hormones, steroid hormones are presumably 
able to penetrate the cell membrane easily, so that primary effects on 
transport systems may be difficult to ascertain. For a few sex hormones, 
stimulation of the uptake of amino acids in target organs has been re
ported; for instance, the uptake of AIB by the isolated uterus of the rat 
is accelerated 1 hour after injection of 1 μg 17-/?-estradiol into the intact 
animal. The effect reaches its maximum after about 8 hours, continues 
for some 20 hours, and has disappeared after 48 hours [98]. These long 
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periods suggest an induction effect of the hormone, but more rigorous 
evidence on this point does not seem available at the present time. 

a. Cortisol Cortisol added to cultured cells (HeLa, JTC-4, and L-929) 
is reported to depress the uptake of glycine and of some other amino 
acids. 19-Nortestosterone does not seem to affect amino acid transport 
in these cells [99]. 

b. Sulfates of Estradiol and Estrone. These compounds elevate the 
equilibrium distribution of several amino acids in Ehrlich cells [100], 
primarily by inhibiting the efflux rather than by increasing the influx. 
The action of these agents, which seems to resemble that of pyridoxal, 
is probably not directly related to the function of normal steroid hor
mones, for the two sulfates are water-soluble and possibly cannot easily 
penetrate the cellular membrane. Furthermore, the concentration at 
which their action is at its optimum is in the range 1 mM; several orders 
of magnitude higher than physiological levels of steroid hormones. 

The listed examples of hormonal effects on systems of amino acid 
transport only vaguely relate to the physiological functions of the hor
mones concerned. Thus a promoting effect of some hormones on growth 
or activity of their target organs seems paralleled by a stimulated effect 
on amino acid transport into the cells of that organ. Even if the hormone 
in those cases were to act on the transport mechanism directly, it seems 
highly unlikely that this action is the primary action of the hormone, be
cause amino acid transport cannot be shown to limit the rate of the 
essential function under hormonal control. It is often observed that a 
given hormone acts on various distinct transport systems simultaneously, 
as if its effect were not specific for such a system but rather directed to
ward general structural features of a membrane. 

G. Chemical Basis of Amino Acid Transport 

Almost nothing is known about the chemical nature of the mechanism 
of amino acid transport. The participation of a mobile carrier is strongly 
suggested by exchange and counter/flow phenomena. If such a carrier 
transport is directly linked to metabolism (and this is doubtful in view 
of the effects of Na and Κ ion gradients on amino acid transport), such 
a coupling is most likely based on the " source and sink " principle [101], 
According to this principle an active, i.e., substrate-binding, carrier is 
formed on one side of the membrane; this carrier is able to bind the 
amino acid and to carry it across the osmotic barrier and is degraded 
to an inactive form when delivering its substrate on the trans side. The 
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degraded form must be returned and at the same time reactivated, 
possibly by direct coupling to a metabolic reaction. 

As for a group transfer mechanism similar to that first suggested by 
Mitchell [102], and later identified as the phosphotransferase system for 
glucosides in various microorganisms [103], there are strong arguments 
against it in amino acid transport in animal cells, such as: (1) the missing 
evidence of a covalent binding during transport and (2) the observation 
of countertransport effects. The temporary formation of covalent bonds 
between the amino acids and the transporting system is very unlikely 
since Christensen et a l found that no exchange of 1 8 0 occurs while an 
amino acid labeled with this isotope of oxygen passes through the whole 
organism, where it certainly undergoes various transport processes in 
various tissues [104]. The group transfer system, however, implies the 
formation of a covalent bond, presumably connected with the exchange 
of 1 8 0 . Furthermore, none of the systems that unequivocally work by 
the group transfer (phosphotransferase) mechanism does, or even seems 
able to, display counterflow phenomena. Hence the model suggested 
for glycine transport in Ehrlich cells still holds for a metabolic coupling 
of amino acid transport in animal cells [28]. To the extent, however, that 
amino acid transport, as has been postulated, is driven by alkali ion 
gradients, a metabolically linked change between an active and inactive 
form of the carrier would be unnecessary. 

In any case, there still remains the question of the chemical nature of 
the so-called carrier. Various classes of substances have been suggested 
previously, such as lipids, lipoproteins, or pyridoxal, but none of these 
could possibly account for the high specificity of amino acid transport. 
The analogies between transport and enzymatic processes suggest that 
the transport carrier is a protein. Whereas this is undoubtedly true for 
the "binders" of various microbial systems [105], little direct evidence 
on this point is available for animal systems. One of the few observations 
that might support the view that a protein is essentially involved in 
amino acid transport was mentioned before; namely, that after pro
longed exposure to puromycin, e.g., for more than 2 hours, the transport 
of amino acid in diaphragm muscle is impaired. Provided that this effect 
is entirely due to the inhibition of protein synthesis, it could be taken to 
indicate that a protein essential for the transport process must be sup
plied continuously. From the time lag observed, the half-life of such a 
protein has been estimated to be in the order of 3 | hours [82]. The iso
lation and characterization of such a protein in animal cells greatly 
suffers from the unavailability of suitable controls, i.e., of mutants lack
ing given transport systems such as are available in many microbial 
systems. 
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II. SPECIAL SYSTEMS OF AMINO ACID TRANSPORT 

A. Neutral Amino Acids 

Since most neutral amino acids, both natural amino acids and arti
ficial analogs, compete with each other for transport in many mamma
lian cells and tissues, a single agency had been assumed to transport all 
neutral amino acids in these cells [15]. This would be at variance with the 
corresponding transport in microorganisms, for which several distinct 
agencies for neutral amino acids have been revealed by mutation studies. 
Also for mammalian cells, inconsistencies with the above assumption 
soon became apparent. For instance, in many cases of undoubted com
petition between a given pair of neutral amino acids the so-called ABC 
test fails, at least partially. This test, proposed to decide whether two 
substrates, A and B, are transported by the same agency, is positive if 
all the following conditions are met [106]: 

(a) Each of the two amino acids A and Β must competitively inhibit 
the other. 

(b) The apparent Michaelis constant Km for the transport of A must 
be equal to the inhibitory constant (Kt) for A when inhibiting the trans
port of B. The same must hold for the corresponding constants of B. 

(c) A third amino acid C, if it competes with both the former ones, 
must have the same Kt in each case. 

Many pairs of neutral amino acids that clearly meet condition (a), 
fail to meet conditions (b) and (c). In other words, the apparent 
affinities of one amino acid for its transport often does not correlate 
with its potency in inhibiting the transport of a third amino acid, even 
though the second one and third one clearly compete with each other 
for transport. 

The ABC test, if it is positive, undoubtedly indicates that the amino 
acids tested are transported by a single system only. On the other hand, 
a negative ABC test does not necessarily prove the contrary. For in
stance, as long as condition (a) is met, the failure of conditions (b) and 
(c) does not argue against a common transport system, but merely 
indicates that the substrates tested are not exclusively transported by 
that system. In that case it may be taken as suggesting that more than 
one system is available to one or both of the substrates. Furthermore, 
if a third substrate, C, while competing with both A and B, fails to 
satisfy the complete ABC test with either one, one must not conclude 
that more than two systems are available for the three substrates. If, for 
example, C has an affinity for both systems, for the one preferring A and 
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for the one preferring B, the ABC test would fail equally whether an 
additional system for C is present or not. Hence the ABC test may help 
to disclose the presence of several systems for the same amino acid, but 
it does not tell how many there are. A too formalistic application of this 
test may therefore easily mislead one into assuming more distinct 
transport systems than really exist, as will be exemplified below. 

That more than one system for neutral amino acids is involved even 
for the same amino acid could also follow from other observations. 
Thus, the inhibition of some amino acids by others is incomplete, even 
if the concentration of the inhibiting one is in great excess [107]. Fur
thermore, the kinetics of various transport systems is inhomogeneous, as 
indicated by a nonlinearity of the Lineweaver-Burk plot or of other 
supposedly linear plots. Later, after the requirement of Na ions for 
amino acid transport in these cells becomes known, it turns out that the 
omission of these ions from the incubation medium impaired the trans
port of some amino acids much more strongly than it did that of others 
[17], In addition, as has already been mentioned, the counterflow effect 
of one amino acid upon another does not always follow the same speci
ficity pattern as their transports [32]. 

Several alternatives have to be considered to bring the above, seem
ingly contradictory observations on a common denominator: 

1. There are two distinct systems each of which is independent of the 
other, but one has some affinity for the substrate of the other (affinity 
overlapping). 

2. There are two distinct systems that interfere with each other, 
though their affinity need not overlap. For example, one system, if 
loaded with its appropriate substrate, interferes with the function of the 
other (interdependent transport systems). 

3. There is only one transport system for both amino acids, but it 
binds each at a different site and there is interaction between these sites, 
i.e., binding of the one amino acid to its proper site may reduce the 
affinity of the other site. The kinetics of such a system would be ana
logous to that of "partial competitive inhibition." 

4. There is only one transport system for both amino acids, but the 
carrier may occur in two interconvertible modifications, each binding a 
different amino acid. 

For lack of evidence the second and fourth alternative haves not been 
considered seriously. A kinetic distinction between alternatives 1 and 3 
is difficult, because some observations can be visualized to fit either one 
under suitable conditions. Even though the other alternatives cannot be 
rigorously excluded in all cases, the first one is generally considered the 
most likely one. Accordingly the above-cited observations are mostly 
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interpreted in terms of several distinct, mutually independent transport 
agencies with overlapping affinities [107]. 

In an attempt to identify and characterize the various systems 
involved in the transport of neutral amino acids in the Ehrlich cell, 
Christensen et al. found evidence of two predominant systems: the A 
(alanine preferring)- and the L (leucine-preferring)-system [17]. The 
latter prefers amino acids with hydrophobic side chains, whereas the 
Α-system prefers besides alanine amino acids with short and polar side 
chains. The specificities, however, of these systems are " overlapping," 
i.e., each system accepts to some extent substrates preferred by the other 
system. L-Methionine seems to take a special position in having a high 
affinity for both systems (ambiaffinity). It seems that only the A-system 
transports actively, i.e., against an electrochemical potential gradient, 
whereas the L-system, though translocating much faster, may only 
mediate facilitated diffusion. The L-system, however, has a great capa
city for homo- or heteroexchange, in apparent contrast to the A-system. 
Hence, some accumulation of an amino acid may occur by the L-system 
in exchange for another one previously accumulated inside the cell. 
The A-system depends on Na and possibly Κ ions and is strongly in
hibited by Η ions [17,108]. On the other hand, the L-system seems rather 
independent of these cations. The differential dependence on Na ions 
has been used to separate the L-system from others, the latter being 
taken as equal to the increment of the transport rate caused by the ad
dition of Na ions to a previously Na-free medium [33]. 

More recently the view of different independent systems has been 
strongly supported by the discovery of some artificial amino acids that 
are highly, almost exclusively, specific for the L- or the A-system, re
spectively. Thus N-methylated amino acids appear to have lost their 
affinity for any system other than the A-system [110], whereas an 
aminobicycloheptanecarboxylate (BHC) appears to react with the L-
system only [111 ]. Each of these amino acids, if present in excess, should 
discretely eliminate its proper system without interfering with the other, 
which can then be studied independently. The application of N-methy
lated amino acid, furthermore, led Christensen et al. to postulate an 
additional Na-dependent system for neutral amino acids, the so-called 
ACS (alanine-, serine-, and cysteine-preferring)-system. Since JV-methyl 
AIB, in contrast to nonmethylated AIB, was unable to completely block 
the Na-dependent transport of some 3- or 4-C amino acids, the authors 
concluded that the uninhibited fraction, previously attributed to the 
A-system, refers to a distinct system, the ACS-system, which depends 
on Na ions but rejects N-methylated amino acids [112]. 

Besides the above-mentioned systems for neutral α-amino acids, there 
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seems to be a separate one for /?-amino acids. Taurine, which competes 
little or not at all with the transport of neutral α-amino acids [15], is 
nonetheless highly accumulated by Ehrlich cells [113]. The /J-system is 
characterized by a very low Km value and a low maximum velocity 
[113,114]. Since, on the other hand, leakage is very small and exchange 
virtually absent, high accumulation ratios are attained. Evidence has 
been presented that this system is also responsible for the transport of 
j8-alanine, which, contrary to α-amino acids, competes with taurine for 
transport. This so-called jS-system also depends on Na ions [115]. 

Analogous systems for neutral amino acids have been observed in 
tissues other than Ehrlich cells [34]. They are probably identical with, 
or at least closely related to, those described for the Ehrlich cells. The 
number of various parallel and distinct systems postulated for those 
tissues on the basis of the ABC test or other kinetic observations seems 
even to greatly exceed that postulated for the Ehrlich cells. Considering, 
however, that the ABC test and related kinetic investigations may mis
lead one into assuming more separate systems than really exist, a pat
tern of systems similar to that postulated for the Ehrlich cell may very 
well account for most transport processes described for other cells. For 
instance, a special system for methionine and ethionine is postulated for 
pancreas tissue, because these amino acids give a negative ABC test with 
valine, which is presumably transported by the L-system [116]. The 
ABC test would also be a negative if methionine were transported partly 
by the Α-system and partly by the L-system, as is assumed for the Ehrlich 
cell. Hence the kinetic observations at hand do not warrant an additional 
and separate system for methionine in this tissue. In nucleated erythro
cytes of the pigeon, glycine is undoubtedly transported by a special, 
highly specific mechanism that accepts in addition to glycine only sar-
cosine and none of the other 32 α-amino acids tested [117]. This system 
is obviously different from any system described for the Ehrlich cells, 
from which it seems to be absent. For other tissues, especially for in
testine [118,119], kidney tubules [120,121], and pancreas [122], and for 
embryonic [123], but not adult, bone [124], evidence has been presented 
for a special system for proline, possibly preferring imino acids. The 
specificity of this sytem, which has not been identified in the Ehrlich cell, 
seems to overlap with that of other systems, e.g., the Α-system accepts 
proline, and the imino acid system accepts glycine. Hence the system for 
imino acids in the tissues listed is difficult to identify. In pancreas slices 
the postulated proline system is characterized by second-order kinetics 
with respect to the proline concentration, from which observation the 
authors deduce that each proline carrier must bind two proline mole
cules at a time at appropriate sites with identical Km values [122]. It 



12. TRANSPORT OF AMINO ACIDS BY ANIMAL CELLS 495 

should be kept in mind, however, that the order of transport kinetics is 
not a reliable index of the carrier substrate stoichiometry. Cooperative 
or regulatory effects may be associated with similar kinetic character
istics. 

Even though the various systems occuring in different tissues may be 
reduced to only a few, corresponding with those described for the 
Ehrlich cell, the proportions in which they occur may vary widely from 
tissue to tissue. It has already been mentioned that the glycine system of 
the nucleated erythrocyte and perhaps also the one for imino acid are 
missing in the Ehrlich cell. On the other hand, the A- and ASC- systems 
are completely absent in the mature mammalian erythrocyte. Christen
sen et al found evidence that this system may nevertheless be present in 
reticulocytes but that it degenerates during maturation [125]. 

B. Anionic Amino Acids 

The transport of anionic amino acids has been studied less than that 
of other amino acids, probably owing to difficulties caused by the rapid 
metabolism of these amino acids. The ability to transport anionic amino 
acids seems to vary from tissue to tissue. The epithelial cells of the in
testinal mucosa appear to lack any system for active transport of gluta-
mate or aspartate [126,127]. If these amino acids disappear from the 
intestinal lumen, this is due mostly to transamination inside the cell [64]. 
Slices of brain tissue, on the other hand, powerfully accumulate glu-
tamate [128]. 

In Ehrlich cells the influx of glutamate is depressed by some metabolic 
inhibitors, and is activated by Na ions and Η ions [75,129]. At neutral 
pH, glutamate enters the cell at a relative rate of about 0.3 ml/gm 
minute. Saturation is hardly noticeable at this pH, even at glutamate 
concentrations higher than 20 nM, nor is there competitive inhibition 
by aspartate or L-methylglutamate [130]. It is difficult to ascertain the 
active nature of glutamate uptake and to compare its power to that of 
other known transport systems, because glutamate is so rapidly con
verted into aspartate and C 0 2 that the accumulation ratio rarely ex
ceeds two [75]. This value is presumably far below the distribution ratio 
that would be attained if no glutamate were metabolized. This latter 
ratio however, can be obtained by dividing the coefficient of influx by 
that of the efflux. The influx coefficient is known and constant within a 
wide range of extracellular glutamate concentrations at neutral pH. 
The efflux coefficient, however, is difficult to determine because of the 
rapid utilization of glutamate inside the cell. Some presumably useful 
data on the true efflux have been obtained with glutamate decarboxylase 
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in the medium in order to rapidly and specifically decarboxylate gluta
mate immediately after it leaves the cell [131]. The efflux coefficient ob
tained by this method is considerably smaller than the influx coefficient, 
and since the electrical PD across the cell membrane is opposed to the 
entry of glutamate anions and since for reasons given above the cellular 
glutamate can be assumed to be predominantly free, the transport of 
glutamate in these cells can be considered active [75]. 

With increasing Η ion concentration in the medium, the influx of 
glutamate, unlike that of glycine, rises sharply. This stimulation is not, 
or at least not appreciably, due to the formation of the nonpolar 
glutamate zwitterion, since it is not diminished if the absolute concen
tration of zwitterions is kept constant by the proportionate increase of 
the total glutamate concentration, according to the Henderson-Hassel-
balch equation [129]. With decreasing pH of the medium the glutamate 
transport becomes more and more saturable. This is apparently due to 
the activation of a saturable component of influx, which is very small at 
neutral pH but becomes dominant at acidic pH. On the other hand, the 
nonsaturable component appears to be constant and independent of pH. 
The saturable, pH-sensitive component of glutamate influx seems to be 
inhibitable by aspartate, aminoadipate, and other anionic amino acids. 
The pH-insensitive component is little affected by these amino acids, but 
can instead be inhibited by various neutral amino acids, in particular by 
proline. Hence it seems to be mediated too. The activation of glutamate 
influx by Η ions can be attributed to an increase in the Vmax of the 
pH-sensitive component, which rises more than 50-fold if the pH drops 
from neutral to 5.5. The effects of Η ions on the glutamate influx and 
Na ions appear to be cooperative: Η ions activate more strongly the 
higher the Na concentration, and the Na ions activate more strongly at 
low than at high pH 2 [131a]. On the other hand, the effect of Η ions 
appears to be antagonistic to that of the Κ ions. It cannot be said as yet 
whether or not the pH independent component of the glutamate transport 
is identical with one of the known systems for the transport of neutral 
amino acids. 

C. Cationic Amino Acids 

In 1952 Christensen et al. found that the artificial amino acid di-
aminobutryic acid (DAB) is powerfully accumulated by Ehrlich cells 
and that this accumulation is not inhibited by the presence of neutral 
amino acids [5]. On the other hand, DAB does not seem to interfere 
with the transport of neutral amino acids, nor does it exchange with 



12. TRANSPORT OF AMINO ACIDS BY ANIMAL CELLS 497 

them [5,15]. More recently Christensen et al found that arginine and 
lysine are also transported in these cells. This transport is not activated, 
in some cases it is even slightly inhibited, by Na ions [132,133]. On the 
other hand, these basic amino acids partially compete with those of the 
L-system for transport. So a distinct fraction of the influx of lysine is 
abolished by an excess of phenylalanine, and vice versa. Since either 
inhibition is distinctly incomplete, in the sense discussed above, two separ
ate transport mechanisms for basic amino acids had been tentatively 
assumed [132]. One of these transports basic amino acids (Ly +) exclu
sively, whereas the other one also transports phenylalanine (L 0 , + ) , 
though it differs from the L-system. Later, Christensen discovered that 
the inhibition of lysine by phenylalanine is highly dependent on Na ions: it 
vanishes in the absence of Na ions and becomes considerable at high Na 
concentrations. The authors concluded that the Na ions make the Ly + 

carrier available for neutral amino acids by occupying the site normally 
occupied by the ε-amino group of basic amino acids. Since the joint 
affinity of phenylalanine plus Na ion for this transport system is much 
lower than that of basic amino acids, the inhibition of Ly transport by 
the combination is limited, but might approach completion if the level 
of Na ions could be raised to values far beyond the physiological range. 
On the other hand, the inhibition of phenylalanine transport by lysine 
turned out to be pH-dependent: it decreases with increasing acidity [34]. 
This observation seems to indicate that basic amino acids inhibit the 
L-system only insofar as they are present in the neutral form, i.e., after 
the ε-amino group has lost its proton. Hence the previously postulated 
transport system L 0 , + , common for basic and neutral amino acids, has 
been abandoned as an artifact. All observations are instead accounted 
for by a single transport system for basic amino acids which has some 
affinity for neutral amino acids at a sufficiently high Na ion level. These 
considerations also apply to the transport of histidine, which at neutral 
pH is present in the neutral and the basic form as well [134]. 
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Note added in proof: After completion of the manuscript evidence has been published 
that, contrary to previous views, also in the intestine (rabbit ileum) the transport of 
dicarboxylic amino acids is mediated by an inhibitable, Na-dependent, saturable system, 
whose active nature is usually obscured by the rapid metabolism of these amino acids. 
[S. G. Schultz, L. Yu-Tu, O. Alvarez, P. F. Curran, / . Gen. Physiol. 56, 621 (1970).] 

The opposing views as to whether or not the Na + -gradient supplies the energy for 
amino acid transport in animal cells are extensively discussed in the publication of a recent 
symposium ["Na-Linked Transport of Organic Solutes" (E. Heinz, ed.). Springer Publ., 
New York, 1972]. 




