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I. INTRODUCTION
The movement of amino acids across cell membranes is one of the
most fundamental processes in biology, as all cells require amino acids
for the replacement of their own structure and for other activities such
as synthesis of hormones and enzymes. In addition to this general need
some cells have a special relationship to amino acids in that they trans
port amino acids from one side of the cell to the other, e.g., the columnar
epithelial cells in the intestine and the tubular cells in the kidney. In
these cases the amino acid may be moved against its electrochemical
gradient, and this involves the expenditure of metabolic energy. Hence,
some special mechanism must be present, as is also shown by the high
degree of specificity exhibited. In other cases where the cell takes up,
rather than transports the amino acid, there may also be involvement
of metabolic energy, as many cells have the capacity to achieve a high
concentration of amino acids. The present review is not meant to cover
mechanisms of amino acid transport, but rather conditions affecting
transport, so that mechanisms will be discussed only in so far as they
are relevant to the main topic.

II. METHODS OF CONTROLLING AMINO ACID TRANSFER
The facts already stated have certain implications about amino acid
movement through membranes. Since a high degree of specificity often
exists, there must be some kind of selective mechanism that can usefully
be called a carrier without being defined more precisely. The requirement
of this carrier is that it have certain active sites analogous to the active
centers of enzymes, so that molecules of a certain chemical structure
can attach to these sites. The analogy with enzymes is restricted to
the attachment to the site, as the amino acid does not undergo any
chemical transformation as a result of its interaction with the carrier.
In addition to attachment to a carrier mechanism there is also the ques
tion of the coupling of this mechanism to metabolic energy.
With these facts in mind it is possible to classify the ways in which
control can be exerted over the movement of amino acids through mem
branes, and this is shown in Fig. 1.
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FIG. 1. The ways in which amino acid transfer through membranes can be modified. The numbers represent the points at which control may be exerted: 1, changes
in the structure of the amino acid; 2, competition for a transfer site; 3, allosteric
inhibition; 4, changes in membrane permeability; 5, changes in the availability
of energy; 6a, an alteration in amino acid metabolism; and 6b, an alteration in
the synthesis of specific proteins involved in amino acid transfer.

A. Structure of the Amino Acid

If a site has an affinity for a particular chemical structure, then modification of the amino acid structure would cause alterations in the affinity.
While this is not a method by which the cell can control the amino
acid entry, it is a method available to the experimenter and it is a
useful way to study the specificities of sites by investigating how changes
in chemical structure modify affinity.
Another aspect of this problem is the interaction of an amino acid
with some constituent in the medium bathing the cell so that the amino
acid is changed into a form in which it is no longer able to penetrate
the membrane. An example of this is the complexing of tryptophan with
flavin mononucleotide in the lumen of the intestine so that it is no
longer absorbed (1).
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B. Competition for α Transfer Site

This is a process analogous to competitive inhibition in enzymology.
It is envisaged that the site can have different affinities for members
of a group of substances with related chemical structures. These affinities
could be expressed in terms of a Km, and competition among substances
could be analyzed in Michaelis-Menten terms.

C. Allosteric Inhibition

This is also analogous to the allosteric effects in enzymology. It implies
that there may be two sites in close relationship to each other for sub
stances of quite different chemical structure. When one site is occupied
the adjacent site may be distorted so that the affinity of substances
for the adjacent site is changed.

D. Changes in Membrane Permeability

This can affect movement through a membrane in several ways. In
the case where no specific mechanism is necessary but movement through
the membrane depends on concentration differences, making the mem
brane more or less permeable can affect the rate of movement. Another
possibility is the case of a specific transfer mechanism in which the
sites for attachment of amino acids are not immediately accessible to
amino acids in the surrounding fluid but these may first move through
some permeability barrier. Changes in this barrier can thus affect the
ability of amino acids to reach the transfer sites.

E. Availability of Energy

In cases where transport involves osmotic work, the energy must be
derived from metabolism either directly or indirectly. Hence, anything
that affects the availability of metabolic energy can affect transport.
This can happen from a general reduction in metabolic activity so that
less energy is made available in the cell. It can also happen because
of competition for the energy by other transport processes. There is
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also the probability of interference with the coupling between energy
and transport.

F. Protein Metabolism

This can produce effects in several different ways.
1. In cells that are using amino acids, as distinct from transporting
them, the purpose of entry is to supply amino acids either for catabolism
or for protein synthesis, and this includes all the proteins necessary
to maintain the cell structure. The results of the catabolic and anabolic
reactions are removal of amino acids, which tends to produce a gradient
for entry into the cell or, at least, prevents accumulation of amino acids
beyond a certain degree in the cell. Hence, anything affecting protein
metabolism can result in concentration changes in the cell that may
affect the entry.
2 . As distinct from this, there is a special need for synthesis of particular proteins involved in amino acid transfer. This is under genetic control,
and in some cases it is known that the mechanism for transfer of particular amino acids is absent, for example in the human intestine (#). In
this way genetic effects can influence the entry of amino acid into the
cell.
While the effects of various conditions on amino acid transfer can
be described mostly in terms of the above mechanisms, in many cases
more than one of these mechanisms is involved. It is not easy, therefore,
to discuss control of amino acid movement under the above headings.
It is simpler to discuss a number of different conditions under their
own headings and to indicate which of the above mechanisms is involved,
+
e.g., the effect of N a involves allosteric effects on transfer sites, effects
on energy availability including effects on metabolism, and the coupling
of metabolism to transfer mechanisms.

III. AMINO ACID STRUCTURE
Of the various methods of control of amino acid movement listed
above, the first three involve the structure of amino acids and specificity
of the transport mechanisms. While these are basically the same problem,
experimentally they can be separated into (a) use of different amino
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acids or modified amino acids and (b) interactions between amino acids.
Let us first examine the structure of amino acids in relation to transport.
The movement of an amino acid through a membrane would be expected to bear a certain relationship to its structure, depending on the
mechanism involved in passage through the membrane. If the passage
depends only on diffusion we must consider whether this is by a lipid
route or a polar route, e.g., through aqueous pores. In both cases molecular size will be an important factor, and larger molecules will move
less easily. On the other hand, if structural differences not affecting
the molecular size or solubility cause large differences in movement,
then this points to some kind of specific mechanism involving attachment
to a carrier site.
One of the first tissues studied in this respect was the intestine. Because
ot the inverse relationship between molecular size and rate of absorption
of amino acids in chick intestine, Kratzer (3) concluded that no specific
mechanism was involved. Nevertheless, there was evidence that other
processes were involved (4, 5) following the finding that absorption in
rat intestine decreased with increasing concentration and that the rate
of absorption was more rapid than anticipated from molecular volume
measurements. Clear-cut evidence was subsequently produced to demonstrate the existence of such mechanisms. Racemic amino acid mixtures
were introduced into loops of rat ileum from which, in all 13 pairs
studied, the L form disappeared more rapidly than the corresponding
D form (6). Further, the L forms of alanine, phenylalanine, isoleucine,
histidine, and methionine were shown to be absorbed against a concentration gradient in vitro by a process dependent on aerobic conditions (7).
These experiments indicated preference of the intestinal transport mechanisms for L enantiomorphs, and it was rather assumed that active transfer mechanisms were restricted to L enantiomorphs. It is, however, now
clear (8-17) that D forms of some amino acids can also participate
in active transfer mechanisms, that L and D forms can compete with
each other, and that in some cases there is no preference of the mechanisms for one particular form.
The importance of the amino and carboxyl group in amino acid transport is shown by the finding (18) that the replacement of either leads
to the production of substances that are more slowly transferred and
have little ability to inhibit the movement of amino acids; e.g., replacement of the carboxyl group with C H 2O H , C H 3, C O C 6H 5, or CO—NHOH
produces compounds with which active transport cannot be demonstrated. Modification of the N H 2 group (19) may or may not affect
transport; e.g., iV-methylation of amino acids affects the transfer of
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one system (L) in ascites cells but has little effect on transfer by another
system (A) in the same cells. The importance of the relative position
of the N H 2 and COOH groups also depends on the transfer system.
In rat intestine one system prefers α-amino acids to β- and γ-amino
acids, while another system in the same tissue handles α-, β-, and
γ-amino acids equally well (20). The addition or replacement of groups
at the amino acid side chain has pronounced effects on transport capac
ity, and such alterations have been performed to gain information on
the systems available for the transport of specific amino acids. Thus,
seven apparently discrete systems have been described for amino acid
transfer in ascites cells (21). This approach has been particularly ex
ploited by Christensen and his co-workers in the use of a-aminoisobutyric
acid (AIB) and its derivatives.
The studies just mentioned refer to amino acid structure in relation
to transport systems involving specific mechanisms. Amino acid struc
tures, however, are also important in relation to nonspecific movement
through membranes. The wider question of the relation of chemical struc
ture to membrane permeability has been the subject of a recent extensive
review (22). The main pattern of nonelectrolyte permeability of both
artificial and biological membranes depends on the differences between
solute:water and lipid:water intermolecular forces. The shape and size
of the molecule and its hydrogen bonding ability are important features
(23), and the ionic nature of amino acids can determine selectivity if
the surface charge density of the membrane is changed (24).

IV. SYSTEMS FOR AMINO ACID TRANSFER
The studies of interaction between amino acids in transfer systems
are greatly complicated by the number of different systems proposed
in different tissues, and these are given in Table I (16, 21, 25-54)- Future
work will probably lead to some simplification, when agreement is
reached about the nomenclature and properties of systems proposed by
different authors for the same tissues. At present it is possible to offer
the reader only the information in Table I and the references to the
original papers, where details may be obtained. It will be appreciated
that experimental findings about amino acid interactions can usefully
be discussed only in relation to the different systems proposed. Instead
of reviewing the extensive literature of amino acid interaction, we shall
discuss a few generalizations about the mechanisms involved.
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I

SYSTEMS PROPOSED FOR AMINO ACID TRANSPORT IN SEVERAL CELLS
AND T I S S U E S

Cell or tissue
Ascites cell

Kidney tubular cell

Intestinal epithelial cell

Pancreas

Brain

Lens

Escherichia coli

Reticulocyte

Amino acid transport system

Reference

A
L

25
25

β

26
21
27
28
28
21
29
30, 81
30
82
80, 32-85
16, 86-38
36-88
88-40
41
42
42
42
43
43
43
43, 44
43
43
45
45
45
46
46
46
46
47
48
49
50
50
50

α,α-Diethylglycine
ASC
L+
Second cationic
Third diamino acid
Nonsaturable
Glycine, proline
Leucine, isoleucine
Acidic
Basic
Proline, glycine, sarcosine
Methionine, leucine
Basic
Acidic
Glycine
Methionine, ethionine
Valine
Small neutral
Large neutral
0-Alanine, GABA
Acidic, histidine
Small basic
Large basic
A
L
X
Leucine, isoleucine, valine
Alanine, glycine, serine
Phenylalanine, tyrosine tryptophan
Methionine
Proline
Histidine
Basic
Alanine
Major glycine
Glycine reactive

0

3.
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TABLE I
Cell or tissue
Erythrocyte

Salmonella

typhimurium

Bone
Liver

(Continued)

Amino acid transport system

Reference

Glycine, sarcosine
ASCP
β-Alanine, leucine
LP
Specific permease
Histidine
Tryptophan
Tyrosine
Phenylalanine
General permease
More than one for the AIB, glycine, proline,
and hydroxyproline group
Cystine, glycine
AIB

51
51
51
51
52

0

52
63
54
54

a

The references cited illustrate the large number of different systems that have been
proposed in different tissues but are not intended to be comprehensive.

V. AMINO ACID INTERACTIONS
In considering interactions between amino acids in membrane transfer,
the first point is the initial location of the interacting amino acids in
relation to the membrane. In describing these relations it is convenient
to call the more accessible side of the membrane the cis side and the
more remote side of the membrane the trans side. In general, the cis
side is the extracellular side and the trans side the intracellular side.
Reacting substances may be on the same side of the membrane or they
may be on opposite sides. There are two separate cases of reaction on
the same side, in which (a) the amino acids are initially outside the
cell (cis-cis reactions) and (b) the reactions are within the cell (transtrans reactions). The cis-cis reaction in general involves influx into
the cell and the trans-trans reaction involves efflux out of the cell.

A. Cis—Cis Interactions

While reactions involving amino acids initially on the same side of
the membrane are likely to have the same features, the details are much
more easily studied in cis-cis interactions than in trans-trans interac-
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tions, simply because it is much easier to control conditions in the me
dium surrounding the cell than in the intracellular fluid.
1.

COMPETITION

The most common type of cis-cis interaction between amino acids
in membrane transport is that analogous to competitive inhibition in
enzymology. The implication is that a carrier site in the membrane
has a group specificity but that different members of the group have
different affinities. The kinetics of movement of each individual amino
acid is assumed to be of the Michaelis-Menten type, and in the presence
of a competitor the apparent Km of an amino acid is altered, so that
the new value of Km is Km [1 + (i/Ki)],
where i is the concentration
of the inhibitor and Kx the affinity constant of the inhibitor. While
mutual competition between two amino acids suggests a common carrier,
it does not prove that the two are competing for the only route of
entry open to either of them. In order to conclude that two amino acids
A and Β are transported by the same carrier mechanism several condi
tions (55) should be met. (a) Each should inhibit the transport of the
other; (b) the apparent Michaelis constant for A when present alone
should be equal to its Κι value when acting as an inhibitor of the
transport of B, and vice versa; (c) a third amino acid C should have
the same Κι value whether it is used as an inhibitor of the transport
of A or of Β. Although valuable, these criteria have been considered
to be too rigid (56) and might preclude the conclusion of a common
transport mechanism when in fact such a process exists.

2. MULTIROUTE

TRANSFER

A rigorous proof of competitive interaction between two amino acids
would imply that the only route available to each of them is via the
same common carrier. Whether this condition ever exists must be open
to some doubt, as in many cases more than one system exists in the
same tissue. To exclude the possibility that two pathways exist for one
amino acid is not easy, and the linearity of the Lineweaver-Burk plot,
which is often used as the criterion, can be misleading. This can be
so whether the second route is another saturable mechanism with Mich
aelis-Menten kinetics or whether it is a nonsaturated route, e.g., diffusion.
If a substance is transferred by two saturable systems, and even if
the Km and Vm&x of one are each twice that of the other, the plot of
the reciprocals of concentration and total rate will be so close to linearity
that it will almost certainly be mistaken for linearity (57). This would
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also apply to a combination of a saturable process with a diffusion
process even if the diffusion process contributed up to 25% of the total
transfer at the highest concentration studied.
While it is difficult to exclude the possibility of two carriers, it is,
on the other hand, sometimes easy to prove the existence of more than
one carrier by competitive inhibition studies. If the inhibitor inhibits
the carrier with the lower affinity its effect is to reduce transport but
increase affinity. Such a case would seem to be definite evidence for
the existence of two carriers (58). This would also be indicated if the
effect of two amino acids together on the transfer of a third were greater
than the effect of twice the concentration of either separately (37).
3. ALLOSTERIC EFFECTS

Elsewhere in this review is discussed the possibility of allosteric effects
+
of N a and hexoses on amino acid transfer. At present, discussion
is restricted to allosteric effects of one amino acid on another, as this
has been suggested as an explanation of interaction between amino acids
that do not use the same transport system. In the rat intestine the
basic and neutral amino acids are believed to use different transport
systems. Neutral amino acids cause inhibition of lysine transfer, and
this has been interpreted as being due to an allosteric effect (59). Owing
to the difficulty of very precise measurement in most experiments, the
distinction between allosteric interaction between different amino acids
and competitive inhibition is not easy to establish, particularly if the
difficulty of excluding the presence of more than one transport route
is considered.
4. COMPETITIVE STIMULATION

Competitive stimulation is a term used to describe the stimulation
by p-fluorophenylalanine of tryptophan transport by ascites cells (60).
It is competition in the sense that transfer of p-fluorophenylalanine is
inhibited, while that of tryptophan is stimulated. One explanation is
a cis-cis type of interaction by the two amino acids, but as a more
convincing explanation involving a cis-trans interaction has been given,
this is described more fully later.
B. Trans—Trans Interactions

In general, the same kind of reactions might be expected as with
cis-cis reactions, e.g., competitive inhibition and allosteric effects. The
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experimental conditions are, however, much more difficult to control,
and various assumptions have to be made in calculating the intracellular
concentration of the reacting substances. Perhaps the greatest assumption
is that the concentration at the inside of the membrane is the total
intracellular solute per total intracellular water, as this implies that
the inside of the cell is one homogeneous compartment. In view of the
number of cell organelles and the existence of solute pumps of various
kinds this must be very unlikely. Further assumptions are involved in
determining intracellular solute and intracellular fluid, and even if these
are correct the number of measurements involved must introduce a considerable error in the final figures.
Accepting that trans-trans reactions can be studied quantitatively it
would be expected that, if the same carrier system is involved, the cis-cis
reactions would be essentially the same as the trans-trans reactions,
and there is evidence that this is the case. In ascites cells neutral and
cationic amino acids using specific transport mechanisms show similar
patterns of competitive inhibitions for influx and efflux (61). In this
tissue two systems (A and L) are present, and two model amino acids
(iV-methyl-AIB and 2-aminobicyclo-[2.2.1 ]-heptane-2-carboxylic acid),
which use different systems for entry, have also been found to show
no interaction for exit. Phenylalanine uses both systems, and the inhibition of its exit by the two model amino acids is consistent with the
Km values for its entry by the two systems. Alanine uses both systems
for entry and exit, although in somewhat different proportions.
Even if differences were found in competitive effects for entry and
exit, this could be compatible with reactions with the same carrier system. One possibility would be a leak in one direction providing an alternative route for movement. Another possibility would be variations in
ionic composition inside and outside the cell having different effects on
the transport system. In one case an alteration in transporting ability
because of changed ionic environment was suggested by the finding that,
while amino acids entering the cell by the L system competed for exit,
the apparent Km for exit was generally much higher than for entry,
whereas the Vm&x was approximately the same (61).
C. Cis—Trans Interactions
1.

COUNTERTRANSPORT

Various possibilities have been proposed whereby substances initially
on different sides of a membrane with specific transport mechanisms
can affect the movement of each other. One of the best known is counter-
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transport, described in detail by Rosenberg and Wilbrandt {62). The
kinetics of this process can be derived from the classical equations for
facilitated transfer. The basic assumptions are that (a) there are carriers,
each of which can be used by two different substances with different
affinities; (b) at each surface of the membrane, the saturation of the
carrier depends on the concentration of the substance in the fluid in
contact with that side of the membrane; and (c) the rate of transfer
across the membrane is proportional to the difference in saturation of
the carrier at the two sides of the membrane. With these conditions
it is easy to show that if a substance is present in equal concentrations
on two sides of the membrane, addition of another substance to one
side may result in movement of the first against its concentration gradient. Examples of amino acid interaction by countertransport have been
obtained in various tissues, e.g., ascites cells (25, 68), intestine (64,
65), pancreas (66), and brain (67).

2 . COMPETITIVE STIMULATION

The phenomenon of competitive stimulation has already been referred
to. When two amino acids are present initially in the extracellular fluid
the uptake of one is increased (60, 68, 69). In those cases where competitive stimulation could be demonstrated the maximal percentage increase in uptake was obtained when amino acids were present in equimolar concentrations. While uptake of one of the amino acid pair was
increased, that of the other was always decreased. This decrease was
considerably greater than the increase in uptake of the stimulated amino
acid (69). Furthermore, the uptake of the inhibited amino acid when
present alone extracellularly was more rapid and led to steady-state
levels higher than those of the stimulated amino acid under the same
circumstances.
Two explanations have been offered to explain competitive stimulation.
The suggestion was made (25) that the inhibited amino acid rapidly
accumulates by a nonexchanging carrier (A system) for which the stimulated amino acid has a lower affinity. The intracellular accumulated
amino acid then drives a countertransport of the stimulated amino acid
by means of an exchanging carrier (L system) for which both amino
acids have a considerable affinity. This is a cis-trans interaction. An
alternative proposal (60) involving a cis-cis interaction is that an exchange reaction at the outer surface of the cell is involved. It must
be assumed that the stimulated amino acid binds to the carrier slowly,
the other more rapidly, and that the exchange reaction between the
carrier-inhibited amino acid complex and free stimulated amino acid
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is rapid. A model of carrier transport incorporating these assumptions
has been shown to predict competitive stimulation (70). However, the
+
finding that methionine movement by the Α-system carrier is N a depen
+
dent (71), although methionine exchange is N a independent (72), and
that the methionine stimulation of tryptophan transport is eliminated
+
by omission of N a from the medium (73), provides strong support for
the first hypothesis.
Competitive stimulation could be put forward as an explanation of
the effect of neutral amino acids on the net uptake of dibasic amino
acids by rat intestine (74), although the inability of intracellular arginine to stimulate arginine uptake suggests that countertransport is not
the mechanism. The possibility that dibasic amino acid efflux is altered
by neutral amino acids is favored (74). For methionine to stimulate
arginine uptake it must be assumed that methionine inhibits arginine
movement from both sides of the membrane but that the influence is
greater from the intracellular face. Two possibilities have been considered
to explain the difference in effect at the two sides of the membrane.
Methionine is concentrated to a greater extent than arginine so that
when concentrations of the two amino acids are the same in extracellular
fluid the methionine will be more effective as an inhibitor of arginine
efflux. Alternatively, because of the difference in ionic composition of
intracellular and extracellular fluid, the Ki for inhibition of amino acid
transport may be altered.
In addition to enhanced movement of amino acids by countertransport,
a condition whereby amino acids on opposite sides of the membrane
can inhibit transport has been examined (75). The situation is envisaged
in which an amino acid becomes associated during its movement in one
direction with some site also presumably available to amino acids moving
in the reverse direction. If the site does not participate in exchange
diffusion, a characteristic concentration of each amino acid will be
achieved within the membrane and inhibition of transport will occur.
Such an effect has been demonstrated in which intracellular 1-aminocyclopentane proves to be an effective inhibitor of proline uptake by Ehrlich cells.

VI. SODIUM AND AMINO ACID TRANSFER
+

The dependence of a transport process on N a was first reported when
replacement of NaCl by KC1 in the bathing media abolished active
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glucose transport in guinea pig small intestine in vitro (76). The finding
that the active intestinal transport of tyrosine, phenylalanine, and uracil
+
in the frog was also strongly inhibited if N a was omitted from the
+
mucosal fluid showed that sugar transport was not the only Na -dependent transport process (77, 78). Subsequent studies have demonstrated
+
N a sensitivity of amino acid transport in many cells (51, 79-81), al+
though this is not universal (82, 83). The N a dependence appears to
be closely related to the ability of the cells to transport amino acids
against an electrochemical gradient. Thus, while active amino acid trans+
port in striated muscle is N a dependent, the carrier-mediated uptake
+
of sugars by a process of facilitated diffusion appears to be N a independent (84). Similarly, in rabbit reticulocytes, where glycine and alanine
+
are accumulated, the process shows N a dependence. On the other hand,
in the mature erythrocyte a facilitated diffusion mechanism exists for
+
the influx of these amino acids, and sensitivity to N a is not marked
(85). Measurements of alanine influx across the rabbit epithelial brush
+
border have demonstrated that N a is without effect on maximum influx
+
but alters the affinity constant, this value being greater with lower N a
concentrations (86).
Various possibilities have been considered for the mode of action of
+
N a in amino acid transfer.
+

1. The N a could influence amino acid transport indirectly, perhaps
modifying membrane structure so that the transport site is more
accessible.
+
2. The N a could be involved in the coupling of metabolic energy
+
to transfer systems, e.g., through Na -sensitive ATPases.
+
3. The N a could affect the reactions involved in metabolism and
hence affect the amount of energy available.
4. A more direct relationship can be imagined in which movements
+
of N a and an amino acid are coupled.
The latter concept has gained much support, leading to the kinetic model
for alanine transport across rabbit ileum (86) in which the amino acid
combines with a membrane component to form a binary complex. This
+
complex may be transported across the membrane or combine with N a
to form a ternary complex that may also cross the membrane. The model
requires that both binary and ternary complexes traverse the membrane
with equal ease, otherwise the maximum influx would be a function
+
of the [ N a ] , and that the tendency of the transport site to combine
with alanine be very much greater than its tendency to combine first
+
with N a .

84

P. A. SANFORD A N D D. H.
+

SMYTH

The picture for amino a c i d - N a interactions in other systems appears
to be still more complex. Thus, to explain glycine transport in pigeon
erythrocytes the formation of a quaternary complex has been postulated
+
(87) in which 2 N a , a transport site, and the amino acid are involved.
+
In contrast, N a influences the maximum influx of ^-alanine with little
effect on the affinity constant in the erythrocyte, while both parameters
+
are influenced by N a in serine transport (51, 88). In an investigation
+
of the relationships between N a and glycine in Ehrlich cells, data have
been obtained that are consistent with the model that a nonordered
+
binding of N a and amino acid takes place to form a ternary complex,
that only the carrier alone or the ternary complex can be translocated
+
across the membrane, and that binding of N a or glycine increases the
affinity for the subsequent binding of the other substrate (80, 89, 90).
Schultz and Curran (91) in an excellent review have commented that,
+
while various models for Na -organic solute transport systems have been
postulated, most of these are variants of a single general model. They
suggested that while considerable diversity occurs in quantitative terms
+
the overall pattern of Na -dependent transport shows a reasonable degree
of uniformity.
+
The N a dependence of active amino acid transport and the asymmet+
ric distribution of N a across cell membranes has led to the suggestion
+
that N a asymmetry might provide energy for active amino acid trans+
port (the N a gradient hypothesis). Such a mechanism was proposed
initially for active sugar transport by the small intestine but was ex+
tended to involve other Na -dependent processes (92). An active transport
+
mechanism for N a movement from the cell creating a low intracellular
+
+
[ N a ] would permit Na -dependent amino acid transport without necessitating a direct coupling between amino acid and energy. With such
+
a system, inhibition of active N a transport from cells should in time
+
abolish active amino acid transport as the N a gradient is eliminated.
Cardiac glycosides can be used to test this, being potent inhibitors of
+
active N a transport from the cell (93, 94). These substances exert their
+
influence on N a efflux by inhibiting a NaK-ATPase involved in ion
+
transport (95). Cardiac glycosides also inhibit Na -dependent amino
acid transport in a number of cells (e.g., 83, 96). Evidence in favor
of an indirect effect of cardiac glycosides through a relationship with
+
N a transport is provided by the following observations. The site of
action of ouabain in the intestine (97) would appear to coincide with
+
that of the N a transport process (98) and not the zone where the amino
acid absorption mechanism is found (99). Further, amino acid transport
in striated muscle is unaffected by cardiac glycosides under conditions
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in which active N a movement is inhibited (96), a fact that has been
+
explained in terms of a time period during which the N a gradient is
removed although amino acid transport continues (91).
+
Additional evidence in favor of the N a gradient hypothesis is the
finding that net amino acid transport is dependent on the direction of
+
the N a concentration gradient (90, WO). Using lysed and restored pigeon
erythrocytes, Vidaver (100) has shown glycine influx and efflux to be
+
equal when intracellular N a and glycine concentrations are the same
as those in the external medium and that the glycine distribution ratios
+
are greater and less than unity when the extracellular N a is greater
+
and less than the intracellular [ N a ] , respectively.
+
Despite widespread support for the N a gradient hypothesis evidence
+
against it has been produced. The N a gradient alone was found to
be inadequate to provide energy for AIB accumulation within ascites
+
+
cells (101), although when both N a and K gradients were considered
amino acid accumulation could be accounted for. Recent results obtained
using rat (102) and chicken (103) intestine have been interpreted as
+
evidence that N a may be involved in a less direct way with organic
solute transport. Using incubation periods as short as 5 seconds it was
found that the rat small intestine has the capacity to take up methionine
+
even when N a is absent from the medium, providing the intracellular
+
+
[ N a ] is maintained (102). Conversely, if the intracellular [ N a ] is
reduced the cell has a much diminished ability to take up methionine
+
even though a high [ N a ] is available outside the cell membrane. The
+
results, therefore, point to intracellular [ N a ] as a critical factor, as
+
distinct from the N a gradient.
+
A study of 3-O-methylglucose and [ N a ] relationships using isolated
chicken small intestinal cells has also provided evidence that sugar ac+
cumulation can take place when intracellular [ N a ] is greater than that
of the surrounding medium (103). A model has been developed as an
+
interesting, workable alternative to the N a gradient hypothesis. It is
based on the concept that the energy for a number of energy-dependent
processes including amino acid and monovalent-ion transport may be
generated by a NaK-ATPase. A striking analogy is drawn between this
model and the one proposed for energy coupling in isolated mitochondria. Thus, the opinion (78) is again being heard that, while many
+
transport mechanisms are N a dependent, this dependence is most likely
+
due to a critical intracellular [ N a ] which is essential for the conversion
of chemical energy into pumping energy.
+
The question as to how N a exerts an influence on amino acid movement in particular and transport processes in general remains to be
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answered. The problem is a difficult one. While average intracellular
concentrations may be determined with some confidence, compartmental+
ization of amino acids (104) and N a (105) within the cell means that
the environment at the intracellular side of the membrane may in some
cases only be guessed at. Similarly, when the cell is incubated in a
+
+
Na -free medium it is difficult to be certain that no N a remains at
the cell surface.

VII. POTASSIUM AND AMINO ACID TRANSFER
+

The role of K in amino acid transport appears to be complex, involving both specific and nonspecific effects. An increase in amino acid
accumulation in kidney cortex (106), ascites cells (107), and mouse fibro+
+
blasts (108) has been demonstrated on addition of K to a K -free me+
dium, although omitting K did not affect intestinal transport (109).
+
However, increasing [ K ] to produce levels in excess of the optimum
+
(4-15 mM) resulted in inhibition of accumulation. The finding that K
appears to act as a competitive inhibitor of monoiodotyrosine transport
in rat small intestine (109) has been explained in terms of a reversible
+
reaction of K with some part of the amino acid carrier mechanism.
+
This concept has been extended (110) to involve K interacting with
+
the cation (Na ) binding site, producing a carrier less efficient than
+
the Na -loaded carrier. The reduced efficiency of the carrier is brought
about by the greatly decreased affinity for the amino acid. The advantages of such a system for accumulating amino acids intracellularly
+
+
are apparent in a situation where high [ K ] and low [ N a ] exist, com+
+
pared with extracellular fluid where high [ N a ] and low [ K ] are found.
+

Nonspecific effects of K on amino acid transport are indicated by
the finding that many cells show pronounced swelling (111) and that
+
hexose metabolism is reduced (112) on increasing the [ K ] above an
+
optimum level. Inhibitory effects of low [ K ] have been explained either
+
in terms of altered metabolism or by a dependence of N a transport
+
+
from the cell on extracellular K (94)- Extracellular K may maintain
+
the intracellular [ K ] necessary for the function of enzymes involved
in energy-yielding metabolic processes. Different sensitivities of energyproducing systems are suggested by the fact that, while endogenous
metabolism is capable of supporting nonelectrolyte and fluid transfer
+
in the absence of extracellular K in rat small intestine, the transport
+
stimulated by serosal hexose is considerably reduced (112). If N a move-
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ment from the cell is dependent on extracellular K , the absence of
+
+
K in the medium could lead to an increased intracellular [ N a ] and
+
subsequent increase in Na -dependent amino acid efflux. It is interesting
that glycine influx by ascites cells is unaffected but efflux enhanced and
+
net transport reduced on omitting K from the extracellular medium
(80).
+
In rat brain cortex slices, acetylcholine produces a reversal of K - i n duced inhibition of amino acid transport, an action enhanced by eserine
+
(113). This reversal, thought to be due to promotion of N a influx and
therefore amino acid influx, appears to be relatively specific in that
+
the inhibitory actions of N H 4 , ouabain, and L-glutamate are uninfluenced
by acetylcholine.

VIII. CALCIUM AND AMINO ACID TRANSFER
The involvement of calcium with membrane structures has been shown
by its effect on the permeability of frog skin (114), intestinal mucosa
(115), and toad bladder (116). The increase in permeability produced
by using either a calcium-free medium or chelating agents is restored
2+
2+
to normal by addition of C a or M g (117). An extension of this observation is that all alkaline earth metals restore normal permeability following chelation depletion of intestinal mucosal epithelial tissue (118).
The differing abilities of each ion within the alkaline earth metal series
to restore permeability was found to depend on their position in the
periodic order. This appears to indicate the involvement of some physical
property of these ions, possibly charge density, as opposed to a specific
biochemical characteristic. The demonstration by electron microscopy
that removal of calcium and magnesium produces rounded swellings on
microvilli in the area of junctional complexes between adjacent epithelial
cells, the widening of intercellular channels, and the loss of architecture
in the region of the desmosomes, with separation of their dense borders,
has been explained in terms of an increase in equivalent pore size suffi+
cient to allow significant inward movement of N a into the intestinal
epithelial cell (119).
To explain the inhibition of amino acid accumulation demonstrated
in rat kidney cortex slices in the absence of calcium, it has been suggested
that this condition causes a disruption of mitochondrial metabolism and
intercellular relationships (120). A critical calcium level was found to
be necessary for amino acid accumulation in chick embryonic heart nu-
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clei (121), where net alanine transport was completely inhibited by excess cation. Both the L and D forms of alanine are accumulated in this
preparation, although this lack of stereospecificity is not unique in the
amino acid transport literature. A direct relationship between calcium
and amino acid uptake is apparent in the parathyroid gland. A 50%
2+
increase or decrease of medium [ C a ] (range 0.75-2.25 m M ) , while
not altering the distribution of extracellular or intracellular fluid or the
permeability to small water-soluble molecules such as urea or erythritol,
inhibits or stimulates the uptake and subsequent incorporation of several
natural amino acids (122). The earlier finding that calcium alters the
uptake of nonmetabolized AIB suggests a primary effect on amino acid
transport rather than on protein or R N A synthesis (123). The fact that
puromycin (protein synthesis inhibitor) and actinomycin D (RNA synthesis inhibitor) do not abolish the differential effects of calcium on
glycine transport supports this view.

IX. AMINO ACID TRANSFER AND pH
Many components of the living cell are acidic, basic, or amphiprotic,
and alteration in the p H of the environment may profoundly affect
their state of ionization and hence their molecular conformation and
biological activity (124). Evidence is available to show how cystine
is but sparingly soluble at the pH range (pH 4r-9) at which the zwitterion
predominates, while the amino acid is much more soluble in both more
acidic or alkaline media, where it exists as a cation or anion.
Neutral amino acid transport in ascites cells is reduced (125) by in+
creased [ H ] . This effect must involve an active transport mechanism,
as passive penetration of thiourea is unaltered. The Km values for glycine
and taurine transport are hardly affected, but the VmgLX is greatly di+
minished, on acidification. The reverse effect of increased [ H ] , i.e., stimulation of amino acid transport, has also been recorded in ascites cells
(126). Glutamate influx rises instantaneously but reversibly on decreasing pH. The effect appears to involve a change in Km rather than Vm&x,
hence differing fundamentally from the changes observed for glycine.
Similarly, a low pH stimulates one of the amino acid transport systems
in rat midjejunum (127). Reducing pH (7.3-6.3) increases the transport
of glycine and proline, having little effect on methionine. These results
are of considerable interest, as the lower pH utilized in these studies
is within the physiological range for the jejunum in vivo.
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X. EFFECTS OF OTHER CHANGES IN ENVIRONMENT
Amino acid transport across cell membranes is affected by changes
in the composition of the bathing medium other than those described
+
+
2+
in the preceding sections, i.e., N a , K , C a , and pH. The solubility
of amino acids may be altered on charge neutralization following binding
to electrolytes. The complex interrelationships of amino acids and cations
is illustrated by the stimulation of intestinal copper transport subsequent
to binding with nonessential amino acids (128).
Subjecting microorganisms to osmotic shock [suspension in hypertonic
sucrose solutions containing E D T A and tris buffer (129 y 180)] has led
to a 90% reduction in tryptophan transport capacity in Neurospora
crassa. Tryptophan-binding proteins were consistently released into the
osmotic shock fluid by this treatment (181). If these proteins are related
to the tryptophan transport system, information about transport processes at a molecular level may be available in the not too distant
future. Four lines of evidence suggest that these proteins are of importance in tryptophan transport, (a) They are found on or near the cell
surface; (b) the shock fluid of a tryptophan transport negative mutant
has decreased capacity for binding tryptophan; (c) the specificity for
binding tryptophan is similar to that observed in the in vivo transport
system; and (d) the dissociation constant for binding is approximately
the same as the Km for tryptophan transport. Results obtained with
Escherichia coli go further and show that reduced arginine transport
induced by cold osmotic shock is partially restored by purified protein
fractions obtained from osmotic shock fluid (182). However, while these
early studies are exciting, the difficulties inherent in attempting to relate
proteins released from cells to those involved in active transport have
been made clear (183), e.g., bacterial chemotaxis (134).

XI. RELATIONSHIP OF AMINO ACID TRANSFER
TO OTHER SOLUTE TRANSFER SYSTEMS
Inhibition by sugars of amino acid transport was first observed in
rat small intestine (135), where glycine absorption was reduced by D-galactose. Subsequent reports have confirmed and extended this observation to demonstrate interactions between the active transport mechanisms
for sugar and amino acids (136-144)-
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At least three explanations deserve attention. One involves competition
for available energy (103, 135). Competition for energy is suggested
by the observation that glucose stimulates glycine transport and overcomes the galactose inhibition of glycine movement. With in vitro preparations the limited availability of energy to drive a transport mechanism is probably of importance. However, the finding that galactose
does not inhibit the transport of amino acids in vivo (145) raises the
question as to whether energy availability is ever rate limiting for physiological intestinal transport. Transport mechanisms may be saturated
before energy becomes rate limiting in vivo, and critical limitation of
energy may be an artifact of the in vitro preparation.
A second possibility is that an allosteric inhibition between sugars
and amino acids takes place at the outer face of the cell membrane
(139). The observation of partially competitive inhibition of cycloleucine
transport by galactose and arginine led to the view that hexose, neutral
+
amino acid, basic amino acid, and Na -binding sites are closely associated
in the membrane and in such a way that the apparent affinity of the
carrier for the neutral amino acids is altered in the presence of sugar
or basic amino acid without changing the maximum rate of transport.
Inhibition of lysine transport by neutral amino acids (59) was similarly
thought best explained by allosteric modification of the basic amino
acid site caused by binding to a structurally specific but closely associated site. The recent observations that both glucose and galactose inhibit
phenylalanine uptake over very short time intervals (1 minute) and
that galactose elicits countertransport of phenylalanine (H6) have been
taken as additional evidence for this concept. An objection not satisfactorily explained, however, is again the failure of galactose to inhibit
amino acid absorption in vivo (145).
Furthermore, countertransport could not be demonstrated (143) after
establishing conditions in vitro tending to provide zero net flux of sugar
(or amino acid) and adding amino acid (or sugar). It has been suggested
that modification of the conditions (inordinately long incubation periods)
might permit the demonstration of countertransport (146), although the
fact that countertransport of sugar (or amino acid) stimulated by sugar
(or amino acid) has been observed (143) appears to weaken this
argument.
Another explanation of hexose inhibition of amino acid transport is
that the primary site of interaction is at the inner face of the membrane
(141)' Glucose when present externally does not influence proline absorption by the cestode Hymenolepis diminuta, although when absorbed during preincubation it inhibits the subsequent uptake of the amino acid
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Similarly, preincubation of dogfish intestine with galactose reduces the transport of cycloleucine (141). It was suggested that sugars
+
produce an increase in intracellular N a in the region of the cell involved
in amino acid transport, leading to enhanced ability for amino acid
efflux and therefore a lower net transport. The failure of galactose to
inhibit alanine influx into rabbit ileum over short time periods (137)
has been taken as indirect evidence for an effect of sugars on amino
acid efflux. It seems possible that all three explanations may have significance in explaining amino acid-sugar interactions although the influence
of each may not be the same for all tissues.
An interesting response of amino acid transport to the presence of
monosaccharides is shown in Saccharomyces
cerevisiae
(142). While
metabolizable hexoses depress the steady-state levels without affecting
the initial rates of amino acid uptake, some nonmetabolizable sugars,
particularly D-xylose and L-sorbose, increase the uptake of leucine and
methionine. The inhibitory effect of metabolizable sugars on steady-state
levels may be due to a counterflow effect, as the sugars do not compete
for exit to the same extent as for entry. A tentative hypothesis to account
for the stimulation of amino acid uptake is that certain amino acid
carriers show affinity for nonmetabolized sugars that increase the mobility of the carrier in the membrane. The probability of a competition
for cell energy is also envisaged.
While allosteric modification of specific transport sites remains an
explanation for interactions between amino acids at some membranes,
it has been demonstrated that neutral amino acids of appropriate struc+
ture together with N a can react with the transport system for cationic
amino acids in three cell types. This leads to inhibition of cationic amino
acid transfer, or exchange across the membrane for the neutral amino
+
+
acid plus N a (148). It was suggested that N a occupies the position
at the transport site normally taken by the cationic group of the basic
amino acid side chain. An extension of this work showed that the sidechain length of the neutral amino acid is critical for reaction with
the basic amino acid transport system (149) and that an appropriately
+
positioned oxygen or sulfur atom assists in the reaction of N a . With
+
this information the point of interaction of N a with the carrier can
be determined.
A relationship between amino acid accumulation and fatty acids has
been reported in washed staphylococcal cells (150). Both the rate of
transport and the accumulation of glutamate and aspartate are decreased
if the cells are preincubated in buffer and increased if staphylococcal
lipid is added to the medium. The stimulatory effect of the lipid is
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produced by the fatty acid fractions, the greatest response being pro
duced by that containing the C i 8 unsaturated acids. An explanation
forwarded was that amino acid transport requires participation of fatty
acids and that the reciprocal effect observed, increased fatty acid syn
thesis in the presence of amino acids, produces an increased synthesis
and turnover of the lipid fraction. This synthesis and the organization
of lipid in the membrane may have a role to play in amino acid
transport.

XII. CONTROL OF AMINO ACID ACCUMULATION
T o prevent excess intracellular amino acid accumulation without alter
ing metabolism, at least two processes must be considered. Either amino
acid efflux must be increased or, alternatively, entry must be reduced
by a process of negative-feedback inhibition. It has been suggested that
the former process may be of importance when considering modifying
endogenous amino acid levels produced by metabolism, the latter of
more value when controlling entry into the cell from exogenous sources
{151).
On sulfur starvation a transport process other than the nonspecific
amino acid permease, but relatively specific for methionine, develops
in Penicillium
chrysogenum
(152). The Km for methionine transport
3
5
in sulfur-deficient media is reduced from 10~ to 10~ Μ, but it rapidly
reverts to the sulfur-sufficient level when sulfur is supplied. It is thought
that the control is mediated by a metabolic derivative of the substrate.
Development of the nonspecific amino acid permease can be induced
by nitrogen starvation. This permease activity can be markedly and
+
rapidly reduced by preloading the nitrogen-deficient mycelium with N H 4
+
or any one of several amino acids (153). The fact that N H 4 is the
only inhibitor of the transport system that is not an L-a-amino acid
provides support for the view that this is the metabolite common to
all permease substrates regulating the permease.
A different mechanism of feedback inhibition has been suggested for
amino acid transport in Streptomyces
hydrogenans. Preloading the mi
croorganism with AIB was found to suppress influx of AIB and other
neutral amino acids (154). An extension of this work demonstrates that,
while only a limited number of amino acids will cause this trans inhibi
tion, the influx of all amino acids is inhibited independent of whether
they share a common transport system with the trans inhibitor (155).
+
Other transport processes (K and sorbose) are uninfluenced, as is en-
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ergy-dependent protein synthesis. Kinetic data suggest that the inhibition, most likely due to unaltered intracellular amino acids, is primarily
caused by an effect on the coupling between amino acid transport and
the energy supply. Preloading Saccharomyces
cerevisiae with histidine
led to the discovery of a feedback inhibition of histidine transport [151).
The mechanism of this effect is unknown, but its specificity is demonstrated by the fact that only preloading with histidine produces the
response.
An example of positive feedback has recently been reported (156).
Preloading Streptomyces
hydrogenans with glutamic acid, aspartic acid,
proline, or lysine stimulates the influx of these and other amino acids
after an initial lag period of 20 minutes. The lag period suggests that
the trans stimulator is a derivative rather than the amino acid itself.
However, deoxypyridoxine and isonicotinic acid hydrazide, both inhibitors of transamination, enhance rather than inhibit the trans stimulation,
indicating that the derivative is unlikely to be an intermediate of normal
amino acid metabolism. Kinetic observations have been tentatively interpreted in terms of the stimulating amino acid intensifying the energetic
coupling between metabolism and transport.
The release of controlling factors for amino acid transport is a subject
about which little is known. Nerve growth factor ( N G F ) , a protein
that promotes growth and differentiation of sympathetic and spinal ganglia, appears to exert an effect on acidic amino acid movement, enhancing
accumulation in chick embryonic spinal ganglia within 60 minutes. After
3 hours, neutral amino acid transport is also affected although basic
amino acid movement is uninfluenced, suggesting that the response is
not due to a general stimulation of metabolic processes {157, 158). Of
the four possibilities for increasing amino acid accumulation, (a) increased affinity for the carrier, (b) increased availability of carrier (new
carrier), (c) increased energy availability, and (d) decreased efflux, the
latter alone or in conjunction with others would explain the observed
effects. It is not known whether the N G F effect on amino acid accumulation precedes other metabolic observed effects and determines some of
them. Certainly acidic amino acids play an important role in the mature
nervous system.
Another growth-promoting factor, a polypeptide obtained from calf
muscle, stimulates transport of amino acids in rat diaphragm (159).
Whether the effect of this factor on protein synthesis is due to an increased intracellular amino acid concentration brought about through
its influence on amino acid transport, or to some more direct effect,
is not known. Further, the effect on amino acid transport may not be
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specific, as sulfate incorporation into calt costal and chick embryo cartilage is increased by this factor.
The concept of intrinsic factors in the brain influencing amino acid
levels has been forwarded to explain the variation between physiological
amino acid levels and their steady-state accumulation (160). Similarly,
release of inhibitory substances by cells in the regulation of transport
and metabolism has been suggested to explain the reduction of amino
acid uptake and protein synthesis on increasing the concentration of
ascites cells (161). This effect could not be explained in terms of exhaustion of substrate or oxygen availability. Thinning of kidney cortex slices
leads to greater amino acid distribution ratios (162). Whether this represents a dilution factor as shown in ascites cells or simply better incubation conditions remains to be seen. Certainly greater accumulation occurs
in isolated tubules than in kidney slices. The possibility that cell volume
may also be a controlling factor for amino acid movement was suggested
(163) from the finding that exposure of several polychaetes to 75% or
50% seawater causes a rise in coelomic amino acid levels.

XIII. INFLUENCE OF HORMONES ON AMINO
ACID TRANSFER
Most hormones influence protein biosynthesis by altering either (a)
amino acid uptake, (b) protein synthesis directly, (c) labeling of R N A ,
(d) R N A polymerase activity, (e) ribosome activity, (f) synthesis of
endoplasmic reticulum and of ribosomes, or (g) D N A synthesis (164).
Thus, while protein synthesis may be modified and the intracellular
amino acid levels changed to create conditions in which amino acid
uptake varies, the primary site of action of the hormone may be difficult
to determine. The complex interrelationships of different hormones further confuse the issue. Thus, while epinephrine pretreatment causes enhanced liver AIB uptake, addition of epinephrine to the isolated system
produces an increased perfusate glucose without altering amino acid uptake (165). As glucagon increases amino acid uptake in both situations,
it has been suggested that the epinephrine action is mediated by glucagon
released from the pancreas.

A. Insulin

Although there is good evidence (166) that protein synthesis can be
stimulated by insulin independently of a direct effect on amino acid
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transport, a primary influence of the hormone at the cell membrane
was established (167) by the observation that the rate of entry of nonutilizable AIB is increased by insulin. The influence of the hormone
on amino acid uptake by the liver is thought to be due to the release
of other hormones directly or indirectly in response to hypoglycemia
(168). In muscle tissues a primary role for insulin is seen in hypophysectomized and adrenalectomized rats. It has been suggested that the hormone increases the affinity of the amino acid substrate for its proposed
binding site or sites (169). However, preincubation of rat diaphragm
(170) with the antibiotics puromycin, cycloheximide, actinomycin D ,
or the aminonucleoside of puromycin brings about inhibition of subsequent AIB uptake. These observations suggest that the hormone effect
is dependent in part on the synthesis of rapidly turning-over protein
involved in amino acid transport. The stimulation of AIB transport
in rat liver slices in the presence of glucagon is similarly explained
(171). The involvement of protein synthesis in response to insulin is
also indicated in fetal membranous bone, where the stimulation of AIB
is not instantaneous but increases with longer exposure to insulin and
is abolished by puromycin (172). An alteration in protein synthesis in
the presence of insulin could explain the increase in Vmax while Km remains constant for AIB uptake in chick embryo heart (173). Studies
of fat cell membrane components and the insulinlike properties of phospholipases, proteases, and lysophosphatides provide indirect but highly
suggestive evidence that some aspect of the structure of the plasma
membrane is initially affected by insulin (174) ·
B. Estrogens

While insulin acts more or less directly in accelerating transport, the
effect of estrogen on its target tissue is indirect, being mediated through
a mechanism requiring both R N A and protein synthesis (175-177). The
elevated 7 m ax for in vivo AIB transport following priming of the uterus
for 1 hour with estradiol could be explained in terms of the same amount
of carrier functioning more rapidly or an increase in the amount of
carrier. The latter seems more likely, as estradiol-stimulated uptake
is inhibited by actinomycin D and cycloheximide.
C. Follicle-Stimulating Hormone

Prior injection of follicle-stimulating hormone (FSH) stimulates AIB
accumulation in rat ovary in vitro, although addition of the hormone
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to the incubation medium produces no effect {178). Failure to elicit
a response could indicate the inability of F S H to reach target cells
in vitro or a necessity for modification of FSH before an effect can
be produced or that other hormonal factors are essential; however, the
blocking of stimulated amino acid transport by pretreatment with
puromycin indicates an influence of the hormone on protein synthesis.

D. Thyroid Hormones

Thyroid hormones also appear to influence amino acid transport. The
hyperthyroid is less able than ti.e euthyroid to transport AIB (179),
and thyroidectomy promotes an increased intestinal accumulation of
nonmetabolized cycloleucine (180). One of the theoretical possibilities
is that hypothyroidism produces a small reduction in the rate of breakdown of a limited carrier pool, leading to an increase in pool size of
the carrier molecule. This concept is interesting, particularly as in the
absence of thyroid hormone the plasma albumin degradation rate is
reduced (181). Triiodothyronine has been shown to influence neutral
amino acid transport but not the movement of basic and acidic amino
acids. The transport of cycloleucine, tyrosine, histidine, tryptophan, leucine, and methionine was enhanced in embryonic bone while that of
glycine, valine, and isoleucine was inhibited (182). Both A and L systems
exist in this tissue for neutral amino acid transport, and those amino
acids affected by triiodothyronine were found to have a relatively high
affinity for the L system. While amino acid incorporation was greatly
inhibited by puromycin, the stimulatory effect of triiodothyronine on
methionine transport was undiminished (183). Further, stimulation of
nonmetabolized cycloleucine was unaffected by actinomycin D , an inhibitor of DNA-dependent R N A synthesis. The results have been interpreted,
therefore, as indicating that triiodothyronine interacts specifically with
L sites, causing changes in the affinities of the affected amino acids
for that system.

E. Adrenal Steroids

Inconclusive data (184) suggest that adrenal steroid hormones may
suppress muscle amino acid uptake by interfering with protein synthesis.
However, intestinal glycine transport, although reduced in uncompensated adrenalectomized rats, was restored to normal by saline feeding
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(185). Hence, this transport process would not appear to require adrenocortical steroids for operation, although undoubtedly these hormones
+
alter amino acid transport through their influence on N a distribution.
+
Stress is a condition considered to lead to altered N a flux. Exposure
of mice to ethyl alcohol or the presence of a tumor leads to decreased
pancreatic amino acid transport in vitro (186). However, while accumulation is impaired, exchange diffusion is unaltered. If the carrier proteins
involved in transport and exchange diffusion are the same then pumping
activity, rather than the number of carrier molecules, must be reduced.

XIV. ENERGY CONSIDERATIONS
As many cells accumulate amino acids against concentration gradients
and these processes are energy dependent, whether the transport process
is directly linked to an energy source or through its relationship with
+
N a transport (91), reduction of amino acid transport can be induced
by the use of inhibitors of metabolism. Although inhibitor studies have
provided useful information as to the metabolic pathways providing
energy for transport, great care has to be taken in interpreting the data
obtained as many inhibitors show an alarming lack of specificity (187).

A. Anoxia

A reduction of active transport is seen in many tissues in the absence
of oxygen (e.g., 172, 188-191). However, this effect is by no means
universal. Tumor cells, which are exceptionally active in concentrating
amino acids, can derive energy either from respiration, from glycolysis,
or from a combination of these two processes. Under anaerobic conditions amino acids can be concentrated as well as under aerobic conditions
providing glucose is available (191). The renal papilla has been shown to
accumulate lysine and AIB in oxygen-deficient media as well as in media
+
made hypertonic with sucrose or N a addition (192). The papilla, therefore, is able to accumulate amino acids in vitro under conditions that
simulate the environment of the papilla in vivo and that are detrimental
to amino acid transport in the renal cortex. Similarly, calf lens (193)
and fetal intestine (194), the latter probably subject to more hypoxic
conditions than the adult tissue, are able to transport amino acids in
the absence of oxygen. Intestinal histidine uptake by fetuses 1 day before
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birth and in the infant rabbit (2-7 days old) is practically the same
under aerobic conditions. If anaerobic conditions are used, the fetal intestine is equally well able to transport the amino acid, while no transport
is observed in the infant intestine. Maintenance of reduced amino acid
movement by small intestine of the adult rat under anaerobic conditions
has been suggested by the finding that glucose stimulates anaerobic alanine and methionine transport 100%. This effect partially overcomes
the inhibition caused by oxygen deficiency (195). It is strange that
the movement of /^-alanine, strongly stimulated by glucose under aerobic
conditions, is unaffected under anaerobic conditions. The data suggest
that the relationship of transport processes to metabolism is complex,
with certain transport systems preferentially utilizing the limited energy
available under anaerobic conditions.

B. Temperature

Where amino acids are accumulated by energy-dependent processes
a high temperature dependence is observed, while mediated diffusion
of amino acids is associated with a low sensitivity to temperature (196).
Measuring amino acid transport in goldfish small intestine at 17°C below
the previous environmental temperature showed that valine was transferred to the serosal fluid but net threonine movement was negative
(197). It is considered that those amino acids transferred by mediated
diffusion may have particular significance in the goldfish acclimatization
process. In Escherichia coli (198) valine stimulates R N A synthesis and
the protein synthesized has an increased valine content. If this occurs
in goldfish intestine the synthesis of new carrier molecules may be triggered off, specifically designed to restore homeostasis at the new environmental temperature (198). In addition to alteration of the energy supply
by changing environmental temperature, several other factors must be
remembered. Reducing the adaptation temperature increases the final
serosal concentration for most amino acids, but for some the ability
to be concentrated remains independent of the adaptation temperature
(199). Adaptation of fish to different temperatures changes the membrane fatty acid composition. Whereas in cold-adapted fish predominantly polar fatty acids are found (arachidonic and docosahexanoic
acid), these are replaced in warm-adapted animals by relatively nonpolar
stearic acid. The nonadapting amino acids are more lipophilic, e.g., methionine, leucine, tyrosine, phenylalanine, and histidine, and the different
properties of individual amino acids might give rise to selectivity in
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transport when the lipid composition of the membrane changes. While
many animal cells show a decreased permeability when temperature
is lowered, cooling to 0°C produces a drastic increase in the permeability
of Streptomyces
hydrogenans to AIB. It has been suggested that a reversible change in membrane structure occurs, e.g., precipitation of some
of the membrane lipids {200). With cells grown in the cold the temperature critical for permeability changes is shifted toward lower values,
the composition of fatty acids being altered in favor of unsaturated
compounds that lower the melting point of the lipids. Differences in
sensitivity to temperature are also seen in brain slices (201). While
most amino acid transport cannot be differentiated from diffusion at
0°C, leucine and phenylalanine can still be moved against a concentration gradient and can be inhibited by analogs.

C. Pathways

The question remains as to which metabolic pathways are involved
in providing energy for amino acid transport under aerobic conditions.
Undoubtedly tissue and species differences exist. In the rat small intestine
two energy-producing systems appear to operate (202). Endogenous substrate can provide energy for proline transport; this is derived from
the citric acid cycle but not from carbohydrate, as it is prevented by
fluoroacetate (an inhibitor of the citric acid cycle) but not by fluoride
(an inhibitor of the glycolytic pathway). However, endogenous metabolism does not operate transport maximally, and glucose brings about
a large stimulation of proline movement. This stimulation is abolished
by fluoride but unaffected by fluoroacetate. From these results it has
been suggested that aerobic glycolysis is of importance in supporting
amino acid transport rather than the citric acid cycle and the pentose
phosphate pathway.
Inhibition of amino acid transport by altering carbohydrate metabolism is clearly shown by the effects of starvation in rat small intestine
(203). While there is some evidence for increased amino acid transport
in the absence of added metabolizable hexose in the proximal jejunum
in vitro after 3 days of starvation, the transport in the presence of
glucose is reduced. In the distal ileum, where transport is less glucose
dependent, the presence or absence of glucose produces no significant
change in amino acid movement on fasting. And in vivo, where glucose
is continuously available in the blood stream, no increase in amino acid
transport is observed after 3 days of starvation (204) · Further, galactose
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transport, which is stimulated in the jejunum and ileum in vitro by
starvation in the absence of glucose, is increased in the ileum but unaltered in the jejunum. It would appear that in the jejunum a balance
occurs whereby increased ability for transport is accompanied by reduced
hexose metabolism (185) so that less energy is available and amino
acid transport is similar in both the fed and fasted state.
D. Diet

The influence of diet and feeding schedule is illustrated by the cyclic
behavior of amino acid transport in rat liver (205). Determination of
cycloleucine (not excreted) 24 hours subsequent to its subcutaneous injection showed that levels of this amino acid were greatest during the
feeding period, decreased during fasting through inactivity of the transport system rather than competition with other amino acids, but rose
sharply 1 hour prior to feeding, no variation being shown in rats fed
ad libitum. Liver cycloleucine was 50% greater in animals fed a 60%,
compared with a 30%, protein diet. Experiments with adrenalectomized
animals indicate that adrenal function is involved with oscillations of
amino acid levels, although this is not the complete answer, as adrenalectomy does not reduce the amino acid level in the late fasting period.

XV. AMINO ACID TRANSFER AND GENETICS
Scriver has commented on the remarkable constancy of human extracellular amino acid concentrations, despite man being an episodic consumer of protein (2). This constancy is maintained by a limited number
of membrane processes showing substrate specificity and saturation
phenomena that take amino acids into cells. It is considered likely that
proteins are the only macromolecules that will fulfil the requirements
for the specificities of the transport systems involved and that the specificity of these proteins will be genetically determined. A failure to produce these transport proteins can be envisaged as leading to drastic
effects on membrane function in mutant phenotypes. Many examples
of altered membrane transport in such forms are known in microorganisms and several have been observed in mammalian tissues (see 2, 206).
At least six have been described in man (2, 207) having a prevalence
4
of 10" in the population and appearing as Mendelian recessives. In
those conditions described (a) single or groups of amino acids are involved, e.g., in blue diaper syndrome, where only tryptophan is malab-
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sorbed, and in classical cystinuria, where cystine, lysine, ornithine, and
arginine transport in kidney is depressed; (b) some are heterogeneous
and appear in several forms, e.g., in one type of cystinuria both renal
and intestinal transport mechanisms are affected while in another only
the kidney expresses the phenotype; and (c) kidneys of mutant homozygous subjects seem to retain some ability to reabsorb amino acids that
are involved in the transport defect. A study of subjects with renal
iminoglycinuria (208) showed that at normal plasma concentrations 80%
of tubular proline reabsorption occurred with respect to subjects without
the defect. This mechanism, however, is saturated and as the proline
concentration was increased no additional reabsorption took place. The
findings suggest the existence of two types of transport for glycine,
proline, and hydroxyproline. One has a large capacity and is shared
by all three; this is ablated in the renal iminoglycinuric mutant. The
other appears to be more specific, having small capacity, one site for
glycine, and another separate site for the imino acids; it is unaffected
in the subject showing the defect. Hence, low-capacity, high-affinity sites
are unmasked in the mutant.
Numerous gene loci must exist to control these transport proteins,
and the majority seem to be isolated on autosomes, although little is
known as to their precise location. Investigations with microorganisms
have led to a description of several genes controlling amino acid permeability. B y selection of strains resistant to 4-methyltryptophan a considerable number of Neurospora crassa mutants that all map at one locus
(mtr) in linkage group IV have been obtained (209, 210). Suppressors
of mtr mapping on linkage group I . h a v e been found (211). A gene
[un-t (55701)] involved in neutral and acidic amino acid transport in
addition to other defects apparently related to the plasma membrane
is also found in linkage group I (212). A third locus (nap) governing
neutral and acidic amino acid transport in Neurospora crassa has been
described having association with markers shown to be in linkage group
V (213). The defect in transport observed in mutants appears to be
specific in that normal transport of glucose, sulfate, and basic amino
acids occurs. Increased permeability to amino acids and peptides is also
brought about by a gene (mod-b) located close to the centromere of
linkage group VI (214) ·
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