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ABSTRACT

Total movement of amino acids is the sum of simple diffusion, active
fransport, and exchange diffusion. Various aspects of the latter two processes

have been investiga=d in mouse pancreas in vitro,

(1) The uptake of amino-isobutyric acid and L-lysine over a wide
range of concentrations may be explained in terms of one transport site,
whereas kinetic analysis of L-tryptophan uptake suggests that at least two
sites are involved, In addition to competition among neutral amino acids
during transport, there is also competition between neutral and basic amino
cacids. Uptakes of all the amino acids are inhibited by 0.1 mM 2, 4-dinitrophenol
to about the same extent. The uptake of several neutral amino acids is scarcely
sensitive to pH, while the uptake of L-lysine (basic) is significantly decreased
at low pH.

(2)  Sodium and potassium ions affect the apparent affinity constant
without altering the maximum concentration gradient. Kinetic analysis
indicates a 1:1 relationship between sodium jons and molecules of 1-
aminocyclopenfcnecarboxylic acid transported into mouse pancreas. In low
sodium or potassium media the uptakes of amino-isobutyric acid, 1-amino-
cyclopentanecarboxylic acid, glycine and L-methionine are decreased to
approximately the same extent, Uptake in the absence of external sodium is
still concentrative and is inhibited by 2,4~dinitrophenol and other amino acids,

but not by ouabain,

The increased fluxes of amino acid in response to different amino acids
on the opposite side of the membrane are due to exchange diffusion. They are
characterized by: (a) a definite substrate specificity, (b) no dependence on
the concentration of external sodium (c) affinity constants which are similar
to those characterizing the fransport process, and (d) interaction between
amino acids which may result in a greater exchange in the presence of two
amino acids than in the presence of either alone or in an inhibition during

transport but not during exchange diffusion.
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CHAPTER 1

INTRODUCTTION

1.1 TIntroduction to Transport and Transport Theories

The concept of the role played by the cell membrane in the
-movement of biological materials has changed very drastically.' It was
originally thought to be merely a static, Inert barrier between the
extracellular and intracellular fluid compartments, but it is now quite
evidenf that the membrane possesses certain components, as yet uniden-
tified, which participate in the translocation of substances from one
£fluid compértment to the other. They have been arbitrarily designated
as "carriers" and it is via attachment to such."carriers" that electro-
lytes and non-electrolytes are thought to enter cells in addition to

the processes involved in simple diffusion.

The presence of a functioning carrier can result in either
of two processeé. The first, termed "facilitated diffusion" (1) involves
simply a diffusion phenomeﬁon which is facilitated by a membrane carrier.
It requires no energy to maintain and results in an Intracellular sub-.
. Strate concentration not exceeding that of the external environment. In
contrast, the second process, that of active transport, involves not only
carrier-mediated movement, but also a definite energy requirement., As a
consequence there is a greater intracellular than extracallular substrate
concentration., Csaky (2) has defined active transport as "an energy

requiring process whereby a substance permeates across plasma membrane



+or membranes from a {ower into a higher concentration, yet the substance
is neither bound on either side of the membrane nor produced during the

transport process nor Passively carried by the movement of the solvent."

There ‘are two lines of evidence in support of the membrane
containing specific pumping mechanisms. For example, reconstituted
erythrocyte ghosts can be prepgred which transport Na+ and K+ uphill if
ATP is present in the ghost (3). The Na+ and K+~dependent AfPase has been
shown to be associatéd with the membrane &, 5). Secondly, protoplasts
from E.Coli, iﬁ'which a B=galactoside "pe;mease" has been induced, trans-

port galactosides against high concentration gradients (6).

The transport model of Heinz and Walsh (7) propbses that the
activated mobile carrier first forms a complex with the extracellular
amino acid and then moves towardé the interior of the cell where some of
the amine acid is released, while the remainder is exchanged with availa-
ble intracellular substrate. The "empty" carrier is then inactivated in
order to prevent its outward movement. This is essential if accumulation
is to occur. Jacquez and Sherman (8) have suggested that energy is linked
to tﬁe carrier system in order to bring about an iIncreased rate of out-
ward movement of free carrier or én increased dissociation of amino acid-
carrier complex at theAinner portion of the membrane. Heinz (9), taking
into account the transport model of Mitchell (10), has proposed a mode
of entry which does not require the carrier to be mobile. In this scheme
an intracellular accepto; is activated prior to combination with an enzyme

in the membrane to form an enzyme-acceptor~complex. This complex then



‘reacts with the external amino acid te form an amino acid-acceptor-
complex which is released into the interjor of the cell where it dis~
sociates to produce free amino acid and acceptér molecules. Patlak's
"gate" model for biological transport (11) proposes that a structural
change may occur whén the solute binds to the "gate" in the membrane
and as a consequence the solute is released more readily into the in-

terior of the cell.

With regard to the nature of the membrane facﬁor, some
proteins ha&e been sepérated from bacteria which are apparently related
to the transport of sulphate in Salmonelia typhimurium (12),[3-ga1actoside
in E.Coli (13, 14) and the amino acids leucine, isoleucine and valine iﬁ
E.Coli (15). Proteins could be dislodged from positions on the membrane

by means of osmotic shock (12, 16).

Christensen (17) has suggested that there should be ".... a
shift of attention from the carrier concept toward the concept of a
reactive site on a protein molecule in the membrane, unencumbered by an
insistence on its having enz&matic.capabilities." He further argued that
"...; attention should focus on the changes in conformation of which
such proteins are capable .... rather than on the possibility that a dif~
fusible enzyme-substrate complex is formed." Since the protein, hemo-~
globin shows on binding oxygen, a shift of 7A° in the position of other
binding sites on the molecule with relation to each other (18), Christensen
{17) believes that perhaps "this action may provide as good a model of

the molecular behavior that may be required for directed transport .... ",



.1.2 Historical View-of in vivo Transport

. Most of the early studies involved an in vivo approach to the
transport problem. 1In 1913 Van Slyke and Meyer (19)‘conc1uded, that,
since the concentration of amino nitrogen wés five to ten times higher
in the tissues than in the blood, osmosis could not be the only process
by which amino acids were taken up by the tissues. Friedberg and Green-
berg (20) found that intravenously administered amino acids which were ‘
rapidly removed from the plasma, were greatly concentrated in liver and
kidney, and to a lesser extent in skeletal muscle. The effects of fed
amino acids upon the distribution of other amino acids between the in-
terior and exterior fluid compartments led Christensen et al (21) to
conclude that "amino acids compete with each other .... for the means
by which cells concentrate the amino acids presented to them by the extra-

cellular fluid."

The cohcept of a "selective permeability" of the small in-
testine was developed through the early experiments of Hober (22), Hedon
(23) and Nagano (24) &hich showed that sugars were absorbed at very dif-

‘ feféﬁﬁ”rétésf“'65}{#?§3)m§ﬁggested that amino acid transfer could not be

due to simple diffusion since the rate of absorption from a mixture of

two amino acids was not additive. Examiﬁing the rates of absorption of
amino acids from the gastrointestinal tracts of rats, Kamin and Handler

(26) found that the presence of an excess of one aﬁiﬁo acid almost in-
variably inhibited the intestinal absorption of another amino acid. Further
evidence against simple diffusion came from the work of Hober and Hobér (27)

who, by studying the kinetics of intestinal absorption in rats, showed the



‘absolute rate to be independent of the concentration. They concluded
that a specific transport mechanism must be involved. In addition to
interaction between simiiar substrates,.it was also suggested that amino
acids-and sugars might be mutually inhibitory during intestinal absorp-~
tion, since there was mutual inhibition in the absorption of mixtures

of glucose and glycine given to rats (25).

Braln could also accumulate amino acids in vivo to intra-
cellular levels exceediﬁg those of the plasma ( 28-30 ). Kamin and
Handler (31) noted that perfusion of anesthetized dogs with the dibasie
amino acid lysine caused aﬁ increase in brain lysine. Injection of
leucine-C14 into mice, resulted in such a rapid increase in the specific
activity of brain leucine, that this value exceeded the plasma activity
after only five minutes (32). An intraperitoneal injection of the L~
isomer of tyrosine also resulted in an increased concentration of this
amino acid in the brain (33). Since the uptake could be inhibited by a
variety of amino acids, the authors concluded that the in vivo uptake

of amino acids was due to specific mechanisms rather than simple diffusion.

The administration of proline intracisternally rather than
intravenously increased the proline concentration in the brain (34), while
intravenous injection of proline ethyl ester also resulted in an elevated
level of proline (35). This was possible due to hydrolysis of the proline
ester to free proline in the brain. 1In addition, several comparison
studies with glutamic acid (36), lysine (37) and leucine (38) indicated

that the in vivo uptake of these L-amino acids by the brain was greater



"in the newborn than in the adult. The in vitro aspect of transport in
brain began with the demonstration by Stern et ‘al (39) that brain cortex
slices from guinea pigs could accumulate L-glutamate against a concentra-
tion gradient in vitro. Other in vitro studies will be discussed in a

later section of this literature review.

Reabsorption by the kidney tubules in vivo has also been the
subject of numerous investigations. Kriss (4Q), studying thebpartition
of urinary nitrégen following the oral administration of varioug amino
acids, suggested that all may not be reabso;bed with equal efficiency.
Subsequent work by Doty (41).iﬁdicated that certain amino acids, although
structurally similar, may be reabsofbed at widély different rates. Com-
petition for reabsorption by the renal tubules was observed following
the intravenous administration of such amino acid pairs as arginine and
lysine, arginine and histidine, and leucine and isoleucine (42). Compe-
tition for reabsorption could not, however, be demonstrated with the amino
acid pairs arginine and glycine, leucine and glycine, isoleucine and

glycine, and arginine and leucine (42).

Pitts (43) found that glycine was reabsorbed by a transport
mechanism which exhibited, as did the glucose reabsorptive system (44), a
limited transfer capacity. Creatine was reabsorbed by the same mechanism
as glycine and so these two amino acids, when present together, competed
for the common reabsorptive system (43). Comparison of the renal re-
absorptive processes for several amino acids in the dog, led Pitts (45)

to conclude that " the amino acids glycine, alanine, glutamic and arginine



-are in all probability reabsorbed by a common mechanism and that the
rather considerable variations in their rates of reabsorption result
from differences in their rates of combination with some cellnlar com~
ponent common to the reabsorptive system for all." It was only later
that separate, distinct transport systems for neutral, basic and acidic
amino acids were shown to exist in the kidney. Much work has also been
concerned with hereditary disorders of renal tuhnlarhreahsorption and
these will be discussed in the section:deaiinghspecdfiCaliyinith.amino

acid transport in kidney.

Prior to the in v1Lro work of Begln and Scholef1e1d (46
47, 48) a great many in vivo studles had been carrled out w1th pancreas.
Wheeler et al (49) showed that when S3S—meth1on1ne was given 1ntra-'
venously there was accumulation 1n the pancreas as well as in the snall ,
intestine and liver.v This was confirmed by Hanson and Ullberg (50) who‘
noted that SBS-methron1ne was aLso hlghly concentrated in other organs
such as kidney, spleen bone narrow and salivary glands."Several other
amino acids such as S35—DL-cystine,dCléfDL-phenylalanlnefand’C14~g1ycine
were similarly accumulated in the pancreas of_hice:(SQ) By means of
autoradiographic studies,Leblond gE_él_(Sijt:wererable to demonstrate
that the exocrine portion of the pancreas was mainly responsible'for the
high uptake of labelled amino acids. This was later confirmed in vitro
by Bégin and Scholefield (46) who found that the A -cells of the pancreas

could be destroyed without any significant change in the amino acid uptake,

By means of whole body autoradiography (52, 53))it was shown



.that 14

C-ACPC, an amino acid which undergoes no metabolic breakdown
(54), was concentrated selectively by the pancreas and bone marrow of
normal mice (55). .The concentration.of this isotope by mouse pancreas
was confirmed by Sherman et al (56) who also noted that ACPC was not
accumulated by the pancreas of either dogs or rabbits. Rats on ACPC
diet shéwed higher levels of ornithine, lysine, glutamic acid, glycine
and pﬁenylalanine in the serum (57). It was sﬁggested that ACPC, which
readily penetrated the cells against a concentration gradient, could
displace other amino acids previouslyicontained in the cells. Further-
more, other amino acids such as dihydroxyphenylalanine-Z-C14 (58),
014-DL;para-Fluorophenylalanine (59), ethionine (60), and DL~tryptophan-

I/
C1+ (61) were similarly accumulated by the pancreas as well ag by several

other organs.

The ability of the pancreas to accumulate injected amino
acids has become an impértant diagnostic tool in the field of medicine.
Se7 -selenomethionine has sufficient pPancreas specificity to be used for
visualization of the organ by isotope scanning in order to detect any
existing lesions (62). The concentration of radioactivity in the pancreas
- was about.8 or 9 times higher than the liver when Se75-se1enomethionine
was given just before or just after feeding, while the concentration in
the other viscera and in blood were lower than in liver (61). Starvation
appeared to increase the concentration of the isotope in the liver, causing

" a reduction in the pancreas to liver ratio,



‘1.3 GeneralnFeatures of Amino Acid Transport

(A) The Effects of Concentration

In Ebrlich ascites cells, elevation of the extracellular
amino acid concentration resulted in an increased intracellular concen-
tration as well as a decrease in the distribution ratio (intracellular/
extracellular). With increasing glycine levels "the relation is curvi-
linear, neither the distribution ratio nor the gradient being constant'

over the range illustrated" (63).

The uptake of glycine obeyed the Michaelis-Menten equation

and could be represented by (64):

o Af
vﬁax K+ A Kdiff (Ac- Af)
m £
where
v = maximal rate of transport,
max
Ac intracellular and
& = extracellular glycine
Af concentrations respectively,
Km =  the Michaelis constant,
Kdiff the diffusion constant across the cell boundary.

At the steady state distribution the equation becomes:

fe L oA,
Af Kﬁ+ Af

. . . 0
in which A 1s a constant, representing Vmax/Kdiff'



~10~

- This equation could be arranged to the simplified form:

A_ .y, m
A~ Ag Ag

The heat of activation of the initial rate of uptake of
glycine was 8600 calories (64), in contrast to that of free diffusion
which was 4500 calories (65). This supported the argument that glycine
uptake was mediated by binding to some cellular component and not due

to a diffusion type of entry (64).

Application of the laws of enzyme kinetics to amino acid
transport led Scholefield (66) to look at the interaction between amino

acids in Ehrlich ascites cells according to the equation:

K
A m I
- =1+._.(1+_.-.....)
A.c Af Af KI

Using this formula good agreement between actual and theore-~
tical values was observed, indicating that the competition between amino
acids was of a competitive nature and that principles of enzyme kinetics

could be applied to amino acid transport.

(B) The Effects of Temperature

Transport processes generally show the temperature dependency
characteristic of enzyme~catalyzed reactions. For example, Oxender and
Christensen (67) have found a Q0 for glycine of 3.5, for alanine 3.2,
AIB 3;5, leucine 2.5 and valine 2.7 in Ehrlich ascites cells, while the

Q10 for L-tyrosine uptake in isolated rat diaphragm was 1.4 between 27 and
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-37% (68). The uptake of L-tyrosine.in sarcoma 37 ascites cells had a
Q10 of 1.9 when measured between 17 and 37°C (69). Tenenhouse and Quastel
(70) pointed out that the Q10 for glycine uptake was 1.5 between 10 and
20° C, and 2.41 between 25 and 37° C, thereby emphasizing that the Q10 is

" dependent upon the temperature range used for measurement.

The optimal temperature for_the active movement of amino acids
differs from tissue to tissue. TFor instance, the optimum temperature of
uptake of tyrosiﬁe by diaphragm is 38°%¢ (68), whereas the optimum for
L-S-ethylcysteine in Ehrlich ascites cells'is.ZSOC (70). 1Im addition,
incubation of.603HED ascites cells, in an ACPC containing medium at 26°¢
and 37.5°C resulted in identical intracellular amino acid concentrations
at both temperatures (71). The decreased uptake of amino acids by ele-
vation of the temperature to 40°¢ or higﬁer has been suggested to be

. due to some non-specific change in the cell membrane (68).

A decrease in temperature below 15°C resulted in a very
markedly reduced active transport process in Ehrlich ascites cells (70),
while in brain slices some amino acids were concentrated to levels slightly
above that of the external medium even at 0°¢ (72). This suggested a

distinct carrier-mediated accumulation even at this low temperature.

From kinetic studies on the influx of radioactive glycine
into Ehrlich cells, Heinz (64) calculated the apparent heat of activation
from the temperature coefficient between 24°C and 32.5°C to be about
8600 ealories. This is much greater than the 4500 calorie heat of acti-

vation of free diffusion (65). Heinz (64) also demonstrated, using glycine,



. that the Kh value increased as the temperature was lowered from 37°¢
to 28°C, thereby resulting in the carrier being less saturated at this

temperature,

In addition to transport, exchange diffusion is also af-
fected by temperature changes. For instance, Ehrlich asc1tes cells
required a much longer period of time at 20°C than at 37°C for L-methionine
and L-ethionine to exchange completely (73). 1In addition, there was a

decreased efflux of preloaded amino acid as the temperature was lowered.

(C) The Time Course of Upt:ake

Heinz in 1954 (64) demonstrated that the relative uptake of

glycine into the Ehrlich cell follows the equation:

B o= (1-e7*F)
where
B = uptake
Uoo= the maximal uptake
k = a constant
t = time in minutes

There was a very rapid initial ‘uptake of glycine into the
cell, although the time required to reach half the steady~state value has

varied from 3 minutes (64) to 20 minutes (67, 74).

In brain slices the initial uptake of L~a1an1ne was greater
than the D-form, although at the end of 60 minutes the intracellular

concentration of D-alanine was approximately double that of L-alanine (75).
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‘With DL~ « AIB and ACPC uptake the initial rate increased rapidly re--
sulting in about 707 of the final level in 15 minutes with a steady state
in 60 to 90 minutes (76), while the active accumulation of D-glutamate
and GABA occurred linearly over the period of an hour incubation. This
was accompanied by a gradual decreasé in - the intracelluiar concentration

of these latter amino acids over a period of 4 hours (77).

The extent of the initial rate is not always reflected in
the steady-state situation. For example, although in kid£ey slices
glycine had both the highest initial and steady-state rate when compared
to 0 AIB, histidine and L-phenylalanine (78), Christensen et _al (79)
have shown that although® AIB had 1/3 the initial rate of uptake of
L-methionine in the Ehrlich cell, its distribution ratio after 30 minutes
was twice that of L-methionine., In addition, Finch and Hird (80) with
intestinél segments have demonstrated that amino acids with the same

initial rate can have different steady-state levels.

The time required to reach the steady-state level of amino
acid has varied from tissue to tissue, with 30 minutes required for
glycine in Ehrlich cells (81),90 minutes in kidney slices (78), and 60
minutes in mouse pancreas (46). In the case of & AIB uptake in brain
(76) equilibrium was reached between 60 and 90 minutes, whereas in fetal

rat calvaria the steady-state level was attained only after 4 hours (82).

(D) The Effects of pH

By plotting glycine influx into Ehrlich cells against pH,
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‘Heinz (83) obtained a titration curve with an inflexion point at about
pH 6.9. Since the inflexion point was not shifted by increasing glycine
concentration, Heinz concluded that "there was no competition between
substrate and H+ ion for the same point of attachment;. The uptakes of
leucine and pheﬁylalanine into the Ehrlich cell were relatively insensi-
tive to pH,whereas ! AIB and alanine accumulation were affected much
more by pH changes in the external environment (67). In erythrocytes
and reticulocytes, the uptakes of valine and alanine were affected by pH
(84), but the contrast was not as striking as that observed with the
Ehrlich cell (67). Guroff and Udenfriend (68),examiniﬁg tyrosine uptake
in isolated rat diaphragm, showed that although a pH §f between 7.0 and
8.0 generally gave slightly lower values than those between 6.0 and 7.0,

the uptake was relatively insensitive to pH change.

Although a large number of amino acids reach higher intra-
cellular levels at slightly basic pH'vélues (85, 67), the uptakes of
dAd~diethylglycine and o, ® -dipropylglycine by the Ehrlich cell were
greater at pH 5.0 than at pH 7.4 (86). Glutamate transport in Ehrlich
cells was also stimulated at acidic pH values (87). This was explained
as being due to protonization at or near the transport site, which in
the protonized state has a higher affinity for glutamate. The authors
showed that the effect of pH was on the active and not the passive portion
of uptake, since the glutamate stimulation was not obtained when there
was metabolic inhibition by DNP or when the incubation was carried out
at 1°C. This lack of effect of acidic pH on passive entry has been con-

firmed by Kromphardt (88).
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*(E) Structural and Configurational Requirements for Transport

In the Ehrlich cell the sfructural feétures which partici-
pate in the bonding of neutral amino acids to the transport mediating
system are the amino group, the carboxyl group and the nature of the
side chain (67). Neutral amino acids were accumulated in these cells
whether the amino group was A or B relative to the carboxyl group
(89, 90), while loss of the amino group resulted in compounds which
were not actively concentrated. Amino acids such as proline and
hydroxyproline were still transported, indicating that the amino group
may be removed from a primary position by ring formation (91). Those
possessing a methylated amino group still could be transported, although
this action resulted in particular amino acids losing reactivity with
certain routes by which they entered the céll (92). Replacement of the
carboxyl group by a sulfonic acid grouping also resulted in accumulation
(93),while complete loss of the carboxyl group resulted in amines which
were transported in the Ehrlich cell (94), as well as in the mast cells
of the rat (95, 96). With respect to the side chain, increasing or
branching caused a decrease in the ability of the particular amino acid

to ﬁe concentrated (91).

Examining the amino group requirement in intestine, Spencer
et al (97) found that glycine but not acetic acid was transported, thereby
indicating that the amino group was essential. One hydrogen of the amino
group could be replaced, although if the replacement group was too bulky,
the resulting compound was mot transported. Since o L-alanine, but not

B -alanine was accunulated, they concluded that it was essential to have



‘an amino group ¥ to the carboxyl. In order not to have a pronounced
effect on the transport rate in hamster intestine, the carboxyl group
must be free, the amino group must not exist in a tegtiary or quaternary
state, and both‘hydrogens must not be replaced by methyl groups (98),

It was advantageous that the side-chain be of a non-polar nature, al-
though there was relatively little restriction on its structure in order
for transport to oécur. In the case of cyclic amino acids of the form
(CHZ)n NHCHCOOH, there was transport against a concentration gradient
when n was 2, 3 or 4, but not when n = 1 (99). With non-cyclic amino

X

acids of the form Y—ﬁCHZCOOH, (wvhen X=H) transport occurred with Y = CH3,

but not with any larger groupings (99).

The D~ and L-amino acid configurations behave quite dif-
ferently in a number of tissues. For example, in brain (75) the con-
centration ratio obtained with L-alanine was initially higher than the
D-form, although after a longer incubation period was lower tkan the
D-fofm. Comparison of the transport of the IL-and D-isomers of lysine
and leucine in newborn and adult brain slices showed that the L-isomer
uptake was higher,‘except in newborn slices where the D~isomer of leucine
was accumulated to a greater extent (76). In Ehrlich ascites cells (100)
the L-isomer 6f tert-leucine was very rabidly concentrated, whereas with
the D-isomer it was difficult to demonstrate a concentration gradient
after 30 minutes. In the case of §37 ascites cells the D-isomer of
tyrosine appeared to be transpﬁrted to a greater extent than the L-form
(69).

Using isolated rat intestine,Agar et al (101) noted that
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‘the L~ but not the D-forms of histidiné and phenylalanine were accumulated
against a concentration gradient. Wiseman (102) found that the L-isomers
of alanine, methionine and isoleucine could produce concentration gradients,
while the transport bf the D-isomers could not be demonstrated. The L~
isomers of histidine and alanine were absorbed at a more rapid rate than
the respective D-isomers from the isolated guinea pig intestine (103).
Furthermore,Agar et al (104) found that the uptake of L-histidine was in-
hibited by L~ but not D-amino acids at a similar concentration. Finch

and Hird (105) concluded that "... studies with D-amino acids suggest that
they combine with the site for uptake of L;amino acids, but have a lower

affinity for it".

(F) The Role of Energy

The active accumulation of amino acids has been shown to be
dependent upon a source of energy. In the Ehrlich cell changing from
aerobic to anaerobic conditions, resulted in a decreased glycine uptake,
while incubation with compounds such as DNP, cyanide, iodoacetate also |
caused a decreased intracellular level of amino acid (63). A 0.1 mM°
concentration of DNP inhibited the uptake of glycine by 50% and S-ethyl-
cysteine by 407 with no significant effect on transport under anaerobiec
conditions, while iodoacetate inhibited the anaerobic transport of these
two amino acids with né significant effect on the aerobic transport (70).
The authors concluded that the'"concentrative uptake o6f glycine and S~ethyl-
cysteine requires energy which can be supplied by respiration or under

anaerobic conditions, by glycolysis",
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In brain slices 1 mM DNP‘markedly suppressed glutamate
transport (39) and tyrosine transport (106).a1though 0.05 mM DNP had
little effect on glutamate uptake (107). Subsequent work with brain .
-indicated that the extent of glycine accumulation was directly pro-
portional to the level of ATP and metabolic inhibitors which caused a
decreased ATP level also resulted in a decreased glycine uptake to

approximately the same extent (108).

The response of amino acids to inhibitors of energy meta-~
bolism vary considerably as shown by little or no effect of 0.05 mM
DNP on glutamate accumulation by rat Erain contex slices (107), while
glycine'transport was inhibited to the extent of 70%‘by'on1y 0.02 mM
DNP (108). |

In brain slices the greétest ATP content and uptake were
observed with glucose and mannose in the medium, although slightly
depressed uptakes in the presence of other compounds were obtained (109).
This is in contrast to the findings of Bééin and Scholefield (46) in
mouse pancreas,where the addition of many different substrates had little
or no effect on either the respiratory activity or the ability to con-

centrate amino acids.

The addition of DNP to Ehrlich cells previously labelled
with P32-phosphate caused a rapid loss of radioactivity from ATP within
the first 5 minutes (110). Other work (81) showed that when 0.1 mM DNP .
was added to ascites cells after the cells had attained about 507 of
the steady state with respect to glycine, radioactive glycine entered

the cells at the same rate for the first 5-10 minutes as the cells in-
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"cubated in the absence of DNP. More recently Conway (111) has proposed
that the ATP energy coupling is of an indirect nature through some -in-~

termediate other than ATP.

Studying the energy expenditure by active transpbrt mechanisms,
Heinz and Patlak (112), calculated that the energy involved in the trans~
port of glycine was 1890 t 120 cal/mol. Since the value of the osmotic
work due to the distribution of K across the membrane was 1810 cal/mol.,
they suggested that possibly the K+ gradient across the mémbrane drove
the traﬁsport of glycine. The use of cyanide and 2-deoxyglucose to in-~
hibit transport and exchange fluxes in Ehrlich cells has suggested that
the linkage between the carrier system and energy metabolism was such as
to either increase the rate of outward movement of free carrier or to
increase the rate of dissociation of the complex at the inner portion
of the membrane. The linkage was not to increase the rate of movement
of'complex across the membrane or to increase the rate of formation of

the carrier-amino acid complex at the outer portion of the membrane (8).

A very interesting finding has been reported by Winkler and
Wilson (113) who showed that in the case offﬁg-galact031de transport in
Escherichia coli, energy coupling increased the affinity constant of
exit without affecting the affinity constant of entrance, They inferred
from these studies that "energy coupling reduced the affinity of the
carrier for its substrate on the inner surface of the plasma membrane."
Such an observation still remains to be made with a mammalian transport

system,
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“1.4 Amino Acid Transport in Different Tissues

(a) Kidney

As early as 1951 Dent and Rose (114) postulated that a single |
mechanism mediated the renal tubular reabsorption of lysine, arginine
and cystine, and that cystinuria was a consequence of an inborn error
in the normal transport process. Rosenberg et al (115) agreed thaﬁ‘there
was a common pathway for lysine, arginine and ornithine. Support for the
inclusion of cystine in this grouping has come partly from the work of
Stein (116) who found large quantities of L-lysine, L-arginine, L-ornithine
and L-cystine in the urine of human cystinurics,and Robson and Rose (117)
who showed that lysine infusions into normal patients caused increased
renél clearances of cystine, arginine and ornithine, while lysine in-
fusion into cystinuries caused little or no increase in renal excretion
of cystine, arginine and ornithine. Other workers have disagreed with
the inclusion of cystine, Segal et al (118),studying the effects of
decreased pH and of the absence of oxygen and Na+ on these amino acids,
have concluded that cystine transport in kidney slices occurs by a system
separate from that of the dibasic amino acids. This latter hypothesis
is in agreement with the observation that the dibasic amino acids did
not inhibit L-cystine transport nor did L-cystine inhibit transport of
the dibasic amino acids (115). In kidney cortex sliges from cystinuric
patients (119),cystine uptake was normal in the presence of a defect in
lysine and arginine accumulation in vivo. It was in 1966 fhat'SChwartzman
et al (120) showed that an increase of intracellular cysteine in lysine

and ornithine preloaded kidney cells was due to un inhibition of cysteine
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‘efflux by the dibasic amino acids. The difference in sensitivity to in-
hibitors suggested separate influx pathways for cystine and cysteine.
They also concluded that cysteine was'part of the dibasic amino acid
transport system and that the mechanism of exce831ve urinary cystine
excretion might be con31dered to be due to. impaired cystelne efflux,
rather than: 1mpaired cystine influx.v It has recently been suggested
that dibasic amino acid entry may involve more than one component as
demonstrated by Rosenberg et a1 (121) w1th L lysine uptake. The two
dlstlnct transport systems for L-lysine were found 1n kldney cortex
slices from both normal donors and from patients w1th cystinuria.

In additlon to the dibasic‘system. therevis avtransport
system: in the renal tubule w1th preference for;S ~amino compounds (122)
as well as a re1at1ve1y specific mechanism for the reabsorption of acidic
bamino ac1ds (123 124) As far as transport of the neutral amino acids
is concerned evidence for a renal tubular system common tokglycine
L-proline and L hydroxyproline has been presented (125 126) although
L—proline and hydroxyprollne have a greater affinlty than glycine for
transport in this system (126 127) Support for thlS classification has
come mainly from sLudies of dlseases of the kidney.' For instance, in
Joseph's Syndrome, prollne,,hydroxyproline’and glycine were excreted in ’
very large quantities in the urine in the presence of a normal plasma
concentration (128). Secondly, in Hartnup's disease (129) there.is im-
paired transport of most of the neutral amino acids, but no impairment
in absorption of the cystinuric group of amino acids or of proline, glycine

and hydroxyproline (130). 1In familial hyperprolinemia (126, 131) there is
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‘a specific hypefaminoaciduria comprising proline, hydroxyproline and
glycine. Prolinuria occurred first, followed by an increased excretion

of glycine and hydroxyproline in spite of a normal pPlasma concentration

of these two compounds. To account for the excess of all threg.compounds
in prolinuria, it was suggested that proline competed with these two

amino acids for a common system in the renal tubule (126, 125, 132).

Recent work (133) has demonstrated the preseﬁce of a mutant affecting

renal transport of proline, hydroxyproline and glycine in man. The authors
have proposed two different types of transport systems, one a common system
and the other a system with lower capacityiand greater specificity.‘ Both

of these types appeared to be controlled by different genes.

(B) Brain

Slices of brain cortex incubated in a suitable me&ium accumu-~
lated amino acids against a concentration gradient in vitro. Such accumu-
lation was found for L-glutamic acid (39), D-glutamic acid (107), ¥ -amino-
butyric acid (134), glycine (135, 108), 5-hydroxytryptophan (136), the
L-isomers of histidine, proline, arginine, lysine, ornithine and methionine

(137), and tyrosine (138, 139),

‘Histidine was concentrated to a greater extent in brain than
in rat intestine, testis, kidney, spleen, liver, heart muscle, skeletal
muscle or erythrocytes, whereas the brain took up L-ty;osine to a lesser
extent than did intestinal mucosa, but to greater extent than did the
remaining tissues (140). The presence of L~ or D~acidic amino acids caused

considerable inhibition of histidine uptake in brain, but had no effect
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‘in intestinal mucosa, testis or spleen (141). 1In contrast, the L-isomer
caused no inhibition and the D-isomer moderate inhibition in the kidney.
Neame (141) concluded that the transport system for acidic amino acidsg
in brain was less Séecific thén that of other tissues. Many other amino
acids also inhibited the uptake of L-histidine in rat brain slices (142).
In addition, the brain had the capacity to transport histamine as well

as several other imidazole derivatives (1@3).

The accumulation of L- and D~glutamic acid into brain cells
was accompanied by K movement and swelling of the éells, while in the
case of GABA or 8 -alanine accumulation there was no change in the dist~
ribution of elgctrolytes and therefore no indication of cell swelling
(77). These authors also showed that there was competitive inhibition

between GABA and [g-alanine,and between D-glutamate and L-aspartate.

Although most studies have been done with adult brain, Lahiri
and Lajtha (76) showed that there were differences between the brain of
adult and newborn animals. They found that adult brain slices accumulated
L~ and D-leucine and aminoisobutyrate to a gfeater extent, and L~ and

D-lysine to a lesser extent than newborn brain slices.

Yoshida et al (144) postulated that a specific site (called
the L-DOPA site) combines with L-DOPA, phenylalanine and tyrosine in brain
cortex slices of adult guinea pig. They concluded that since glutamate
had no inhibitory effect on L-DOPA uptake, there must be a specific site
for this acidic amino acid which differs from ;he L~DOPA carrier system.

Neame and Smith (75) found that in the case of alanine uptake | the concen-
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"tration ratio obtained with the L-isomer after a short period of in-
cubation was higher, but after a longer period was lower than that
obtained with the D-isomer. This was explained as being due to the
L-isomer moving out of the tissue‘faster than the D-isomer. In rat
brain slices Nakamura (145) found that although both L~ and D-methionine
inhibited the uptake of I- and D~histidine, the uptake 6f DL-methionine
was stimulated by L-histidine. In this latter situation, there was |
exchange diffusion between these two amino acids when L-histidine was
present intracellularly and DL-methionine was present extracellulafly,
Abadom and Scholefield (146) concluded that there were severai'transport
systems operating in rat brain coftex slices, each with its own speci-:
ficity. A comparison of the specificities of the glycine transport
system of brain and Ehrlich cells indicated that these two systems were

quite different.

Recently Blasberg and Lajtha (72) have examined the substrate
specificity of steady~-state amino acid transport in mouse brain sliqes
and have.goncluded that there are at least six different transport sites.
The amino acids using these sites were classified aé: small neutral,
large neutral, small basic, large Easic, acidic and GABA. They further
agreed that each amino acid had an affinity for more than one transport
site, i.e. a high affinity for its primary site of transport and a lower
affinity for a secondafy site of entry. ILevi et _al (147) showed that
the intracellular presence of various amino acids inhibited or increased
the exit rate of AIB, leucine, lysine and L-glutamate from mouse brain

slices. They concluded that the amino acid exit, as well as the uptake,
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‘was mainly a carrier-mediated process. Since the substrate pattern of
amino acid exit was quite similar to the steady-state accumulation data,

it was Suggested that probably more than one carrier was involved.

(C) Ehrlich Ascites Cells

ln the Ehrlich aSCites.cell there is considerable interactioniy-
between amino aCids during the transport process (66 148). Other ex-' |
periments (70) with S-ethylcysteine and glycine revealed different op-fh'ﬁ
timum temperatures of uptake and different inhibitory effects of other
jamino acids. Based on these results the authors suggested that "a variety :
of carriers exist in Ehrlich asc1tes cells that are responSible‘for con-b

~_centrative uptakes of the amino acids."

Oxender and Christensen (67 74) Suggested that there wereahfh\“ o

'l'two types of mediating systems for the transport of neutral amino acids
into the Ehrlich cell One was termed the alanine preferring system CA)
'and the other ‘the leuc1ne preferring system (L) The former group in-'v;/

cluded the amino ac1ds alanine glycine serine threonine proline

asparagine glutamine and methionine while the latter group was. comprised‘f*'ﬁ

of 1eucine isoleucine valine phenylalanine and L-methionine. The over— ’
lap between these two groups was very extensxve 'so that all, with thepi |
possible exception of glycine, might be represented in both groups;v The
alanine~preferring system (A) was shown to'discriminate against branched
hydrocarbon side chains, to have a high Q10 for the transport process,

.to have a high steady-~state distribution ratio of amino acids, to operate
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‘largely for entry and minimally if at all for exchange, and to be most
"'d’sen51t1ve to changes 1n pH or in the dlstrlbution of ions. The leucine-
_‘preferring system (L) on the other hand showed much greater exchange
’,;;dlffusion a lower sen31t1v1ty to pH or alkali-metal 1on changes 'ajijlu

'“flsmaller Q10 than the (A) system an 1ncreased affinity as the 1ength

ﬁvlhﬁdand bulk of the s1de chaln was increased yand a: steady-state amino acid -1

fffdistrlbutlon ratlo 1ower than that of amino acids using.thefalanine-pre-h'H

d_!;'ferrlng system (A)

Substltutlon of a 31ng1e N~methy1 group did,not decrease theifﬁ'

hgj.of a1an1ne by the "A" system in order to uncover other minor routes of
'“mlgration._ Thelr‘data 1nd1cated Lhat "the 1nLeracLion between neutral

'j.:amino aC1ds was based largely on thelr mutual sharlng of these routes" ',h?l

Jaccuez‘and Shernanv(S) haye reported conslderable exchange
: ”Vhifwuptake 1ndcells preloaded w1th glycine L-prollne and L-alanlne which .
ngs 1n‘contrast to the work of Oxender and Chrlstensen who found yery 11ttle :
f ;stlmulatlon of exchange dlffusion v1a the A—system (67‘ 74) The former
authors concluded that there was. no reason to postulate the ex1stence of
“;two carrlers that 1nbfact one could "relate dlfferences among the two.

groups of amino acids as due to dlfferences in affinities for one carrier
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*and to differences in the ease w1th which one amino acid displaces

: (8) i

another from the carrier amino acid complex"

In 1964 Christensen '149) proposed a'1y31ne accepting system :T ,

which served especially for-entry of diamino ac1ds and which differed

from the (L) and (A) systems previously described in Lo erating a po-1:"'

s1tive1y charged s1de chain although it retained a'role in yhe trans-I :

redf:y a system

port of neutral amino acidsfi Thus the diamlno acid e:(

7wh1ch served only as an addltional minor route for the neutral amino N

“801ds.‘ The mutual 1nh1bition between cationic and neutral amino ac1ds f?,hl,'

thus appeared to be limlted almost entirely to the new system which
. accepted amino acids whether or not their 31de-cha1ns carried a p031t1ve’fn
change._ The transport of ly31ne was greatly suppressed by a sufficient

‘concentration of almost any neutral amino acid whereas'l sine was able'yfﬂif'”

" to e11m1nate only a clearly deflned portion of the uptake of neutral
‘amino acids.. The maJor portion of the entry of these neutral amino acid‘f' )
.remained fully sens1t1ve to elther phenylalanlne or . AIB even in Lhe
presence of 50 mM lysine 1ndicat1ng thaL entry by the A or L system had
remained essentially intact.J Furthermore the medlated uptake of L-lysine_;
(150) was composed of (a) a portion of about 60% whlch was eliminated by ;thh
an excess of phenylalanlne (b) a second minor portion elimlnated by
various neutral amino a01ds but not by phenylalanine and (c) another
minor saturable portion whlch could not be 1nh1bited by neutral amino
ac1ds and whose rate was doubled 1n a Na ~free medium Chrlstensen and ‘;h'

Llang have referred to (a) and (b) as the £1rst and second 1ysine accepting

systems respectively, and to (c) as the 1y81ne preferring sysLem.'J:"yﬁ'
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Several other transport systems have also been proposed. For
instance, there.is a system operating for the uptake ofc‘,éf ~-diethyl~
glfcine which haé a higher uptake at pH 5.0 than at pH 7.4 (86) and with
‘respect to alkali-metal ion sensitivity, resembles the amino acids of
the "A" system (67). Another system involves the uptake of AB-alanine
which at ordinary coﬁcentfationé occurs by a distinct system with which
the & -amino acids are also reactive, although one that participates
little, if at all, in their total uptake (90). 6 Kromphardt (151) showed
that taurine, also concentrated in the Ehrlich cell, was hardly affected
by & -amino acids, whefeas B -alanine inﬁibited considerably and com-
petitively. He concluaed that taurine was transported by a mechanism
which differed épecifically,from,the one for the neutral & ~amino acid,
while Ag-alaﬁihé appearea to be transported by the mechanism serving

taurine and the neutral ™ -amino acids. =~

The transport of 14C-glutamate has recéntly been investigated
by Heinz et al (152, 153) who showéd that it was accumulated to a final
ratio of betweén 1.5 and 1.6 after 1-2 hours. Despite a high transport
potential, the intracellular accumulation remained low because it was
limited by cellular metabolic utilization. They concluded that this amino
acid, which had a higher uptake at acidic pH than at basic pH, was trans-~

ported by a mechanism separate from that of the neutral amino acids.

(D) Intestine

As early as 1937, Hober and Hober (27) suggested that an active
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‘transport process was involved in amino acid absorption in the intestine,
since they found the rates of absorption of certain amino acids were too
rapid to be accountéd for without such a process. Subsequent in vivo

work (26) showed that the presence of an excess of one amino acid could
inhibit the intestinal absorption of another amino acid. This was followed
by a number of studies which indicated that several amino acids could be
accumulated against a concentration gradient in vitro. These included
ACPC and ? AIB (154, 155); L-cystine and L-~cysteine (156), methionine
(157, 158), L-histidine (159), L-monoiodotyrosine (160), as well as several

other amino acids (161, 162).

When a racemic amino acid solution was introduced into a loop
of rat small gut, the rate of disappearance of the L-~isomer was greater
than the D-~isomer (163). Since then, several in vitro studies have also
dealt with this pafticulay aspect of the transport problem. Wiseman (164)
measured the amount of amino acid‘passing through the gut wall by circu-
lating the mixture through the lumen of isolated sections of gut, while
the serosal surface was bathed in a similar solution. After one hour
the concentration of the L-form decreased inside the lumen and increased
in the outer fluid. In contrast, the concentration of the D-form remained
constant in both the inner and outer fluids. Using isolated rat intestine,
Agar et al (10l) noted that the L~but not the D-form of histidine and
phenylalanine was accumulated against a concentration gradient. Wiseman
(102) found that the L~isomers of alanine, phenylalanine, methionine,
histidiﬁe and isoleucine could produce concentration gradients, but that

the transport of the D-isomers against a gradient could not be obtained.
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Furthermore,the L-isomers of histidine and alanine were absorbed at a
more rapid rate than the respective D-isomers by the isolated surviving
guinea pig intestine (103), while the uptake of L-histidine was inhibited
by L-but not D-amino acids (104). Finch and Hird (105) concluded that
"studies with D-amino acids suggest they may combine with the site for

uptake of L-amino acids, but have a lower affinity for it".

Several investigators have looked at the specificity of amino
acid carriers in the intestinal transfer process. Since proline and
glycine were good inhibitors of each other, Evered and Randall (165)
agreed tﬁat "it seems likely that glycine and proline have a fundamental
and primitive transport pathway...". The results oé Newey and Smyth (166)
suggested that there were probably at least two carrier systems for.glycine,
one of which was more susceptible to proline competititon and the other
methionine competition. Based on other inhibition experiments, these
same authors (167) concluded that in.the intestine there was a carrier
system common to glycine, proline and methionine, and an additional carrier
for glycine and proline. Employing hamster everted intestinal sacs,

Spencer and Brody (99) studied the effect of Na+ lack. temperature increase,
etc. on the tranmsport of cyclic and non-cyclic amino acids. Although

each compound inhibited the intestinal transport of the other, it was not
possible to distinguish between different transport systems on the basis

of the criteria used. More recent work by Munck (168) has shown the
existence of a separate transport mechanism for imino écids which is also
used by glycine, betaine, leucine and alanine. Munck pointed out that a

demonstration of inhibition of glycine uptake by imino acids is complicated
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by the affinity of glycine for two transport mechanisms, that of the

neutral amino acids in addition to that of the imino acids.

Studies on interaction between different groups of amino
acids have shown that the basic amino acids have little or no inhibitory
effect on the neutral amino acid transport of L-histidine and mono-
iodotyrosine (160, 161, 104). Hagihira et _al (169) observed that the
maximal rates of transport of the basic amino acids were 1/10 to 1/20
the rates.of transport of some neutral amino acids (161). They concluded
that intestinal epithelial cells possessed a "basic" amino acid transport
system similar to that found in the proximal tubules of the kidney (169).
Further work by Larsen et al (170) suggested that there were three
separate amino acid transport systems in inteotine since, although they
noted a small degree of competition between the neut?al and dibasic amino
acids, there was no competition by aminc acids of either of these two
groups for the system which transported tho H~methyl~substituted amino
acids. The degree of neutral and dibasic interaction is illustréted by
the neutrgﬁfggid tryptophan which is a suoétrate for both the diamino

acid and neutral amino acid carriers (171).

Recent in vitro work-(172) has iﬁdicated that the transport
of alanine and glycine could be inhibited by both galactose and.fructose,
although the inhibition of alanine transport by galactose was non-compe-.'
titive. The findings of Bingham et al (173) were in favour of the view
that sugars which were actively transferred, but not metabolized, in-

hibited amino acid transport. Since D~galactose and L-arginine were par-
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+tially competitive inhibitors.of neutral amino acid transport, Alvarado
(174) has suggested that "all may share a common, polyfunctional carrier
in which a series of éebarate binding sites, one for sugars, neutral
amino acids, basic aminé acids and Na® are joined together, as in.a
mosaic.'" All sugar interaction with amino acids need not be inhibitory
as shﬁwn by glucose (actively transported and metabolized) stimulation
of proline transfer, although no effect was observed on the transport of

methionine into intestinal preparations (173, 175).

(E) Red Blood Cell

Christensen et al (176) showed that ;here was a concentrative
uptake of alanine by duck erythrocytes and of glycine, L-alanine and
L-glutamic acid by human erythrocytes. DL-Alanine as well as L-alanine
were taken up by duck erythrocytes, while human erythrocytes apparently
.did not take up the D-form. They also found that the concentrative ac-
tivity of erythrécytes was relatively insensitive to inhibitors of res-
piratory metabolism. Although rabbit reticulocy?es had higher intra-~
cellular glycine levels than plasma, the mature rabbit erythrocyte did
not possess any concentrative ability for this amino acid (177). In
contrast to mature erythrocytes, the concentrative mechanism in the reti-
culocytes was inhibited by high concentrations of cyanide, DNP and arsenate.
Subsequent work (178) on the migration of amino acids across the membrané
of the human erythrocyte, indicated that there were three modes of up-~
take: (a) a mediated transport used by almost all the neutral amino

acids, preferring long chain amino acids and easily saturable by these
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‘compounds, (b) a low capacity, saturable uptake for glycine and alanine,.
and (c) an apparently non-safurable component limited to amino acids with
large hydrocarbon side chains. Vidaver et al (179), examining the speci-
ficity of amino acid entry routes in pigeon erythrocytes, found that the
glycine entry route was highly specific and evidently quite distinct from

the L~alanine route.

Winter and Christenéen (84) in 1965 concluded thatxin the réb-
bit reticulocyte there were at least three transport systems for amino
acids similar to the A~group of the Ehrlich cell (67), as well as a leucine-
preferring system. Only the latter was retained upon maturation of the .
cell. Alanine uptake by the reticulocytes was much more sensitive to
cation changes than the erythrocytes, while countertransport of L-alanine
was demonstrable in reticulocytes, but absent upon maturation to the

erythrocyte stage (84).

(F) Pancreas

The in vitro accumulation of amino acids by pancreas has been
studied only recently and so the available data is rather limited. Bééin
and Scholefield (46) in 1964 demonstrated for the first time in vitro
that amino acids sqch as glycine énd ACPC could be accumulated against
a concentration gradient iﬁ mouse pancreas and that such a system was af-
fected by anacroblosis, DNP, ouabain and vériations in the Na+ and K
content of the external medium. An examination of the specificity of the

carrier systems on the basis of the ABC.test showed that at least three

separate sites were involved in the transport mechanism (48). One site
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was utilized by L-valine, ACPC and MeACPC, the second by glycine and
the third servéd for L-methionine énd L-ethionine entry. Bééin and
Scholefield concluded that "each is transported into'mouse pancreas

as a result of combination with only one car;ier site and since the
amino acids have affinities for other sites at which they are not
transported, there is competitive inhibition of the transport of sub-
strates which are translocated as a result of combination with these
sites". Further studies (47) provided a fourth site for L-proiine up-
take, since Lineweaver-Burk analysis indicated that proiine ﬁas trans-
ported only after two molecu;es had combined with adjacent sites on

the surface of the carrier.

By means of perfusion of isolated rat pancreas, Sprecker and
Bennett (180) found that, although the normal pancreas was capable of
concentrating L-valine, glycine and AIB, the pancfeas of hyphysec~
tomized and adrenalectcmized animals had a 50% reduction in amino acid
accumulation without a significant change in the incorporation into
protein. This accumulation was partially blocked with 5 x 10"4 DNP and
the incorporation was completely biocked with puromycin without affecting
the accumulation. They suggested that hormonal stimuli was necessary
for the transfer of the %mino acids without having a direct effect on

the incorporation.

1.5 The Role of Tons

Many studies have stressed the importance of an altered ionic

medium on the carrier-mediated uptake of amino acids. 1In 1952 it was



~35=-

found thar,incubation of Ehrlich ascites carcinoma cells in a glycine
containing medium resulte& in both an accumulation of the amino acld
and.alloss of K+ from the cells (63). Subsequent work (181) showed a
decreased glycine uptake if either the extracellular or. intracellular
K" level were lowered. Restoration of the 1ntrace11ular K ~concentration’
brought about a normal glycine accumulation by the Ehrlich cell. Based
on the observations, a mechanism was proposed whereby K efflux drove
glycine influx via exchange diffusion of extracellular amino acid for

intracellular Kf.

More recent work has tended towards rejection of this hypo-
thesis. Studying the relationship between the maintenance of glycine
gradients and steady-state K+ fluxes, Hempling (182) noted that incuba-
tion in a low glycine medium resulted in both an increased K+ efflux and
influx. He argued that if the above hypothesis was correct, then there
must be a separate route for Kf influx which also increases when glycine
is accumulated. Since cells also showed an increased water content
during amino acid accumulation, he suggested that perhaps "cell swelling
may also be a factor which contributes to the increase in the Kf fluxes
observed." In short-term experiments, reduction of cellular K+ by pre-
incubation with K+-freegsolutions increased the K influx, but had no
effect on the uptake of glycine (83). Additional evidence against the
role of K+ has come from the work of Hempling and Hare (183) who found
that glycine had a greater affinity than K for the carrier at both the
outer and inner portions of the membrane., If exchange diffusion accounted

for glycine uptake, then glycine should have a greater affinity for the
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‘carrier at hhe outer membrane and a lower afflnlty than K intracellularly.
Also against this hypothesis was that in order for K to displace glycine
from the carrier at the ;nner portion of the membrane, the cell must
contain 25 times more‘Kf than. glycine (183).: In addition, sihce the
energy availablé froniK+ efflhx'was‘not sufficient to pump glycine inward,
K+ efflux could not be résponsible_for glycine influx‘(l83); Thése authors
proposed an- alternative hypothesis which suggested, instead, that glycine

transport facilltated K transport.

Since Ricklis ahd’Quastel (184) first showed that the Na+ ion
was required for;sugar transbort in the intestine, many studies have been
concerned with the apparent involvement between Na+ and sugar movement.
Bihler and Crane (185) confirmed that the active transport of sugars was
absolutely dependent upon the presence of Na+ in the medium, whereas the
absence of external Na+ had no significant effect on the influx of com-
pounds which were not actively transported. Subsequent work (186) indicated
that with certain_sugars there was both a Na+-dependent, energy independent
entrance and a Na+-dependent, energy dependent accumulation against a

concentration gradient.

Examination of a possible link between active transport of ions
and non~ionic compounds showed that the transport of several amino acids
was strongly inhibited if Na+ was absent from the solution bathing the
'mucosal surface of the intestine (187). Furthermore, Csaky concluded that
for transport of sugars to occur,the Na+'ion must be on the membrane of
the mucosal epithelium facing the lumen (2). 1In this view it was not the

carrier which required Nat for functioning, but that the cation was essential
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for the non-specific part of the pump (2, 188). T.e. Na+ required

for coupling of metabolic‘energy to the carrier system for non-
electrolytes. Subsequént studies tended to disprove this latter hypo-~
thesis of Csaky. It was found that a change in the Na+ concentrétion

of the external medium altered the apparent K.m value for uptake, but

did not affect the Vmax (189, 190). The hypothesis of Crane and his
co-workers consisted of a mobile carrier with two binding sites; one
for sugar substrates and the other for monovalent cations, so that the
Na+ moved across the membrane barrier with the substrate. When the
carrier was loaded with Na+,_the Km was low, while a K" loaded carrier
was responsible for a high Km value. The intermediate Km values ob~
served depended upon the relative proportions of these two species at
any given time. Lyon and Crane (191).examining transmural potential
differences across intestine membranes’have proposed two kinetic models
based on their results. One is in the rat where there is a large degree
of interaction between the ion and sugar binding sites of the carrier
and the other is in the rabbit where the interaction between these sites

is minimal.

The net movement of sugar into the intestine has been viewed
as a conéequence of a "downhill" gradient of Né+ into the cell maintained
by the operation of an outwardly-directed, energy dependent Na+ pump.

As a test of this hypothesis Crane (192) found that when intestinal villi
preloaded with a éugar were transferred to a medium containing no Na
(thereby reversing the Na+ gradient),the sugar moved "uphill" out ofithe

cells, This latter observation offered additional evidence that the
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"downhill" Na gradient into the cell was responsible for an "uphill"

sugar movement in the same direction.

In pigeon red cells the entry of glycine involved two com-
ponents; one Na+-independent and the other Na+-dependent (193). The
influx of this amino acid required two Nat ions as co-factors (193, 194)
and alteration of the external Na' concentration affected the Km rather
than the Vmax’ suggesting an éffect of éhe ion on glycine binaing to the
carrier (193). Cells which were lysed and then restored (195) were
capable of accumulating amino acids only if a Na+ gradient existed and
reversal of this gradient (high Ndk inside, high K+ outside) resulted
in glycine being pumped out of the cells. This supported the hypothesis
that the Na+ gradient.furnishéd the energy for the transport of glycine.
Wheeler et al (196) noted that in pigeon erythrocytes and rabbit reti-
culocytes, a change in the external Na+ concentration resulted in both
an altered Vmax and Km value. Subsequent work dealing with the role of
Na© In amino acid transport into rabbit red cells, confirmed this change
in the Vmax (197). In this system there was no saturable uptake of
glycine or alanine in the absence of Na+. In the case of alanine uptake, ~
one Na+ ion appeared to function as co-factor; whereas with glycine entry,

two Na+ ions seemed to be essential.

Several studies have examined the relationship between amino
acid transport and the Na© - ' pump in human leucocytes (198, 199)., It
was found that AIB, glycine, proline, and alanine required Na+ for

.’..+

transport, were inhibited by ouabain and stimulated by Ca''. Amino acids

such as ACPC, arginine, lysine, histidine, methionine were not Na+-dependent,
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not inhibited by ouabain and not stimulated by Cé++. The Na+ and Ca++
effects on the steady-state levels were due to a stimulation of influx,

the efflux being unaffected (199).

Inui and Christensen (200) have reported that the uptake of i-

' methionine, AIB and MeAIB in the Ehrlich ascites cell occurs by at least
two transport systems, one sensitive and the other insensitive to the
presence of Na+. With AIB andeEAIB the\Na+ insenéitive uptake is not
concentrative, whereas with L-methionine the Na+ insensitive uptake is
concentrative. These three amino acids showed Both an altered K.m and

v value with changes in the external Na+ concentration, thus in

max
agreemént with the findings reported for rabbit red cells (196, 197).

Removal of Nd+ from the external medium resulted in a lack of
ability of rat kidney cortex slices to coﬁcentrate AIB or glycine, whereas
lysine and histidine we?e still éccumulated,although to a considerably
lesser extent (261). The entry of these latter amino acids appeared
to be mediated by twd mechanisms; one Na+~dependent and ouabain sensitive
and the other Na+-indepéndent and ouaBain insensitive. Ségal et al (118)
found that in a Na+-free medium the initial rate of lysine accumulation
was not affected, although the steady-state concentration was reduced.
With cystine and arginine the initial rate was inhibited by Na+ lack and
there was no evidence of a concentration gradient at the steady-state.
Examination of the effect of Na+ on the kinetics of AIB transport (202)

showed that a lowered external Na+ concentration resulted in a diminished
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'initlal and steady-state 1nflux. Reduction of the external Na con-’
,centration to: less than the intraceIlular concentration, caused an -dJ'

increase in both steady-state and initial efflux._ The decrease in

» external Na+ concentratlon affected the K value but did not alter

vf‘ﬂthe V thereby in agreement with the findlngs of Crane and Vidaver

'.*1(189 190 193) and in contrast to the observations of Inui and

ih'Christensen (200)

Al

In additlon to the effect of Na on amlno acid transport ”,ffl

l.;in the kidney, recent studies have examined the role of other ions.""fiff_f'~
lBrown and Michael (203) have shown that the net accumulation of in-:hf ,rf“

’l:,iorganlc phosphate in rat kidney cortex slices is inhibited by several

1»ffneutral aromatic and polar L- or D-amlno acids. The same authors

'”11(204) noted that in renal cortical slices from parathyr01dectomized ‘i;fljﬁc

'_5edecrease in the concentration of Ca++ or. inorganic phosphate_ i jﬁlﬁf"gh

Several other systemsbhave been very . briefly studied with

.:respect to the relationshlp between tne Na+.ion and amlno acid trans-tii°’w

, port.' Parrish and Kipnis (205) observed that although AIB entered

~bthe rat. diaphragm via a carrier-mediated transport system in the complete

, absence of Na : it was not concentrated intracellularly.% The influx of
AIB ‘was twice .as rapld in the Presence. of Na+ than in its absence

whereas the efflux was not changed by Na . Although the Na+ pump is .

llnked to amino ac1d accumulation the exact nature of this relations

‘ship is not completely understood, s1nce a 1 x10 -5 M concentration of

ouabain had no s1gn1ficant effect on. AIB entry even though it markedly



.'f41;>.1

,fdepresSed:Nafnpump~activity“(205);"

Prelimlnary work on amino acid transport in bone (82) hasviuj}{q*bh-

‘*';i;?shown that glycine and AIB were still accumulated by a mediated

"ff:process 1n the absence of Na+; but that L-proline and hydroxyproline__;

b‘lbﬂentry was non-mediated resembllng simple d1ffu31on very closely._qIn“7;1ff”

"ffrii*ithe Presence of Na “the amino acids, gIYCine j{ AIB L-proline and :21
S i':f;‘hydrox}'prOIine were"_:;mutually mhibitory, WhEYEéS i“ the absence °f Na
T{fglycine and alaninehstlll 1nh1bited AIB uptake while Proline and
Tb(abhydroxyprollnevwereiw1thout effectvl GIYCine AIB and hydrOXYPrOIine”

"Llnhlblted L-prolinefuptake only in the presence of external Na ‘and notaﬁ

“fwhen it was - om1ttedifrom the 1ncubation medium.,5'~~ﬂ¢f""

In the rabbit eye lens (206) the transport systems for. AIB?{
':nneutral. basic and acidic amlno acids involve both a Na-—dependent and:ébff.
‘;1-_ia Na+-independent component.j In the case of y AIB entry one Na+ per
;amlno ac1d appeared to functlon as co factor whi]e a change in the ex-d;
ternal Na+ concentration affected the K value but not the V 1x.,fIn»
this sytem Na had no effect- e1ther on amino ac1d efflux nor on’the dif-§‘

fusion constant for entry.

The possibility.of a linkage of}the Nat - K pump to amino acid
transport has been strengthened by the observations that ouabain 1nhibition
of the Na - " stimulated ATPase also results in a decreased amino acid
accumulation in both single cell preparations and in tissues (46, 207).

The linkage of an ionic pump mechanism to substrate movement has received

further attention from the work'of Milner and Hales (208) who reported
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ﬂx-that both ouabain addition and K omission from the external medium
.*‘stimulated 1nsu11n secretlon from the ﬂ-cells of rabbit pancreas.
Homo exchange dlffusion of L-methionine 1n Ehr11ch ascites
._ce11s appeared to be 1ndependent of the presence of either Na+ or- K

(209) In contrast to these f1ndings the countertransport process for S

‘alanine (1n or out) 1n rabbit red cells was dependent upon the presence f}';f"'

L ". .

;:affected by Na ions (197) This apparent discrepancy as to whether o

t;or not ions are required for the exchange diffusion process as well
y'as the transport process may possibly be due either to major d1fferences~3~‘J.

'»between the above two systems or to a cation requirement with only certain:'ﬂﬁtt”

"‘;amino acids.‘ Perhaps 1n the Ehrlich cell -amino acids, other than L- 'h,f

methionine may show a Na -dependence for the exchange dlffusion process.»’:

1.6 Exchange Diffusion_; :

Although the term exchange diffu31on has been used w1th res-ifl
vpect to an additlonal mode of entry for sugars and amlno acids 1t was f;;fﬂG“‘
orlginally introduced to explain ion movements‘across the membrane bar;“aff.
rier: (210 211). In this process the . carrier ion complex moved from the
inner to the outer Pportion of the membrane where exchange of the bound
ion for a free extracellular one occurred. This new complex then moved
inward where another exchange of ionic species took place. The transport
and exchange diffusion Processes were thought to be mediated through
the same carrier system, with exchange resulting in no net transport,

since as Ussing (210) had argued "the same number of ions will be‘carried
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-from left to right as from rightito left".

In Ehrlich ascites carc1noma cells, preincubation of the
cells with unlabelled glycine resulted in an increased influx of the
radioactive amino acid (64). This finding was subsequently confirmed o

by Heinz (212) in 1957 who concluded that "the kinetics of this ex»ivthf,f

change are consistent with the assumption that most of the accumulated\'“*

glycine is free...". From a comparison of the relatrve rates of trans-ﬁ?f*'”"

port and exchange diffusion in this system, Heinz and Mariani (213)
calculated that the maximal transport rate was 10 pmoles per gm (dry
weight)/minute, while the maximal rate of influx was 57 pmoles per f;yh'”"“

gm/minute. Therefore exchange diffusion was ‘more than five times as

. rapid as active transport. In addition Helnz and Walsh (7) found thatiiff

J':the efflux of amino acid increased proportionally 1f the intracellular ﬁlfj
U glycine concentration was raised to 50 mM This preloading with glycine
.dresulted in an increased 1nFlux coefficieut for glyc1ne w1thout affecting""

jv"_"ithe efflux coefficient. They proposed a schematic model to explain the'“ffﬂ

'process of active transport and exchange diffusion occurring simulta-f'fs”'"‘

:v‘;neously. As adopted from ion exchange diffusion the carrier-amino acid ;@'fa

complex which moves from the outer to inner portion of the membrane re- ;’h;;‘

X presents both extracellular substrate bound to the carrier via the trans-:'i
‘port process and extracellular amino ac1d attached via an exchangebfor |
the amino ac1d which the carrier had picked up 1ntracellular1y. Once in
the inner portion of the membrane the carrier-amino ac1d complex unloads
only part of its amino acid ,while the rest is exchanged w1th intracellular

amino acid. In the former case the free carrier instantly undergoes



"..catalytic "inactivation" to prevent outward movement of an unloaded

4f'actrve carrier (this 1nactivation sLep 1s essential for accumulation

"'to occur) In the second situation the new carrier amino acid complex

viformed intracellularly can now exchange with more extracellular amino »f,_f

:;acid once again.p,-fr;;fffi
A study of the effects of Iipotropic agents on thebtrans-ﬁlﬁ
: '_port and exchange diffusion processes led Johnstone and Quastel (214 |
‘T‘EZIS) to conclude that the same carriers were involved 1n both processes._fj_k
and that "1ipotrop1c agents are 1nhibitory because of the1r association ,
with lipid components in the cell membrane controlling transport" e

Jacquez and Sherman (8) found that the transport fluxes but not ex-'jfu.,

change fluxes were inhibited by a number of metabolic inhibitors.r Their ;“V'

observations suggested that the 11nkage between the carrier system and
'energy metabolism was such as to 1ncrease the rate of outward movement‘,h
. of free carrier or to increase the rate of dissociation of carrier amino{ffw
-acid complex at the 1nner surface of the membrane.i The linkage was not
'to increase the rate of movement of carrier-amino acid complex across
. the membrane or to increase the rate of formation of the carrier amino j

ac1d complex at the outer surface.‘g'

' Examinlng the structural specificity of the glyc1ne transport

',fsystem in tnis ce11 Paine and Helnz (148) noted that generally compounds

,which failed to 1nhib1t glycine influx were also unable to exchange w1th
glycine 'although L-alanine which was an excellent 1nhibitor of glycine
‘ainflux failed to increase glyc1ne influx if prevlously accumulated

intracellularly, This effect was later studied in more detail by Oxender
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._spxtalanine were very poor as exchanglng amino aCids.v‘J”v”

‘l'"[itmole exchange for a similar solute moving in the opp081te direction

_°and Christensen (67 74) The authors concluded that am1no acids could L
\-‘be div1ded into two separate groups on the basis of their ability to

'Ahexchange.” Compounds such as, vallne ACPCJ nd L-methionine were very

Upon addition of several am1no acids such as ethionlne :etc.¢f;§j_;h :
'vfﬁto Ehrlich ascites cells in equilibrium with DL-methionine-SBS there’;tﬁd;'j o

;was .an - extensive loss of radioactivity followed by a slow recovery of

e the lost radioactivity (73) This was explained as being due to a rapidlif;.;5f“

‘flexchange diffu31on followed by a rate of re-entry determined by the

'T'relative affinities of the two amino acids.‘ Since exchange diffusion:.hfﬂhfﬁﬂ#.f

"1nvolves the movement of a solute across a membrane 1n strict mole to- '

fffJohnstone and Scholefield (73) examined the stoichiometry of the ex-‘“?*lifl*ilz

.change process in this system. They found that the ratio of the rate
",_of movement of methionine into the cells compared w1th the rate of :ij
.'dfmovement of: ethlonine out was 1: l 28 The movement in the opp031te di-?fﬂ"'

1‘rection (ethionine in and methionlne‘out) was 1:1.20, These values werehlff

‘sufflciently c]ose‘enough to ‘a mole to-mole exchange.ratio to satisfy g

'_the criteria set forth for true exchange d1f£usion.>_'f

 Oxender and Chrlstensen (67) obtalned affinlty constants of
several amino ac1ds for the exchange reaction in the Ehrllch cell by
preloading the cells with an amino ac1d and then stimulating efflux by

varying the concentration of amino acid in the external medium. The



S amino acids valine and methionine had identical afflnitj constants

S e
for both the transport and exch]nge dlffusion processes,vcausing the

1

'.ffauthors to conclude that these gmino acids "saturated the driving of

"”f7 counterflow when their concentrition are brought to levels that also'

'ﬁi:saturate their “own migrations"

AIB alanine and glycine had K values for exchange diffusion which
fﬂlwere many fold greater than those for transport.. Oxender and Chrlstensen_
hrconcluded that "31nce the small Triv1ng of the outward migration by the
:?ramino acids in the external position is nearly linear up to 70 mM h |

o whereas the K values For their uptake are 0. 5 to O 6 mM in driving

viexodus ‘they must be reacting w1th a chemical site other than the ‘one

.by which they enter the cell"

‘ Exchange diffusion has been studied in a number‘of other |
systems although not as extensively as in the Ehrlich ascites cell..In vivo ex-
Petmwnts with brain (216) showed that lysine- 014 administered intra-'p::;

. venously or intraperitoneally entered the c1rculating blood and exchanged 2

‘rapidly with the free lysine of the brain. Subsequent work (217) de-;-ff'l

monstrated that the exchange rates of amino acids were stimulated by .

_ increasing the amino acid concentration in the braln. Nakamura (145)
showed in v1tro exchange diffusion between histidine and DL-methionine‘i:”'

: in rat brain slices, although. exchange was seen only when h1stidine wasl:
“present 1ntracellu1arly. The ratio of the loss of L~nist1dine to the

’ entry of DL-methionine was calculated by Nakamura (145) to be 1 1. 09

.‘f'In this instance only the total stimulated values which included a

: qu1te considerable transport component, were used. Substraction of this



-47-

transport portion would result in a ratio approachlng 1: 2; Further
there was no effect of ouabaln on exchange diffu31on in rat brain cortex
slices (218), which is in agreement w1th the observation that ions are
not required for the exchange dlffu81on of amino acids in Ehrlich ascites
cells (209). | / " R
Levi et al (147), examining the substrate specificity of ce;
rebral amino acid exit in vitro, noted that w1th AIB 1ntrace11ular1y,‘
the greatest effect was obtained when ATIB itself was- present extracel-_l
lularly., Slgniflcant increases in AIB efflux were. also obtained ‘in the
presence of glyc1ne alanine and ACPC. Leucine when present 1ntracel-
lularly, was a very poor exchanger, wh11e in the case of L-lysine intra-~
cellularly, the large bas1c amino acids had the greatest effect. This
was in contrast to the neutral and acidic amlno ac1ds which were quite
poor. 1In the case of glutamate: 1ntrace11u1ar1y, there was almost neg-
ligible exchange with external neutral and b331c amlno aclds but quite

good exchange with acidic amino acids.

Using everted sacs of rat 1ntest1ne Mochida éE_El (219) showed
in vitro that L—histidine and L-methlonine exchanged through the intestinal
wall. Their results suogested that exchange d1ffus1on occurred from dif-
ferent compartments of the preparation at varying rates. Preloading of
“the small intestine with 1euc1ne resulted in a stlmulated uptake of lysine
(220) while tryptophan entry was increased by methlonine leucine and
sarcosine (171). Since the stimulation of lysine uptake by leucine was
obtained whether the intestine was preloaded with leucine or whether
leucine andilysine Were'present together on the mucosal sur face, Munck

(221) explained this phenomena in terms of the combined function of the
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transport mechanisms of the neutral and d1basic amino acids. He concluded

that "of the two transport mechanisms that of the neutral amino acids

’f'.created and maintained on the serosal side.... a concentration of leucine

,'sufficlent to exert a counterflow effect on the transport of lysine by

e _the transport mechanism of the diamino acids"

In rat kidney cortex slices, lysine, arginine, ornithine'and

T diaminobutyric acid participated in both auto-exchange and hetero-exchange

diffusion, whereas neither cystine nor cysteine exchanged with these di-

~ basic amino acids (222). Preloading with lysine did not stimulate the .

Hg uptake of histidine, phenylalanine or ACPC while preloading.with glycine,

| leucine or valine did not significantly increase the uptake of 1y31ne.

o These same authors (223) reported that anaerobiosis and ouabain had no

“‘effect on exchange diffusion of the dibasic amino acids and that a Na -
'1dependence for exchange could be obtained. They also noted that the
“_vexchange uptake of 1ysine was not altered at . reduced temperatures while

f.*7exchange diffu31on of arglnine was markedly 1nh1bited at 21 C.;_

.In the red blood cell there are membrane carriers tolfacilitate
the equilibration of intracellular and extracellular substrate concentra-
Itlons w1thout the expenditure of energy. “Thus there is facilltated dif-
fus1on without the intracellular accumulation observed in active transport.
.Rosenberg ‘and’ Wilbrandt (224), by equllibratlng red blood cells with a
penetrating sugar (C 4--glucose) and then adding a second penetrating sugar
(unlabelled glucose or mannose), have demonstrated an uphill transport

of glucose induced by counterflow. This latter process appears to be iden-~
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"tical with the exchange diffusion mechanism shown in various mammalian

systems. They concluded that "flow-induced uphill transport is a feature‘

characteristic for mobile carrier systems only and is not to be expected

in systems in which the substance is bound to a fixed membrane component'

although such a system may yield identical transport kinetics" LeFevre f7ﬁ;ff“
and McGinniss (225) in 1960 confirmed these findings by first equ111bra-f_5*”1”ﬂ
ting cells with unlabelled glucose and then adding 014~g1ucose'to-fo11owv

the entry of the tracer. They found that the speed of the tracer movement'ftsz

in relation to the speed of net uptake was about 50 to 100 times more R
rapid than that existing in a simple diffu31on Process. 1In addition
hetero-exchange diffusion between sugars is also possible 31nce when

glucose was added to cells equilibrated with sorbose, the 1ntrace11u1ar

sorbose moved out of the cell against a concentration gradient (226)

" Glucose exited very rapidly from the cell if D-galactose, D-mannose and

D-xylose were present in the medium whereas in the presence of D fructosevhcihﬁ?

L-sorbose and D-arabinose, the efflux of D-glucose was much slower (227)

A kinetic comparison of exchange transport Wlth non exchange_]np;ffﬁtﬁ

transport of sugars in human erythrocytes showed that in the . former case S

the v . and K 1increased with rising temperature, whereas with non ex-;f
change transport the V max increased, while the K remalned unaltered (228)r;;i}£
R The K value for exchange diffusion with galactose as the substrate was B
"seven times higher than the K of the non-exchange transport.; In addition}.‘
the activation energy for exchange transport was three times lower than '

that for non-exchange transport (228)
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The total movement of an amlno acldhinto a’ céilicgﬁfbg;:éfr;?l{;,:

work will, first of all bexamine‘the chatscteristics of snd,lh factors
influencing both Na -dependent and Na -independent sctite transport in:
mouse pancreas. Secondly, the tissue will be studled with the obgective
_ being (a) to provide evidence for pancreatlc exchange diffu31on
examine the factors affecting and controlling such a process and (c) ‘to:
indicate the possible similarities and dlss1m11arities between this

phenomenon and carrier-mediated active transport.
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Glycine 1 c14 L-prollne C (U) L-lysine C (U) and L--Q

‘f;_methionine-methyl Cl4 were purchased from the Radiochemical Centre

3h”ff”Amersham England L Tryptophan-3 014 Q# -amlnoisobutyric l Cl4 acid

-sil-amino~cyclopentane l-carboxylic acid.-‘carboxyl 014 and 1{~amino- lhj:*

xilbutyrlc l 014 acid were obtalned from the New England Nuclear Corporation

'i"‘“fBoston Massachusetts U.S A. Stock solutions were prepared by dissolving?l;“lff

l.the radioactlve amino ac1ds in e1ther 5 or 10 ml of distilled water.

The amino ac1d solutions used in these studies were prepared
_ by diluting an aliquot of the stock solution and adding sufficient un- v
| labelled amino acid to give a concentration of either 30 or 60 mM w1th

}specific activities ranging from 50 cpm/mpM to 400 cpm/muM. Al1l solu-

tions were kept frozen at -20°C and thawed out immediately prior to use rfh7lf

‘_ thereby preventing any bacterial growth or deterioration of the amino
iacids.;_’ |

The unlabelled amino acids were purchased from Nutritlonal
’lBiochemicals Corporation Cleveland Ohio, and were used without further_

'purlfication.

2.2 Animals

"VT; Male Swiss white mice weiOhing between 20 and 25 g were used

throughout these studies. Results obtalned wiLh animals weighing in ex-
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l‘-cess of 25 8 d1d not differ significantly from those obtained with the '5"

20-25 g mice._ '

2.3 Preperation-of the Tissue

" The mice were killed by cervical dislocation and an incision
Awesxmade to the left'of the mid-line on the ventral side. The pancreae
o éndePIeen were removed.as a single unit, the spleen discarded and the
- pencreas placed on a Petri dish filled with crushed ice in order to keep

" the tissue at a temperature of 0-4°¢ prior to incubation. When spread
;‘out, the pancreas assumed a "horseshoe" shabe and several thin etrips
were obtained by making incisions with small scissors along the sides
of the "horseshoe". The amount of tissue used in each vessel consisted

of several strips having a total weight of between 50 and 70 mg.

2.4 TIncubation Conditions for Transport Studies

The strips of pancreas were incubated in a calcium-free Krebs- o
Ringer solution containing 145 mM NaCl, 5.8 mM KCl, 1.4 mM KHZPO4 and

1.4 mM Mgs0, buffered with 10 mM sodium phosphate to a final pH of,7.4.
For the Na+-free incubations, the NaCl and sodium phosphate buffer were ;_i
replaced by equimolar concentrations of choline chloride and. tris chloride.
_-buffer respectively. The final volume in all cases was 3 ml,v;The ves-,
‘sels.were gessed with 100% oxygen for 3 minutes,and.the inonbetionlwas |
carried out at 37°C'in'stoppered 25 ml Erlenmeyer-flasks in e'weter-
:beth'shaker; The length of the incubation vaiied from 30 to 90 minutes

depending upon the time required for the individual amino acids to reach

their steady-state levels.
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+ 2.5 'Determination of Amino Acid Uptake

At the end of the incubation period, the flasks were removed

Lfrom the water—bath shaker and placed in a tray containing crushed ice.--uj;;ﬂﬁ?

‘1The tissue was carefully removed with forceps and transferred to test

- ‘tubes containing 8 ml of ice-cold saline. The samples were then centri-

:fuged for approximately 40 seconds at 800 xg (in an International Equipment IIF:

Company Clinical Centrifuge), the supernatant discarded and the sides of
"the tubes dried with tissue paper. . The free amino acids were obtained
by adding 3 ml of 5% TCA to each tube and then homogenizing with a motor

driven apparatus. The samples were allowed to stand for 30 minutes,

- after which time they were.centrifuged and an aliquot of the TCA soluble

.portion counted. Im practice, standards of the radioactive amino acid

f'dsolution were prepared and counted along with the samples in each ex-

,,periment. In addition, at the end of the incubation period, mouse pan=~
‘licreas from other species and salivary glands of mice and rats (Chapter 3)
JVHwere‘processed in exactly the samé manner as mouse pancreas indicated |
- above;_ns;,' |

‘ E Counting was.carried out using a series 3000 Packard Instrument
Company liquid scintillation _counter. The aliquots were counted in glass o
vialg, containing 10 ml of a scintillation mixture consisting of 3.0 gm |
2,5- diphenyloxazole (PPO) SO-mg 1 4-bis-2~(4 methyl-S-phenyloxazolyl)-
benzene (dimethyl- ~POPOP), and 80 gm naphthalene in 1 litre 1 1 1 (V V V)
toluene:dioxane:ethanol. In a11 instances 0 2 mls of the TCA soluble
extract was counted and any error due to quench variation was not en-

countered.



The counts per minute (cpu) thusbobtained were corrected
for background multiplied by 15 (0.2 m1 sample taken from 3 ml), mul-
tiplied by 1000/the weight of the tissue in mg (to express the results
per gm wet weight), divided by 0. 75 (to correct for the amount of water
in the tissue) and finally divided by the specific activity of the amino
acid (cpm/pmole) to obtain results expressed as pmoles of aming acid
taken up per gram tissue water. For these studies it was also necessary
to know the final concentration of amino acid in the medium. This was
obtained by counting 0.5 ml of the external medium and a standard cone-
sisting of an aliquot of the working solution made up in Krebs~Ringer
phosphate solution in a vial containing 10 m1 of the scintillation mix~
ture. All the uptake results quoted are the mean values of at least
five separate determinationsxexcept in the case of the kinetic studies
where a larger number of observations were used'in order to insure
greater accuracy. |

14

2.6 Estimation of the C O2 Produced

These experiments were carried out_ih_és ml Erlenmeyer flasks
in which 0.2 ml of Hydroxide of Hyamine 10-X had been placed in the center
well, The reaction was terminated by injectlng 0.2 ml of 30% TCA through
the rubber stopper into the main compartment and allowing the incubation
to proceed for another 15 minutes to insure the complete reaction of the
14

C 02 w1th Lhe Hyamine.b The contents of the center we11 were then removed

and counted in 10 mivof sc1nt111at10n mixture as.previously described.

This vaiueiwas obtained by drying tissues to a constant weight and
taking- the dry weight/wet weight ratio. :



-55=

+2.7 Measurement of the Tnflux'Portion:offExchangeADiffusiony

The StrlpS of pancreas were incubated at 37 c in oxygen fff3_7“
gassed 25 ml Erlenmeyer flasks in the presence and absence of a suitable ;*efl*

concentration of non- radioactive amino acid This resulted in a desired o

level of amino acid in the tissue. At the end of the 1ncubation period
the amino acid "loaded" and. "unloaded" tissues were remoyed wi:h.rorceps
washed in 8 ml of 1ce-cold saline and freed from excess m01sture by pas?
sing the strips along a portion of parafilm.- The tissue was then trans-
ferred to a new oxygenated Krebs-Ringer phosphate medium containingha
radioactive amino acid and the 1ncubation was carried out at 15 C for a :
desired period of time. The uptake -of. radioactive amino acid by the

"loaded" and "unloaded" tlssues was then determined as previously des-gﬂflﬁ

cribed.

2.8 Measurement of‘the Efflufocrtion”Of Exchaﬁgé*biffusibﬁli"
The preincubation was carried out at 37 C in 25 ml Erlenmeyer‘

flasks all containing a 1abe11ed amino acid The period of incubation )

ranged from 60 to 90 minutes depending upon the particular amino acid.

This resulted in an exact level of radioactrvity intracellularly. :The

. tissue was. then similarly removed‘ washed freed from excess molsture andlv fl
' transferred to a new oxygenated mediumiin the‘presence and absence of‘
unlabelled amino - acids.. This second 1ncubat10n was" carried out at 15 C
us1ng a 1arge volume of exLernal medium (9 ml)'in order.to mlnimize the
p0331b111ty of reconcentration. In’ experiments where the initial con-

centration of radioactive amino ac1d in. the tissue was greater than 10 mM,



iR ff45 to obtain the total cpm in the 9 m1 of external medium. Subtraction o

’ fﬂf of the amount of radloactivity in this aliquot from the total efflux

B LTfﬂ”minutes later and the radloactivity 1n this aliquot was determined

~56=

+ the volume of the external medium was increased accordingly in order‘f

 viously deseribed. .
' The concentration of amino ac1d exiting from the pancreas

b‘fwas calculated as follows the first 0 2 ml aliquot was multiplied y.

gave the rad10actrv1ty (cpm) remaining in the incubation medium.f &

"Subsequently, another 0 2 ml sample of the medium was removed several

Zf:ithefcpm‘Of the.allquot by 44 fsince.now the“volume'of'external medium‘v
:iiiwas 8 8 ml) The radiOaCtiVltY Which had exiLed in the second intervalﬁ¥3ykjfi;f
: 1of time was obtained by subtraction of the cpm of the medium left afterj:f;il:fQ{
'h the first aliquot from the total medium cpm as determined by the secondjiij??;?&:
Haliquot._ Similarly the remaining medium radioactivity was. again ob--fhﬁ““hifn

;-:tained by subtraction of the cpm removed in the second aliquot from thehfiffgh?hi

,fcalculated total cpm of the medium.f Then once again a third aliquotvit .

a definite time will be taken from an external medium of 8 6 ml By |

'this method it was possible to calculate the total cpm leaving the tissue'i?f%hmh
at spec1fic time intervals.; This figure was. then mu1t1p11ed by 1000/the T_‘
weight of the tissue in mg, and div1ded by 0. 75 (to correct for the

amount of water in the tissue) and the spec1fic activity»of theCamino
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*acid, in order to determine the concentration of this substrate in the
tissue. Therefore the amount of substrate 1eav1ng the pancreas is ex~ '[_u

' pressed as pmoles of amino acid/g tissue water.;:;V

After the last aliquot the tissue was removed'f washed homo-i;hff;f
genized in 3 ml of 5% TCA and the concentration of amino acid in the B

TCA soluble portion determined This value was then added to the total

bamount of effluxed amino ac1d in order to determine the 1nitia1 con

centration of amino acid in the tissue prior to the start of the‘second 5ff“i’

7fincubat10n._ Only when these totals were 1dentica1 could a valid com-
vparison be made between the relatlve effects of d1fferent external amino
acids. A11 efflux values reported in Chapter 6 represent the mean of atffﬁiftn”:

-_lleast 31x detezminations.:l S

- 2.9 hChromatography;;‘;hdif o

The TCA soluble extract was washed 5 times with 5 ml portionslfil:'“

_of ether to remove a11 of the TCA.” The sample was evaporated to drynessl,ﬁtftfjfl
-and the residue was taken up in: 0 1 ml of 954 ethanol Portions of the ;;;ijffﬁﬂ
liextract were spotted on 10 in x 9 in sheets of Whatman No.l filter paperi -
v and the chromatograms were run in -an ascending fashion in sec~butanol ‘
v 90A formic ac1d water (100 15 25) for 16 hours and in the second dimen;fhlﬁ
_s1ons tert-butanol methyl ethyl ketone ammonia water (50 50 15 25) for
another period of 16 hours. The chromatograms were exposed for 7 days on"f
Kodak Blue Brand MEdical X-ray film and compared against standards to'_i
determine whether there ‘was more than one radioactive area., Radloactrve.f

scanning of the chromatogram before and after chromatography gave a value

representing the percentage of amino acid st111 unchanged.
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QMRER 3 vf}fif

T PANCREAS-AN W vITRO AMINO ACID TRANSPORTING TISSUEZK b

7;7fjéoﬁ¢erned.w;chch)iéhé*uPEARe}of;éﬁiﬁqjééiaé‘Byfmddééﬂianéreés'ugqé;;aif-.;rjf”*

‘ ferent condltions (B) the concentrative ability of mouse pancreas com-»!f"H

:*pared to that of other experimenta_»animalsf”and (C) its transport capacity

=:‘re1ative to a normal tissue of similar structure.:?"‘:

| 'f_3.1’7Amino Acid Uptake;inlswiss'whiteﬁMice-v:i“t
ACPC a non-metabolizable amino acid was used as a model sub- ‘ro"m

istrate in these studies.r As can be seen in Table 1 Swiss white mice h

'“?welghing 20 or 40 g whether on; a regular diet or fasted for 72 hours .

‘3prior to experimentation gave almost 1dentica1 uptakes.‘ However amino :

.the concentrative process. An. increased amino acid uptake coqu not be

v idemonstrated as a result of alteratlon of the physiolog1ca1 state of

the experimental animal

3.2 Concentrative Ability in Various Species

In these studies (Table 2), several natural and unnatural amino
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o omBE 1

v Acpc;c14'A¢¢¢mu1atisn_by*mausé-pancfeas'

>Source'of“Pancfeas ' Uptake (pmoles/
LT ErEREe : tissue water)

20,G..Mouse“ ‘ 16.2

>40 G. Mouse : ”;_1”; | ‘,7 o 16.0
iFasted Mouse (72 hours) b_ } | 16.1
..... _.Mouse bearlng an Ehrlich |
fasc1tes tumor jv’f B S 6.1
”',bNewborn Mouse (1. week) 10.9

The incubation was carrled out at 37 C for 60 minutes with
2 mM AcBC - ¢4 in the external medium as described in

"Materials and Methods". All values in this and subsequent
‘tables represent the mean. of at least five observations un-

1ess otherwise indicated.
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TABLE 2

Comparison of Amino Acid Accumulation by Pancreas from Various Species

Source of Uptake ( pmmoles/g tissue water )

Panqreas ACPC Glycine AIB L-Methionine
Mouse 18.2 21.5 18.4 11.3
Rat ) 15.8 16.7 16.1 10.4
Guinea Pig 3.9 18.8 - 11.5 2.8
Dog 3.6 10.6 8.8 2.7

Human pancreatic
tumor 4,9 4.6 4.2 -

A Ca++-freé Rrebs-Ringer phosphate medium containing 2 mM radioactive
amino acid was used throughout. The incubations were carried out at

37°C for 60 minutes as described in "Materials ard Methods'",

With dog and human, slices were used; while in the case of mouse, rat
and guinea pig small stripe of.pancreas were employed. The uptake was
calculated (as described in "Materials and Methods") on the basis of
total water content as a percentage of the wet tissue weight. These
values were: mouse 75%, rat 75%, guine pig 78%, dog 78% and human 76%.
The values for the human tumor are the results of one experiment carried

out in triplicate.
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+acids were used to compare the accumulation of amino‘acids by pancreas
from various mammalian species. It was evident, that mouse pancreas
possessed the greatest capacity fof‘accumulation, although in several
instances this was almost equalled by rat pancreas. In contrast to
mouse and rat, guinea pig pancreas did not accumulate all the neutral
amino acids very well as indicated by distribution ratios (tissue con-
centration/medium concentration) of 2.0 and 1.4 for ACPC and L-methionine
respectively. A similar picture was observed with dog pancreas where
glycine and AIB were highly concentrated and low distribution ratios
were obtained for the two other amino acids. 1In the case of the human

. pancreatic tumor; uptakes of the several amino acids were extremely low
compared with the other pancreatic sources. It was not possible to com-
pare this preparation with'a normal human pancreas due to the difficulty

in obtaining such a control tissue.

In the in vivo situation there is simultaneous entry of several
amino acids into the cell and therefore the effects of a number of amino
acids on the transport of a model amino acid were examined. For these
experiments AIB was used since it undergoes negligible metabolic trans-
formation. The values shown in Table 3 are expressed as a percentage of the
.uninhibited AIB uptake for mouse, rat and guinea pig pancreas. Several
similarities and dissimilarities are evident. In the case of the aromatic
amino acids, L-tryptéphan and L-phenylalanine, a much greater decrease
was seen with rat pancreas than with mouse or guinea pig pancreas, indi-
gating that in the former system there was a greater affinity for the site

involved in AIB uptake. With glycine as the inhibitory amino acid, rat
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TABLE 3

The Effects of Several Amino Acids on the Uptake of AIB-l-C14 by Pancreas

from Various Species

Amino Acid “ Mouse f;ncreas Rat P;ncreas G;igjie::g

Added A _-8)) % (A -5)) % (A_-K) %

(5 mM) - €t Control  mM Control  CmyMt ‘ Control
Nil 17.9 100 16.6 100 8.5 100
Glycine 10.5 ° 58 12.0 72 6.1 72
ACPC 8.7 48 10.6 64 2.2 26
L-Phenylalanine 15.5 86 11.9 71 8.3 97
L-Tryptophan 16.9 9% 11.3 67 8.8 103
L-Proline 10.8 59 12.0 72 3.8 45 .

The incubation was carried out at 37°C for 90 minutes as described in
Table 2 and "Materials and Methods". The AIB-l-C14 was present at an
external concentration of 2 mM. 'The type of tissue preparation and
total water confent of the tissues were the same as described in Table 2.
Ac and Af are the tissue and extracellular amino aciq concentrations

respectively.



-63-

*and guinea pig pancreas were affected to the same extent, while mouse
pancreas was slightly more semsitive to inhibition at this concentration.
In the presence bf ACPC and i—proline the least inhibited of all three
appeared to be fatbpancreas, Thus there are not only maximal uptéke‘dif-
ferences, but also several dissimilar patterns of interaction among amino
acids, so that a situation shown to exist in mouse pancreas need not

necessarily be applicable to pancreas from other mammalian species.

3.3 Comparative Amino Aid Uptake based on Similar Tissue Structure

The pancreas, a racemose type of gland, contains numerous
racini, each comprised of cells surrounding a central cavity into which
the glandular seéretion is received. The duect leading from one follicle
joins a similar one from a neighbouring follicle to form a larger chamnnel
which unites in turn with others of the same size. Successive unions
of this kind ;esult in the formation of a system of ducts with the secre-~
tion being dischargeé to the surface ultimately through a single or a
few large ducts. Since the salivary gland not only possesses a similar
type of structure, but also synthesizes a number of digestive enzymes,
it was of interest to compare these two organs as far as amino acid ac-
cunulation was concerned. In this series of e#periments (Table 4) the
glands of mice and rats were compared. There was an active transport
system in the salivary gland (submaxillary) as indicated by the inhibition
of the uptake of glycine by AIB and DNP. However, the accumulated up-~

take levels of glycine and ACPC were very much lower in the salivary

gland than in the pPancreas of both animals. Furthermore, similar experiments
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TABLE 4

Comparison of Amino Acid Uptake by the Pancreas and Salivary Gland of

Mouse and Rat

Addition-to the Amino Acid Uptake (umoles/g tissue water)

External Medium Mouse Sali4 Mouse Rat Sali- Rat
- vary Gland | Pancreas vary Gland | Pancreas

14

ACPC - ¢* 2.5 18.2 2.9 15.8
Glycine - % 3.1 21.5 8.0 16.7
Glycine-C14 +

6 nlMAIB - - ) 5.5 -

Glycine-c14 + . ‘
0.1 InM DNP - - 508 -

The incubation was carried out at 37°¢ for 60 minutes as described

in "Materials and . Methods". Strips of rat and mouse pancreas, and
slices of mouse and rat ‘'salivary gland (submaxillary portion) were
used. Uptake is expressed as pmoles of amino acid per gram tissue
water, calculated on the basis of total water content as a percentage
of the wet tissue weight as described in "Materials and Methods".
These values are: mouse salivary gland 827, mouse pancreas 75%, rat

salivary gland 83%, and rat pancreas 75%.



~65~

-(not-qubted)vwith‘the sublinguaiﬂgland (a salivary‘gland) also showed

a much lower amine acid uptake than the pancreas.

()

(2)

3)

)

(5)

- SUMMARY "OF"("IH'APTER 3

Swiss white mice welghing 20 or 40 g,'whether on a regular

'dlet or . fasted for 72 hours prlor to experimentation gave

almost 1dentica1 values for the accumulation of ACPC.

Pancreas from newborn mice and adult mice bearlng an Ehrlich
ascites tumour gave lower uptakes than pancreas from normal
adult_mice. -

Mouse pancreas showed a greater amino acid accumulation than
rat, guinea pig, dog’or-human>pancreas.

Comparison of‘mquse pancreas with pancreas of other mam-~
malian speeies shOWed that there were both similarities and

dissimilaritiesrin amino acid interaction.during'transport.

The uptake of amino acids was greaéer in pancreas than in

the salivary gland.
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CHAPTER 4

GENERAL ASPECTS OF STEADY-STATE AMINO ACID TRANSPORT IN MOUSE PANCREASV

4.1 The Time Course of Uptake

Since the studies iq this and subsequent chapters require the
estimation of tissue radioactivity at steady-state levels, a time course
of uptake was undertaken for each of the individual amino acids. These
results are presented in Fig.1l. 1In the case of L~tryptophan and AIB,
the stéadyfstate level was reached in approximately 90 minutes. Although
L-lysine was not accumulated to the same eievated levels as the two pre-~
vious amino acids, no further increase in the tissue concentration was
observed after 60 minutes incubation. In contrast, the steady-state
level of GABA was attained after 30 minutes with a large portion of the
uptake presumably being due to diffusion processes because of the rather
limited accumulation. Each time course was carried out as a éeparate
series of experiments and is Presented on the same graph simply for

" comparison purposes.

The time courses of the uptakes of the other amino acids used
in these studies have been determined by Bééin and Scholefield (46-48),
and the periods of incubation are: glycine, ACPC and L-methionine, 60

minutes; L~proline, 120 minutes.

4.2 Chromatography of the Tissue Extracts

A determination of the amino acid metabolism during the course

of the experiment was essential since the tissue concentration of the
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The time course of uptake of amino acids into mouse
pancreas: GABA (closed triangles); L-lysine (open
triangles); L~tryptophan (closed circles); AIB

(open circles).

Incubations were carried out as described in '"Materials

and Methods'". All the amino acids were present in the
external medium at a concentration of 2.0 mM.
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.amino acids waé calculated on the basis of tissue radioactivity. 1In
this procedure it was assumed that the amino acid was not metabolized
to any significant extent and that tﬁe radioactivity in the tissue was
therefore a measure of the amouﬁt of original compound. Table 5 sum-
marizes thé results of paper chromatographic separation of an alcohol
extract of mouse pancreas strips following incubation at 37°C with e;ch
of the labelled amino acids. The data are expressed as the percentage
of the total radioactivity in the extract that was found in the spot
corresponding to.thé respective amino acid. Most of the amino acids
were present in excess of 95% of the original starting material, while
L-lysine was present intracellularly in a minimum of 907 of its original
form. Under these experimental conditions no corrections in the cal-

culations were applied for the metabolism of the amino acids.

4.3 Analysis of the Endogenous Free Amino Acid Content of Mouse Pancreas

The exocrine portion of mouse pancreas is involved in the ex-
tensive synthesis of a number of digestive enzymes and so there would
exist the need for available pools of amino acids within the tissue. Thus,
the penetrating amino acid does not enter a totally amino acid free en~
vironment. An analysis of the extent of these pools (Table 6) was carried
out by Dr. Charles R. Scriver of The de Belle Laboratory for Biochemical
Genetics of The Montreal Children's Hospital. The values for the indi-
vidual amino acids are expressed as pmoles per wet weight of tissue and
therefore represent both intracellular and intercellular amino acid. 1In

the case of amino acids such as hydroxyproline, [?-alanine, L~pheny1a1anine;
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TABLE 5

Chromatographic Analysis of the Metabolism of C14 - Amino Acids

. Per Cent .
Amino Acid ) Radioactivity
. ' Unchanged
L-Tryptophan . 95
AIB | 299
GABA 95
L-Lysine _ 90
Glycine > 99
L-Methionine 95
L-Proline 95
Acpc > 99

The pancreas strips were incubated in a medium containing
2 mM of each of the 014-amino acids listed. Chromatography

was carried out as described in "Materials and Methods".



 TABLE 6

The Endogenous Free Amino Acid Content of Mbuse Pancreas

v Tissueﬂ' 
R o o , Concentration - | . .
Amino Acid o o : pmqles/g_wetlwéight”of BN
. o S : _tissue . |

Hydroxyproline SRR o trace
"B -Alanine s - ”traée B
Phenylalanine R I 0,014 - S
Isoléuéine "' }‘ L 03034‘“:

‘Leucine S . ‘ A ‘ ‘-’0.034“'
Histidine | o107
Methionine - o | 0.122
\vArginvine » o o o 0.147
Proline - 0259

Tyrosine B . 0.283

Ornithine o | -~ 0.308

Valine — B | - : ' 0.335 -

Serine o ‘ B 0;411’ .

Lysine ' Co E 0;493

Asparagine ' ) “ S

Glutamine i 0f§0?

Alanine _ -~ 1.585

'Threonine - R ' .1;966 

Glycine _ _ 3.093'

Taur ine ' ' 3.185 -
Glutamic Acid - 4,160

Pancreas tissue from four mice was pooled and homogenized
in 6 ml of picric acid. The sample was centrifuged, the picric
acid removed and a portion of the supernatant processed on an' - -
amino acid analyzer. : o Co



« isoleucine, leucine and histidine,the levels were 0.1 pmoles/g weﬁ_

Weight of tissue or less, while w;th amino acids such as methionine,
proline, lysine and tyrosine, the endogenous level was in the range
of 0.1 to 0.5 umoles/g wet weight of tissue. As shown in the lower
portion of Table 6, alanine, threonine, glycine, taurine and glutamic
acid were présent in relatively high concentrations. Nearly all of
the amino acids used in these studies were preseﬁt at quite low levels

‘within the tissue.

4.4 The Entry of AIB

Previous work by Bééin and Scholefield (48) with mouse pan-
creas had demonstrated that ACPC, an unnatural amino acid, was trans-

- ported by a system distinct from that serving for glycine or L-methionine
entry. The transport of AIB, another uﬁnatural amino acid and struc~
tural analog of glycine, was then studied by employing the ABC test
(229, 230) whose criteria are as follows: If two amino acids termed
A and B are transported by the same system then (1) they should inhibit
each other's uptake and the inhibition should be competitive, (2) since
the.éame site is involved, the KM‘value of amino acid A as a substrate
should be the same as its KI value as an inhibitor of B, (3) similarly
the KM value of B as a substrate should be the same as its K. value as

I

an inhibitor of A, and (4) a third amino acid C sﬁould have the same KI

when taken as an inhibitor of A or B.
The KM values reported were taken directly from Lineweaver and

Burk plots. - The Ki-values were calculated using a point on the line
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* best fitting competitive;inhibition»and“theﬁequationffhh”"

A M I
el T R G I SR S

where A is the maximum concentration gradient I is the inhibitor con-=
centration, KM and KI are Michaelis-Menten type constants and A and
: Af are the intracellular and extracellular substrate concentrations

respectively,.

Results were plotted accordlng to the method of Llneweaver and .

Burk (231) as illustrated by the inhlbition of AIB uptake by glycine
(Fig. 2) All values represent the mean of at least 12 separate deter-J
" minations. As can be seen from this figure the cr1ter1a of competi~
tive inhibition is fulfilled. However enzyme kinetic studles 1nd1cate
that the analysis of the transport data thus far obtained may be in- -
complete, | o

| In the true competitiveisituation;‘WHere the“inhibitor'and.’
substrate combine with the ‘same site, the enzyme may be in combination
with either substrate or inhibitor but not botn. JIt is also possible,
however, that the inhibitor,'while not combining with the substrate-
binding site, may combine withfanother site'sufficiently close to reduce
the afflnity of the enzyme for the substrate (232). 1t will thus pro-
duce competitrve effects, although the enzyme can still be combined with»
both substrate and inhibitor at the same time. The EIS complex, ‘when
’formed is reorientated at the same rate as the ES complex in this type
of system. This situation is completely indistinguishable from the true

competitive type merely by varying the substrate concentration at fixed
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The effects of substrate concenfration and of glycine
on the uptake of AIB~1-cl4, ArR only (open circles);
4 mM glycine added (closed circles); 8 mM glycine added -
(open triangles).

The incubation was carried out at 37°C for 90 minutes
as described in "Materials and Methods". A and A are
the intracellular and extracellular concen;gations of
AIB respectively, expressed as millimolarities.



»inhibitor concentrations, as in the Lineweaver and Burk graphical
analysis shown previously. . It may, nowever, be distinguished by
varying the inhibitor concentration at fixed substrate concentration,
for the inhibition does not increase indefinitely with increase of
inhibitor concentration (as in the true competitive case). but in-
creases to.a definite limit when all the enzyme is combined with
inhibitor, and cen then increase no further. Thus a graphical plot
of the reciprocal of the uptake against the inhibitor concentration
will not giveﬁa streight‘line, as it does in the true competitive
case. | |

'Fig.3 chOWS sueh a grephical plot for the interaction between
the amino ac1ds AIB and glycine when used as substrate and inhibitor
respectlvely. The substrate was kept constant at 2 mM and the in-~
hlbitory,amino acid (glycine) was varied between 0 and 8 mM in the
incuBation»medium. Ovetnthis range of inhibitor concentration, the
Plot was linear. This clearly indicates that, in mouse pancreas, inter-
action between these two amino acids is primarily due to competition
for the substrate site rather than to allosteric interference by in~

hibitor attachment to another site.

A summary of the KM and KI values for glycine - AIB inter-
action are presented in Table 7. The KI value for each inhibitory amino
acid was determined from a Lineweaver and Burk analysis at two different
concentrations of the inhibitor. The KM and KI values for AIB of 2.7
and 3.3 respectively agree quite favorably, while the KM and K. values

I

for glycine of 4.2 and 3.6 respectively are also in good agreement. The
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FIG.3: The effects of incfeasing conizntrations of glycine

on the uptake of 2 mM AIB~1-C The incubation was
carried out at 379C for 90 minutes as described in
"Materials and Methods", A and A, are the intra-
cellular and extracellular © amino~ acid concentrations
respectively.
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TABLEV-7:]%”

Comparison of K and KI values for- AIB-- Glycine Interactlon in Mbuse

Pancreas
Ry 2

: S ubstra te

;?hiblgé?'fl.” T”Glyclne

ATB

CGlyeine

CAcee l_f;,lg;wfjfvrfg;zi;ff'2Q43‘~” S 4

:The underllned values are the K values ‘i.e. the affinity
.of amino acids for the1r own’ transport sites. The other
-,'values are KI values.' All K and KI values were obtained

as descrlbed in the text. _'v,"1 _u,fi.;w



"only discrepancey appears in the inhibitory effect of ACPC on each of
the substrate molecules, which in the case of ATB is 2.4 and with |
glycine 4.4. .Tﬁusialthough‘there is fairly close agreement among the
KM and II values for the interaction of the amino gqids, the effect of
the third amino acid (ACPC) suggests thét AIB entry occurs at a separate

site from glycine.

- It is possible that AIB may enter via one of the other two
systems, namely the one serving for ACPC, MeACPC and L-valine, and the

other for L-methionine and L-ethionine. Because the K. value for ACPC

I
on L-methionine uptake is 6.1 (48), while as an inhibitor of AIB up-
take (in these present studies) has a value of 2.4, the L~-methionine
pathway is definitely excluded. Similarly, since the KI for glycine
on ACPC uptake is 8.4 (48) while the KI for glycine on AIB pptake is
3.6, the possibility that entry is by means of the ACPC system is also
discounted. Therefore, on the basis of the "ABC test" the existance

of an additional site must be postulated to account for the entry of

AIB into mouse pancreas.

4.5 The Transport of L-Tryptophan

The uptake of L-tryptophan at different concentrations was
measured and the results were plotted according to the method of Lineweaver
and Burk (231) as shown in Fig.4. The values, when plotted by this method,
did not give a straight line over the whole range of'concentrations. It
was possible to draw two separate straight lines through a restricted

number of points, with approximately 1.0 mM substrate concentration being
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FIG.4: The effects of substrate concentration on the uptake
of L-tryptophan-3-cl%, A and A _ are the intracellular
and extracellular amino © acid concentrations ex~
pressed as millimolarities. The incubation was carried
out at 379C as described in '"Materials and Methods'.



"the region of intersection. This type of result suggests that I.-
Tryptophan may have at least two modes of entry into mouse pPancreas
‘di.e. the flrst operatlng at low substrate concentrations w1th a KM

‘fdof 0 6 mM and a maximum concentration gradient of 11 mM ‘and the second

mil;at higher concentrations with a KM of 3. 8 mM and a maximum concentra~ '

‘"”tion gradient of 33 mM These routes are referred to as tryptophan I
“ and tryptophan II respectlvely. The k1net1c constants are only app-7' .

: roximate values s1nce the two systems overlap each other to some extent;d‘

i Although a non-llnear Lineweaver and Burk plot was’ detected

. for L—tryptophan and not for - any of the amino ac1ds previously studied

.(46 48) -1t should be noted that earlier studies had not extended the ii”f*7

concentratlon range below 2 mM, Since the additlonal pathway for L-'

: tryptophan uptake was detected at substrate concentrations below this R

',value it;was'advisable'to’re~examineafLineweaver_and Burk"plot.of”

quoted) The amino ac1ds ACPC and glyclne, representatlves of two dif-tj7~f

‘ferent pathways (48) were selected In both cases the concentratlon '
range was extended as low as 0 5 mM and. in no instance was there any |
‘dev1atlon resemb]ing that found with L~tryptophan.l The KM and maximum
iconcentration gradient values were the same as those reported by Begin

and Scholefield (48).

4.6 The Transport of L-Lysine

A Lineweaver and Burk analysis of L-lysine uptake (Fig.5)

indicated a basic difference from the amino acids studied previously,
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FIG.5: The effects of substrate concentration on the uptake of
L-lysine-U-C™. A and A_ are the intracellular and
extracellular amin§ acid concentrations expressed as
millimolarities. The incubation was carried out at 37°¢
for 60 minutes as described in "Materials and Methods". '
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{Wlth L-lysine the plot was 11near over the whole range of COncentration g
malthough the affinity constant (KM) was approximately 25 mM This;is'37
;much hlgher value than any other previously reported in"""' Sanere:

's(46 48) and would 1ndicate a quite low affinity_'fslysine for its-own .

.‘ftransport system.v This is in contrast to a. KM value of 2 0 mM forfL-lys1ne

o uptake in kidney sllces (233)

4.7 _Amino Acid Interaction' -Duf'ihg"i:'he' ”Tr’éﬁéﬁéi't- Pr':c'ic'éssf o
the transport process as illustrated by glycine and AIB in Section 4.4

and the results in Table 8. Here the effects of a llmited number of pos~

_sible 1nh1b1tory amino acids were studled using a three fold excess of

i:: 1nh1bitor over substrate.- As can be seen the best inhlbitors of L~lysine

jtransport were L-ethlonine and L-phenylalanine whlle GABA at the same
_concentratlon had no effect.; ThlS is in contrast to GABA belng a sig-
_nificant 1nhib1tor of the uptake of L-methlonlne glycine; AIB and ACPC.au

Although the tlssue steady-state level of GABA was extremely 1ow carrier-[-‘ S

medlated entry was still 1nvolved as shown by the 1nhibitory effects of
several amino ac1ds./3A—Alanine as an. 1nhibitor had approx1mate1y the |
same effect on all of the amino ac1ds 1nc1ud1ng L-lysine. The'flfth
column of the table shows the effect of six amino ac1ds on L-tryptophan =
uptake. - In the presence of glyc1ne taurine and GABA sllghtly stlmulated
'steady-state'leVelsiwere'obtained.';L-Proline as an inhibitory'amino acid
was less effective in thescase ova~tryptophan accumulation than with

L-methionine, glycine, AIB or ACPC accumulation. In addition, the uptakes



TABLE 8

The Inhibition of Pancreatic. Amino Acid Accumulation by Several Neutral Amino Acids

Inhibitor

\

Substrate

" u p t'a k e *9)

L-Lysine GAEBA L-Methionine| L-Tryptophan| Glycine AIB ACPC
fwi1 7.00 2.02 10.57 12.64 24,52 19.96 15.13
Glycine 5.65(19) 1.50(25) = - 115.22(+20) - 11.14(44) 10.36(32)
| 1-valine 5.73(18)  1.57(22)  8.58(19) - - 10.30(48) - ..
L-Ethionine 3.64(49) 1.75(13) - 6.30(40) - - 5.91(70)  6.93(54)
Taurine < - - 10.34(2) 14,59 (+15) 21.96(10) 18.71(6) '13.33(12)
GABA 7.08(0) - 8.77(17) 13.73(+9) 19.70(20) 14.69(26) 12.77(15)
AIB 5.73(18) - 8.07(23) 11.74.(9) 12.64(48) - 10.42(31)
B -Alanine 6.31(9) 1.81(10) 11.62(+10) 11.26(11) 21.48(12) 17.92(10) 13.59(10)
L-Proline - 1.66(17) 7.39(30) 11.37(10) 15.38(36) 13.09(34) 11.85(22)
L-Threonine - - - - 8.88(16) - 15.30(37) 11.62(42) 8.91(41)
L-Leucine - - 7.05(33) - 15.28(37) - 7.87(48)
L-Phenylalanine 4.70(33) 1.60(21) 6.87(35) - - 13.49(32) -
L-Serine - - - - - 8.65(57)  9.88(35)
ACPC 6.43(8) 2.02(0) - - - 10.43(48) -
Uptake is expressed as pmoles/g tissue water
The incubations were carried out at 37°C as described in Section 4.1 and '"Materials and Methods". Iabelled

amino acids were present at a concentration of 2 mM and the inhibitory amino acids at a concentration of 6 mM.

All values are the mean of at least six determinations.

The numbers in

change (inhibition or stimulation +) from the control amino acid uptake.

parentheses\represent the percentage

-;28-



“of all the neutral amino acids, with the»exception of L-tryptophan,

.were poorly inhibited by the presence of taurine. ~

Christensen (149) found that - in ;hé Ehrlioh asoites cell

"there was major suppression of lfsine'transport by atsufficient-level.”'
of any neutral amino acid whereas an excess of 1y31ne e11m1nated only':

a clearly defined portlon of the neutral amino ac1d uptake." The sub-

' sequent tables show the results of experiments using an excess of in-
hibitor amino acid i.e. 1ncreasing concentrations up to a 60~ fold ex-z
cess of inhibitor over ‘substrate. 1In all these studles with mouse =
pancreas the external sodium chloride concentration, normally 145 mﬁ;s
was kept constant at 105 mM. The inhibitory amino acid replaced a por-.f;'
tion of the added choline chloride in order to maintain an'isd$ osﬁogid‘;;

medium.

(A) The Effects of Excess Neutral Amino Acids on the Uptake of Another . -
Neutral Amino Acid. ’ ' o

Table 9 shows the effect of inereasing concentrations of'tne i
neutral amino acids glycine, AIB and L-methionine on the uptake of ACPC.
Although each of the inhibitory amino acids is transported at a separate,
site from that serving for ACPC entry (48), there was maJor suppression ,::
of the uptake of ACPC by a sufficient concentration of all the neutral T
amino acids. The decrease was expressed as percentage.inhibition of'thev
control amino acid accumulation and was caleulated on tne‘basis,of the
concentrative accumulationAi.e; aocumulation aboue'the nediun_concentra?

tion. At an inhibitor concentration of 60 mM'thiS-reduction amounted'to



o 'T__'A‘BLE‘--9.

The'Effects of Increa81ng Concentrations of Neutral Amino Ac1ds on the

y TiUptake of ACPC

- Uptake of ACPC (pmoles/g tissue water) when the in-_“
"¢ hibitor is- D A :

Concentratlo
. éf of Sk
Inhibitor Omn) Glycine

St s

Clao o Ty

60 . 193

'<j1'The 1ncubat10n was carried out at 37 C for 60 minutes as described '
':'wjin "Materials and Methods".; ACPC 014 was present at an external

iﬁfh”concentration of 1 mM The NaCl concentratlon was kept constant

T vﬂfat 105 mM and the inhibitory amino ac1d replaced a- portion of the
'rj“fadded choline chloride.» ”

"~*»AIBefﬁf.+aifijﬁ"¢%L~Meth19nine E
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*approximately 85% with glycine, 89% with AIB and 87% with L-methionine.

(B) <The Effects of Excess Neutral Amino Acids on the Uptake of a Basie
Amino Acid.

The effect of increasing concentrations of neutral amino acids
on the uptake of L-1y31ne is shown in Table 10 At the maximum 60 mM
_1nhib1tor concentratlon the reductlon amounted to approximately 52% with
'f:glyc1ne 40% with ACPC and 60% with L~meth10nine.; These values are 1ower

"i.than the excess neutral on neutral effect seen 1n the prev1ous section.i.-f

‘”“'(C) Tne Effects of Excess Ba51c Amlno Ac1d on the Uptake of Several

Neutral Amino Aclds.h3-'f- L

"1*;The effect of excess L-1ysinelon ACPC glycine and L-methionineth

“'F?fuptake is shown in Table 11. Although a 60 mM external concentration of

.n;;L-1y31ne inhibited the uptake of L~methionine and glyc1ne 13% and 25%_.T
' respectxvely, the accumulatlon of ACPC was reduced approxlmately 57%,‘:
ind1cat1ng that a suff1c1ent concentration of the basic amino ac1d could
eliminate either a small or large portlon of neutral amino acid. uptake
depending upon the substrate under consideration. This is therefore not
in agreement with the findings of Christensen and his co-workers as re-

ported for Ehrlich ascites cells (149).

As noted previously in Table 9, inhibition of neutral amino
acid uptake by other neutral amino acids was quite extensive. The pos-
sibility of this inhibition still occurring in the presence of excess

basic amino acid is examined in Table 12. As can be seen, the uptakes
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' TABLE 10

The Effects of Increasing Concentrations of Neutral Amlno Acids on the

Uptake of L-Lysine

Concentratlon Uptake °f L-Ly31ne (pmoles/g tissue water) when the
T of . I 1nhib1tor ig+ S .
Inhibitor (mM) GIYC1nevf?xj;?3,g}_;ACPCa‘jf<-f;;;: L-Methionine

3,15

The incubation was carrled out at 37 C for 60 minutes as descrlbed in f

"Materlals and’ Methods" L-Lysine 014 was present at an external con-

centration of. 1 mM.: The Na concentratlon was malntalned as descrlbed o

in Table 9,



TABLE 11

. @ ffffThe:Effeéts of Indreasing'Coﬁéehtfétions of L-Lysine on the Uptake of

_Sévefal Neutral Amino Acids

Concentration . of | Uptake (mmoles/g tissue water)

L-Lysine (mM) . . 'ACPC . Glycine L-Methionine
0 o 9.06 9.66 5.93

4 | 9.09  g.s5 -

10 | 7.84 8.25 5.89

25 » o 6.48 - 5.82
40 k - 5.54 8.73 5.86

60 | 447 7.47 5.31

The incubation was carried out at 37°C for 60 minutes as described in
"Materials and Methods™. Each amino acid was present at an external
concentration of 1.0 mM. The Na' concentration was maintained as
described in Table 9.
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TABLE 12

The Effects of a Mixture of L-Lysine and Neutral Amino Acids on the

Uptakes of ACPC and Glycine

Uptake (umoles/g tissue water)

Amino Acids Added ACPC Glycine
60 mM L~Lysine 3.92, 3.75 7.34, 7.42
60 mM L-Lysine + 20 mM Glycine 2.87, 3.05 i -

60 mM L-Lysine + 20 mM L-Methio- | :

nine - 1.97, 2.22 -

60 mM L-Lysine + 20 mM ACPC - 4.81, 5.41
60 mM L-Lysine + 20 mM AIB - 4.57, 4.27

Incubation conditions were as described in Table 11. Each set of

numbers are the duplicate values obtained in a typical experiment.
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‘of ACPC and glycine in the presence of 60 mM L-lysine were inhibited
still further by the addition of other neutral amino acids at an ex-
ternal concentration of 20 mM. The two values for each result show

the duplicate determinations in a typical experiment.

(D) The Effects of Excess Taurine and GABA on Neutral and Basic Amino -
Acid Uptake. ) '

The studies 1nvolving.an excess of 1nh1b1tory amino acid were
extended to include the effects of taurine a. sulfonated amino acid,
'and GABA, an amino acid which is accumulated to a very slight extent‘
'(Table 13). Taurine at a 60 mM external concentration caused reductions
.'1n ACPC and glycine uptake of 32% and 60% respectlvely whereas no sig- -
n1ficant reduction in L-ly31ne accumulatlon could be found Wlth GABA
as the 1nh1b1tory amino acid the maximum reductions at a. 60 mM con-,”'
'centration were approximately 52% in the case of glyc1ne and L-methlonlne
uptake. When L-ly31ne was the substrate there was no decrease in the -

- measurable accumulation. As noted. prev1ously, GABA although being an.

g"excellent competitive 1nh1bitor of glycine and L-methionine is 1tse1f

o ‘poorly transp01ted The results of Table 13 also indicated that the

7steady~state accumulation of L- 1ysine was sllghtly enhanced by the pre-
sence of GABA in the external medium.{ These observations p01nt out that
L-1y51ne uptake on the basis of conparatlye”amlno acid interaction
during transport behaves dlfferently from that of ACPC glycine or L-

methionine.



The Effects of Excess Taurine and GABA on the Uptake of Several
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" TABIE 13

Amino Acids

Concentration of
Inhibitor
(mM)

* Taurine Inhibitioh of the
~ Uptake of

GABA Inhibition of the

Uptake of

ACPC

Glycine

L-Lysinel|Glycine L-methi~
onine -

L-Lyéine

10
25
40

60

*
8.57

8.96
8.70
6.07

6.22

11.60
9.37

7.37

©6.31

27

2.86
2.66

2,93 .

3.07

12,01

' 8.95

804 ¢
6.35

5.92

5.68 "
5.45.
4.69-
a0

3.36

3.31-

3.98

4.00

409

~

440

Uptake is expressed as pmolgs/g_;issue water. -

Incubation conditions were és'ﬂeécfiﬁédlin‘Téblé 11,  L
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"4.8 The Effects of DNP and pH Change on the Transport of Several

Amino Acids . -

In mouse pancreas, grouping of amino acids into different
systems has been solely on the basis of kinetic data obtained from
an analysis of amino acid interaction’during transnort. As this pheno-
menon is carrier-mediated coupled to a source of energy, the effects
of DNP and pH were used as addltional criteria to further dlstlnguish
between the various amino acid transport.systems.; Table 14 shows the |
effects of 0.1 mM DNP on the uptake of neutral and ba31c amino aclds'
all at an external concentration of 1 0 mM Although L-proline appears.f
to be affected to the greatest extent (67% decrease) the other amino.
acids do not show any 31gnif1cant differences among themselves with
respect to the effect of DNP On this basis it would be 1mpossib1e ;f
to distinguish between the neutral amino ac1ds or to differentlate
between basic and neutral amino acids since the energy requlrement ap-

pears to be quite similar for a11 the substrates.‘h jh..

The effect of pH as a secand'¢£i£é£iéﬁisféthﬁ}ip”r;biehis.f'
All the amino acids were studied at an eXternaiﬂconcentratdon.of_l.O mY,
over the pH range 4.8 to 8.1. The uptakes of glycine;'ACPC and GABA
appeared to be quite insensitive to a change in pH, while in'the case
of AIB and L-methionine entry, a decrease in pH to 4.8 resulted in up-
take reductions of only 11% and 9% respectively (based on pH 7.4 as the
control value). However, lowering the pH from 7.4 to 4.8 caused approxi-

mately a 38% decrease in the uptake of L-lysine. Furthermore, the ac-



IABLE 14

The Effects of 0.1 mM DNP on'Neutra1 ahd Basic Amino
' Acid Uptake:;} » ‘

—Control T DNP

Amino Acid |4 - A md | (A - A my [% Ihibition
L-Proline .62 2.48 ' 67
L-Tryptophan . 6.23 2.46 . 60
AIB 8.11 3.42 58
L-Methionine 4,57 | 2,10 | 54
Glycine 1109 4.70 Y
ACEC | 8.14 3.59 | 56
L-Lysine 2.68 1.27 52

The incubation was carried out at’37oC as described in Section 4.1
and '"Materials and Methods". Ac and Af represent the concentrations
of amino acid in the tissue and the external medium respectively.

Each amino acid was used at an external concentration of 1.0 mM,.
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TABLE 15

The Effects of PH on the Uptake of Several Amino Acids

Amino Acld Amino 'Acid Uptake (umoles/g tissue water)
. PH 4.8 pH 5.% PH 6.2 pH 7.4 pH 8.1
AIB 8.67 - 9.36 9.70 9.02
GABA 0.99 - 0.98 1.05 1.03
ACPC 8.49 - 8.17 8.06A ~
L-Methionine 6.17 6.20 6.44 6.78 -
Glycine 12.58 12.90 - 12.80 -
L-Lysine 2.44 2.59 2.70 3.95 4.40

Incubation in sodium phosphate buffers of different pH values was

carried out as described in Section 4.1 and "Materials and Methods",

All radioactive amino acids were present at an external concentration

of 1.0 mM,



‘cumlation of L-lysine at pH 8. 1 was signiflcantly hlgher than at pH 7 4

Based on the effect of pH, the uptake of L-lysine could ea311y be dlf-’”
ferentlated from that of the neutral amiuo aclds.w The relative 1nsenf
.sitxv1ty of the uptake of the neutral amlno acids to pH change is in»a
contrast to the Ehrlich cell where the shont-chain neutral amino acldst?
are much more sensitive to pH than the long-chain amino acids (67 74){iij“
In rat kidney cortex sllces the uptakes of both glycine and L-lysine'f:?

are greatly affected by pH (118)

| SUMMARY OF CHAPTER 4

¢5) The steady-state uptake level was attained after 30 minutesfhe
with GABA, 60 minutes with L-lysine and 90 minutes in the

case of L-tryptophan and AIB.

2) The steady-state accumulation levels were: AIB) L-tryptophan)

L-1lysine > GABA.

(3) The amino acids underwent relatively little transformatioh to

other metabolic products during the course of the incubation.,

4) Analysis of the endcgenous free amino‘acid pools indicated

that most of the amino acids were present in low concentrations. -

(5) Interaction between glycine and AIB during transport was . -
primarily due to compctition for the substrate site rather
than to allosteric interferenceAby inhibitor attachmenttto o

another site, i.e., no evidence of ""partial" competition.
2 2 p



« (6)

(7)

(@)

9

(10)

(1D

(12)

(13)
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On the basis of the ABC test, the existance of an additional
site was postulated to account for the entry of AIB into

mouse pancreas.

The non- linear Lineweaverkand Burk plot obtained with L-
tryptophan suggested that there were at 1east two modes of“
entry into mouse pancreas - the first operating at Low 'if
suberate concentration with a KM of 0.6 mM and the second S

at higher concentrations w1th a KM of 3. 8 mM

L-Lysine whlch gave a llnear ‘Lineweaver and Burk plot had "“i-f

a quite low affinity for its own transport system.'_ f}

Although the steady—state tissue level of GABA was extremely I;}

low, mediated entry was still 1nvolved. GABA 1nh1b1ted the
uptake of the neutral amino acids L-methionine glycine

ATB and ACPC.;:.

Glycine taurine and GABA caused slightly stimulated steady-
state uptake levels of L-tryptophan.';}jg5fj':"“

There was major suppression of neutral amino acid uptake by.
a sufficient level of other neutral amino acids.

There was a large reduction in basic amino acid uptake By a
sufficient level of‘several neutral amino acids, although

this was less than the excess neutral on neutral effect.

A sufficient concentration of a basic amino acid could.
eliminate either a small or large portion of neutral amino

acid uptake depending upon the substrate under consideration.



" (14) Taurine at a concentration of 60 mM caused reductions
in the uptakes of ACPC and glycine, but not of L-1ysine.“f
GABA at a concentration of 60 mM 1nh1b1ted glycine and ;lfn1'~ -

L-methionine uptake, but not that of L-lysine.‘ ?T_'1‘“T‘””

(15) DNP at a concentration of 0. 1 mM caused approximately

the same percentage decrease in the uptake of L~1ysine

and several neutral amlno acids..-:f.:-””““f'

(16) The uptake of L-1y51ne was. signlflcantly affected by pH:nJT;l~ S

while neutral amlno ac1d uptake was relatrvely insensitxve

to pH.
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ASPECTS OF THE RELATIONSHIP BETWEEN IONS AND AMINO ACID TRANSPORT IN

MOUSE PANCREAS

The close association between.electrolyte and non-electrolyte_
movement in the pancreas has recently been reported by. Milner and Hales
(208) who found an 1ncreased insulin secretlon from the ﬁS-cells of the
pancreas when the normal functioning of the Nat -K pump was interrupted.
This chapter will deal with the participation of Na+ and Kf in the active

transport of amlno ac1ds, a group of compounds which are extensively

accumulated by mouse pancreas.

5.1 The'Effectstof Na+ and'K* on Amino Acid Accumulation

ManY'transport systems have been shown to be dependent upon
the concentration of both Na+ and X' in the external medium. Using the
model amino acid'ACPCé the effects of a wide range of ion concentrations
were examinedpaa ahown»in-Fig.G. The concentration of K required for
optimum amino acio”ﬁptake was approximately the amount in the Krebs- -
Ringer solution 1.e} 7.2 mM. A plot of the uptake of amino acid against
the Na+ concentratlon also gave a saturation type of curve with an op-~
t1mum at approximately 145 mM Na+, whlle an increase beyond this concentra-
tion did not have any inhibitory effect on the transport process. With
this particular amino acid, incnbation.in Na+ or K+-free media'did not

completely eliminate accumulation against a concentration gradient. Thus
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FIG.6: The effects of-changes in (a) the exteznal Kf concentration, and (b) the external Na+
concentration on the uptake of Acpc-cl%, The incubation was carried out at 379C for
60 minutes with 2 mM AcPc-clé ag described in "Materials and Methods". NaCl and choline
chloride were used to replace the decreased KCl and NaCl concentrations respectively.
For the 0 mM Nat concentration, the medium was buffered with tris chloride pH 7.4 instead

of sodium phosphate. The Nat concentration represents Nat from both the Krebs-Ringer
solution and the sodium phosphate buffer.
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*the cation dependent portion of ACPC‘transport requires the presence

of both Na+ and K ,hsince either cation alone is ineffectrve.r Mbreover
‘the activating effect of K outside the membrane is higher than that of‘
Na+, since the concentration required for half-maximal activity of the |
cation dependent portion of the uptake was approximately 1.7 mM, whereasn

the corresponding Na+ concentration was approximately 38 mM.

2.2 The Effects of Substitution of Other Monovalent Cations

These studies were extended to determine whether other mono;
valent cations could replace Na+ or-K+ and still retain the ability to
produce high amino acid concentration gradients. Table 16 shows the ef-
fects of several ions on the uptake of ACPC. In the case of substitution

~ for the 145 mM NaCl of the external medium, choline chloride and NH4C1 |
were more effective than LiCl, RbCl or KCl. Although concentrationvgraep
dients were maintained in all cases, none of the levels were comparable

to those obtained in the presence of NaCl. Substitution for K+ by other
lons, except Rb+, resulted in a decreased steady-state amino acid aaé
cunulation. It appears that Rb can function as a suitable replacement‘
for K under the present experimental conditions. It should also be noted
that LiCl and NHQCI when used as substitutes for either Na or. K , 8ave
almost identical uptake values in both 51tuations.: This is in contrast

to choline chloride which maintained a higher amino ac1d concentration

gradient when used as a replacement for 145 mM NaCl than for 7.2 mM K' .

5.3 The Mechanism of Action‘of Jons on Amino Acid Accumulation

Crane (190) with sugars in intestine, Kipnis and Parrish (205)
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TABLE 16‘
The Effects of Substltutlon of Other Mbnovalent Catlons for Na and K+

on- the Uptake of ACPC~CI4'

.Substitution Compoends . ‘Upteke ovaCPC when.Compounds are used'
. in the . . L + .. to replace :

Incubation Medium S 145 mM Nat ‘ _ 7.2 o K+
Nil S 332 o a8z
tet 323 . - 3.45

w1 o 357 e | 8'94

NECL i ‘_“.‘- 504 400
kel s -
Gholine Chloride Co _‘4.9_1 S ,» 3,11

The 1ncubation was carried out at 37° C for 60 minutes at an external

ACPC concentratlon of 1.0 mM as described in "Materials and Methods".

The medium was buffered w;th 10 mM sodium phosphate. Substitution

cations were used at a cohcentration of 145 mM replacing the NaCl of

the Krebs-Ringer solution, The 7.2 mM K+ concentration of the Krebs-
" Ringer solution was replaced by an equimolar concentration of the

substitution compounds.
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"with AIB in lymph nodes and Vidaver (193) with glycine'uptake in pigeon
red blood cells have shown that an alteration of the external Na+ con~
.centration results in a change in the apparent affinity constant but not
in the maximum velocity of uptake.: ThlS is in’ contrast to the reports
of Christensen’ and his collaborators who found a change in both the t'
maximum‘velocity of uptake and the KM value 1n such amino acid transport
systems as Ehrlich ascites cells pigeon erythrocytes and rabbit reticulo~.
cytes (196). A study was undertaken with mouse pancreas to examine the -
effects of varlations in the external Na+ and K concentrations on the

uptake of AIB a non-metabolizcd amino acid.

Fig.7 shows the effects of two dlfferent concentratlons of Na
plotted according to the method of Lineweaver and Burk (231) Each gave
rise to an unaltered maximum concentration gradient and an increase in
the apparent_affinity constant from 2.6 mM to 6.7 mM at the lowest Na
concentration.V‘Thesefobservations are in direct contrast to the work of
Christensenvand'his collaborators. waever, it was possible that the

results obtained with‘this particular amino acid were not representative |
of amino acid-ion interaction‘in the-pancreas. A second amino acid ACPC,
was then studied since it entered the tissue by a pathway other than that
serving for AIB entry (see Chapter 4). The effects of four different
concentrations of Na+‘on ACPC uptake'is shown in Fig.8a. The unaltered.
maximum concentration gradient and thevdecreased affinity constant are
in agreement with that obtained for AIB. Furthermore; other experiments
(not quoted) carried out in the complete absence of external Na+ simllarly

showed only a change in the apparent affinity constant. Changes in the
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FIG.7: The effects of a decreased external Na+ concentration on the
uptake of AIBfl—C14. Standard medium (open circles); 67 mM
Nat (open triangles); 37 mM Nat (closed circles). Removed
NaCl was replaced by an equimolar concentration of choline
chloride. o . :
The incubation was carried out at 37°C for 90 minutes as
described in '"Materials and Methods". A and Af are the intra-
cellular and extracellular amino acid . © ‘ concentrations
respectively, expressed as millimolarities.
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FI1G.8: The effects of a decreased external (az Na© concentration, and (b) K*
concentration on the uptake of ACPC-cl%, (a) Standard medium (open
circles); 62 mM Nat (closed circles); 37 mM Nat (open triangles);

22 mM Nat (closed triangles). Removed NaCl was replaced by choline
chloride. (b) Standard medium (open circles); 1.4 mM K (closed +
circles); 0.7 mM Kt (open triangles). Removed KT was replaced by Na'.

The incubation was carried out at 37% for 60 minutes as described in ‘"Materials
and Methods", A, and Af are the intracellular and extracellular amino acid
concentrations respectively, expressed as millimolarities.
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external Kf concentration resembled the Na+ effect insofar as the results,
when plotted according to the method of‘Lineweaver and Burk (231), gave
an unaltered maximum concentration gradient and an increased KM value

(Fig. Sb).

5.4 The Number of Na+ as.Cb-factor in the Transport Process

As seen in the prévious section, Né+ plays a ﬁefinite role in
the entry of amino acids into thé cell. However, the precise number of
Na+ involved in this process has Qaried from system to system. Vidaver
(193), studying glycine uptake into pigeon fed cells, found that 2 Na+
function as co~-factor, while Wheeler and Christensen (197) have calculated
that 1 Na® is required for alanine uptake and 2 Na+ for glycine uptake in
rabbit red cells. In addition, Cotlier and Beaty (206) have shown a 1 Nat
requirement for AIB uptake in the rabbit eye lens. A similar study was
undertaken Vith mouse pancreas. Fig.9 shows a double reciprocal plot of
the uptake of ACPC against the external Na+ concentration. The linearity
of the plot indicates a 1:1 relationship between Na+ ions and ACPC mole-
culgs transported into mouse pancreas. | |

5.5 The Comparative Effects of a Decreased Na+ and K+ Concentration on

Amino Acid Accumulation

With mouse pancreas, grouping of particular amino acids as to
entry by one systémvor another has been strictly on a kinetic basis.
Studies reported in Chapter 4 on the effects of DNP and pH as alternate

criteria, failed to indicate any additional differences between the up-
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FIG.9:

0.0l 0.02 0.03 0.04 0.05
I
[Na¥] (mM)

A double-reciprocal plot of ACPC uptake against the
initial Nat concentration of the medium. The 1In-
cubation was carried out at 379C for 60 minutes in

the presence of 2 mM Acpc-cl® as described in '"Materials
and Methods". A, and Ag are the intracellular and
extracellular amino  acid concentrations respec~
tively. An isoosmotic medium was maintained by choline
chloride replacement of the decreased sodium chloride
content.



~106-

takes of the various neutral amino acids. Table 17A shows the comparative
effects of decreased Na+ and K+ levels on amino acid uptake. The four
neutral amino acids were selected because each, on the basis of the ABC
test, was shown to enter via a separate transport site (46). Decreasing
the concentration of K%'to 1.5 mM'affected the accumulation of all the
amino acids to about the same extent. In the case of Na+ reduction to

42 mM, AIB uptake was affected to the greatest extent, while ACPC, glycine
and L-methionine showed similar reductions in their steady-state levels,
However, the actual differences between AIB and the other amino acids were
quite small, making it extremely difficult to differentiate between the
various transport sites for neutral amino acids on the basis of decreased

ion levels.

In Table 17A the different amino acids were studied at the same
external concentration of 1.0 mM. Since Na+ influenced the affinity
constant of binding to the carrier, the possibility was considered that
the concentration of an amino acid relative to its KM value could be an
important factor in determining the quantitative effects of an altered
ionic composition of the medium. In Table 17B the results obtained with
the four 'amino acids studied at external concentrations equivalent to
their KM values are presented. As can be seen, the percentage inhibition
at low K+ concentration was approximately the same for all the amino acids.
With a reduced external Na' concentration, AIB at its KM value of approxi-
mately 2.5 mM,appeared to be affected to the greatest extent, although
the percentage decrease did not vary significantly among the other amino

acids. It is therefore quite difficult to clearly differentiate between
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TABLE

17

The Effects of an Altered Ionic Composition of the Medium on the Uptake

of Several Amino Acids at the Same External Concentration

Amino Acid dNorm%é Ms-i) Lowd_Na+ Per Cent Loxgi KT Per Cent
ium ntrol)| “mediu me

(radioactive) [(A, g (4.~ Af? mM| Decrease (A - gmmM Decrease

ACPC 9,50 7.10 25 6.54 31

Glycine 12.70 8.91 30 7.93 38

ATB 1 9.33 5.81 38 6.45 30

L-Methionine 5.86 4,29 27 3.92 33

The incubation was carried out at 37°C as described in Section 4.1

and in ”Materials and Methods".

low Na medium was 42 mM and choline chloride replaced the NacCl

removed.

The concentration of Na+ in the

The concentratlon of K in the low K medium was 1.5 mM

and NaCl replaced the K removed.

Ac and Af represent the concen-~

trations of amino acid in the tissue and extracellular medium res-

pectively,

Each radioactive amino acid was present at an external

concentration of 1.0 mM,
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TABLE 17B

The Effects of an Altered Ionic:Composition of the Medium on the Uptake

of Several Amino Acids: at Concentrations Equivalent to their Km Values

, IR N 'Normal Me~ [ Low Nat Mel- % Low K* Me- [* %

Amino Acid . | External (Cdigm 1 gigm Peasd dium crdSse
~ (radioactive) | Conc. ontro A-Ag) mM (A -A_)mM

ACPC - 6.0 29.47 25.07 15 23.69 20
Glycine 4.0 27,91 22,30 20 21.08 25
AIB 2.5 - 16.58 11.89 28 - 11.96 28
L-Mgthionine 3.0 10.71 9.21 14 7.48 30

Incubation conditions were the same ag described in Table 17A..
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‘the numerous entry sites in mouse pancreas on the basis of an altered

ionic composition of the medium.

5.6 Amino Acid Uptake in the Presence and Absence of Na+

Vidaver (193), studying transport in pigeon red cells, found
no saturable uptake for glycine or alanine in absence of Nd+.l Several
tissues such as kidney cortex, rat diaphragm and Ehrlich ascites cells
could not concentrate AIB when Na+ was completely removed from the ex-
ternal medium (200, 205, 201). Other studies carried out in the absence
of external Na+ indicated that in Ehrlich ascites cells L-methionine was
still accumulated (200), while in bone, glycine and AIB, but not L-proline
or L-hydroxypréline were coﬁcentrated (82). These observations suggested
that incubation of mouse pancreas in Na+-free media might result in amino
acids, which migrate via different pathways, showing differences with
" regard to their ability to establish concentration gradients. Preliminary
experiménts had indicated (Section 5.1) that ACPC could maintain a con-
ceﬁtration gradient in the complete absence of external Na+. The results
oﬁtaiﬁed with several other amino acids are presented in Table 18. The
steady-séate uptake levels are shown for both normal and Na+-free media,
All the amino acids showed concentrative ability in the absence of Na+.
Even fhough the levels were greatly reduced from those obtained with a
normal Na+ medium, they were still higher than could be explained on the
basis of simple diffusion. Of the five neutral amino acids studied, L-
proline had the greatest difficulty in maintaining a concentration gradient

in the absence of Na+. A comparison of L-lysine uptake with that of the
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TABLE 18

The Uptake of Several Amino Acids from Normal and Sodium-Free Incubation

i

Media

|

Amino Acid Amino Acid Uptake (umoles/g tissue water)

Iy

n the presence of Nat|in the absence of Nat}

AIB f 10. 33 2.69
AcpC 10. 50 3.22
L-Methionine - 6.86. 2.34
Glycine ) 13. 70 3.25
L~Proline 8.9i 1.24
L-Lysine | 3.51 2.64

The incubation was carried out at 37% as described in Section 4.1
and '"Materials and Methods", All amino acids were Present at an
external concentration of 1.0 mM. For the Na+-free medium an
equimolar concentration of choline was used and the medium was buf-
fered with 10 mM tris chloride PH 7.4.
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‘neutral amino acids indicated that this latter group was mueh‘more sen-

© sitive to sodium depletion than was the basic amino acid.

5.7 The Effects of Inhibitory Amiho Acids on Amino Acid Uptake in the

Presence and Absence of Na

Finerman and Rosenberg (82) studylng transport in bone found‘
that in the presence of Na the amino acids glycine AIB, L-proline and
hydroxyproline were mutually inhibitory, whereas in the absence of Nat
glycine and alanine still inhibited AIB, but proline and hydroxyproline
were without effect, They also noted that AIB, glycine and hydroxyproline‘
inhibited L-proline uptake oniy in the presence of external Na+ and not
when it was omitted from the ineubation medium., Similar work by Inui
and Christensen (200) with Ehrlich ascites celle‘showed that AIB and
L-methionine, which were mutually inhibitory in a normal Na medium, would
not inhibit each other in the complete absence of Na+. These results
suggested possible differences between the so called "Na ~dependent" and
"Na+-independent" transport systems. Tables 194 and 19B show a similar
study which was undertaken with mouse pancreas. The amino acids are placed
in either of the two tables for comparison purposes only. These tables
show the pPercentage decrease caused by the inhibitory amino acids in both
normal Na© and Na+~free media. 1In the case of ACPC uptake (Tabie‘19A),

AIB and L-methionine produced similar inhibitions in botﬁ media, while
glycine was slightly more effective in the Na+-free medium. With L-methionine
+

as the transport substrate, greater inhibitions occurred in the normal Na

medium. In the case of L-tryptophan-3-014, AIB and ACPC were more effective



TABLE 19A

The Effects of Several Amino Acids on the Uptake of ACPC, L-Methionine and L-Tryptophan from Normal and

Na+-free Incubation Media

ACPC Uptaké'(A; - Af) L-Meth?onine ﬁptake@&c-.Af) ‘L-Trypéoﬁhan ﬁptake(Ac- Af)
Inhibitor Normal ] % ° o 7 Normal] % . Nat 7 Normall <% Nat | 7
Na decreasel free [decreasd Nat Mecrease free Mecrease] Nat Hecrease| free |decroase
N1 6.4 - 2.23 - 509 - L39 .. 619 - L -
AIB - "3.13 - 51 1.22 45 2.73 46 - 1.22 12 4.61 25 1.37 7
Glycine 3.82 41 0.95 57 2.71 46’ 1.00 28 - 5.48 11 1,22 18
L-Methionine 1.96 69 0.52 77 - - - - - - - -
ACEC - - - - 2.63 48 L1380 410 3% 1.27 1

The incubation were carried out at 37°c for 60-90 minutes as deseribed in "Materials and Methods" and
Section 4,1, 1In the Na+-free experiments choline and 10 mM tris chloride buffer pH 7.4 were used. All
radioactive amino acids were present at an external concentration of 1.0 mM and all non~-radioactive amino

acids (inhibitors) were present at an external concentration of 10.0 mM. Ac'and Aérare the tissue and

extracellular amino acid concentrations expressed as millimolarities.

-¢11~ |



TABLE 19B .

The Effects of Several Amino Acids on the Uptake of Glycine, L-Proline and AIB from Normal and Na+-free :

. Incubation Media

Glycine Uptake(A - Af) L-Proline Uptake (A fAf) AIB Upfake a - Af)
Inhibitor Notgal | % T WaF % | Normal] % Nat . 7| Sormal % T
Nat ease free |decrease Nat+ decrease free decréasg “Nat |decrease ge de¢1‘Z'ase
Nil 10.75 - 2,03 - 7.83 . 0.42 - 1061 - 1.4 -
ATB 6.01 44 1.35 33 - - - - - . - -
Glycine - - - - 3.02 61  0.15 64  3.20 70 0.67 53

L-Methionine 5.31 51 0.56 72 1.54 80 0.37 12 2,10 80 0.32 77

ACPC 6.51 3 L4230 253 67 014 67 3.35 69 0.85 40

Incubation conditions were as described in Table 19A,

A
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in the Na® containing medium than in the Na+~free medium. Glycine up-

take (Table 19B) showed a slightly greater sen31tiv1ty to L-methionine
.vinhibition in a Na ~free medium while L-proline accumulation was in-
hibited by glycine and ACPC to .the same extent in both media. L-Methionine
caused a much greater decrease in the transport of L-proline from a normal
‘medium than from'a Na ~free medium. With AIB as the transported amino

.acid (Table 19B) L-methionine was Just as effective in both media, whereas~
glycine and ACPC exerted a slightly greater effect in the normal Na con-
taining medium. These resuits indicate that there are several differen- .
ces in amino acid interaction in a Nat-free medium as compared with a
normal Na+ medium. Most probably these differences, ‘when obtained, ref-
lect an effect of Na on the affinity of the competitive inhibitor for the

site or sites 1nvolved in the transport process.

5.8 The Effects of Temperature and a Nitrogen Atmosphere on Amino Acid
Uptake

Table 20 shows the results of a study of the uptake of three
neutral amino acids and 1 basic amino acid under conditions of a nitrogen
atmosphere and decreased temperature. The influence of these factors at
normal Na and in the absence of Na was studied. Each of the neutral
amino acids is representative of.a separate transport system as demons-
trated by the work of Bégin and Scholefield (48). Incubation in the pre~
sence of a 1007 nitrogen atmosphere at 37° gave lower neutral amino
acid accumulation levels in both normal and Na+-free media as compared
~ to similar media gassed with pure oxygen (Tables 18 ‘and 20). 1In the

case of the three neutral amino acids, gassing with nitrogen produced
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: - TABLE 20

The Effects of Decreased Temperatufe and a Nitrogen Atmosphere on Amino ;

Acid Uptake from Normal and Na+-free'Media |

; Amino Acid * Uptake Aming Acid Uptake

- S (umoles/g tissue water) oumoles g tissue water)

Aminb‘Acid in a nitrogen atmosphere at 15°¢ :

_ Nat-free Normal Nat~free | Normal

medium medium medium | medium
ACPC 2.55 _ 4.47 3.45 4.21
Glycine 2,67 4.84 2.27  4.47
L-Methionine 1.97 - 3.14 3.37 4,38
L-Lysine . 2.60 - 2.37 1.90 1.88

In all instances the incubation wés carried out for 60 minutes with a
1.0 mM concentration of external amino acid as described in "Materials
and Methods". For the Na+-free experiments, the removed sodium was |
replaced'by an equimolar amount of choline and the sodium phosphéte-
buffer was replaced by a tris chloride buffer PH 7.4. 1In the nitrogen
atmosphere experiments, the flasks were gassed with pure nitrogen for
4 minutes and then incubated at 37°C. In the decreased temperature ex-
periments, the flasks were gassed with pure oxygen for 4 minutes and
then incubated at 15°c.
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higher uptakes from the normal Na* medium than from the Na+~free medium,
'whereas-L-Iysine uptake,was'éuite similar in both types of media. Re-
duction in the temperature from 37% to‘15°C similarly resulted in higher
uptakes from thé Nd+ containing medium than from the Né+-free medium for
the three neutral amino acids. However, L-lysine accumulatipn was almost
identical in both media. This indicates basic differences between the

‘transport systems for L-lysine and those for the neutral amino acids,

3.9 The Effects of DNP and Ouabain on Amino Acid Uptake in the Absence

of Na+

Earlier studies by Bééin and Scholefield (46) with a normal
Na+ medium had shown that the addition of 0.04 mM ouabain caused very
large reductions in amino acid accumulation i.e.) 50%. Furthermore, this
system was also affected by émall amounts of DNP. The effecﬁs of DNP and
ouabain on the accumulation of several amino acids from a Na+~free ﬁedium
ére shown in Table 21. Increasing the concentration of DNP from 0.08 mM
to 0.4 mM caused a further reduction in the uptake, although even at this
latter concentration of DNP,movement against a concentration gradient
could be obtained. Ouabain concentrations as high as 1.0 mM did not appear
to have any effect on the uptake of either of the two amino acids examined.
Although the effectiveness of DNP indicated that the transport system,
even in the absence of external Na+, was dependent upon a source of meta~
bolic energy, the ineffectiveness of ouabain suggested that the linkage
between the ﬁa+- K+ pump and metabolite transport might no longer be

functional.
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TABLE 21

The Effects of DNP and Quabain on the Uptake of Several Amino Acids

from a Na+?free Medium

Additions to A%Egdlggfgke L'%ﬁﬁg?gsygtake G%ﬁﬁ%?gsygtake
"the medium tissue water)| tissue water) | tissue water)
Nil 3.13 2.65 3.15
0.08 mM DNP 3.10 2,48 2.60
0.4 ﬁM DNP | 2.34 - 2,22 - 2,16
1.0 mM ouabain - : 2.63 3.13

The incubation was carried out at 37°C for 60 minutes as described
in "Materials and Methods", Removed Nab was replaced as described

in Table 18, Al1 1abe11ed amino acids were present at an external
concentration of 1,0 mM,
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5.10 The Effects of pPH on Amino Acid Uptake in the Absence of Na+

At a normal external Na+ concentfation, the uptakes of the
neutral amino acids were relatively insensitive to PH, while the uptake °
of L-lysine, a basic amino acid, was quite sensitive (Chépter 4). 1If
Na+ onlyvregulated the affinities of substrates for the carrier molecule,
and if the same carrier was involved in both the presence and absence
of external Na+ then pH should have a similar effect in both media.
Table 22 shows the effects of PH on the uptake of ACPC, a neutral amino
acid and L-lysine, a basic amino acid. Decreasing the pH from 7.4 to
5.2 hardly affected the uptake of ACPC, whereas L-lysine uptake showed |
a much greater reduction than the neutrai amino acid. The accumulation
of L-lysine was slightly'higher at pH 8.0 than at 7.4, agreeing quite
favourably with the effect observed in Chapter 4 with a normal Na+ me-~
dium. These results therefore support the view that the "Né+-independent"

and "Na+-dependent" uptakes are not due to two separate carrier systems.

SUMMARY OF CHAPTER 5

(1) _ Reduction in either the external Na+ or K+ concentrations

resulted in a decreased amino acid uptake.

(2) No cation could satisfactorily replace Na+ in the transport
process, whereas Rb+ could function as a suitable replace-
ment for K+. Concentration gradients were obtained with

all the cations used to replace Né+ and K+.

et



-119~

TABLE 22

The Effects of pH on the Uptakes of ACPC and L-Lvsine from Na+~free

Media

ACPC Uptak L-Lysi Uptak

pH (umo es/gpt?sgue (umo 2372 tgggug
water) water)

5.2 3.50 2,15
6.0 3.51 2,52
7.4 3.62 2,61
800 - 2087

The incubation was carried out at 37°C for 60 minutes in a medium
containing 1.0 mM radioactive amino acid and tris chloride buffer
of different pH values. The sodium of the Krebs~Ringer medium was
replaced by an equimolar concentration of choline. The above table

shows the results of a typical experiment.
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Reduction of either the external Na+ or K+ concentration
resulted in an increased apparent affinity constant and

an unaltered maximum concentration gradient.

.One Na+ ion/molecule of ACPC functioned as co-factor in

the transport process.

" At low Na+ or K+ concentration, the uptakes of ACPC,

glycine, AIB and L-methionine were decreased to approxi-

mately the same extent.

All the amino acids maintained concentration gradients

in the absence of external Na+.

Similar and dissimilar effects of inhibitory amino acids

were obtained in normal Na+ and Na+-free incubation media,

In a nitrogen atmosphere at 37°C, the neutral amino acids

'W'gave higher accumulation levels in normal Nat than in ~

Na+—free media. The uptake of L-lysine was approximately

equal in both media.

In an 1007 oxygen atmosphere at 15°C, the neutral amino
acids gave lower uptake values in a Na+~free medium than
in a normal Na+-medium. L-lysine uptake was the same in

both media,.

In the complete absence of Na+, amino acid uptake was in-

hibited by DNP and other amino acids, but not by ouabain.

In the complete absence of Na+, basic amino acid (L-lysine)
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' uptake was significantly affected by pH, while neutral
amino acid (ACPC) uptake was relatively insensitive to

changes in pH.
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. CHAPTER 6

STIMUIATED AMINO ACID MOVEMENT IN MOUSE PANCREAS

6.1 Theoretical Considerations

In addition to transport and simple diffusion as basic
factors 1nv01ved in the movement of an amino acid across the cell
membrang, ghere is the possibility that exchange diffusion may also
modify the steady-state level attained within the cell. If a mix-
ture of two amino acids is present inside and outside a cell membrane,
then there are four possibilities for exchange diffusion. If exchange
of a labelled amino acid such as A is being studied, then exchange of
A with itself will have no effect upon kvels of radioactivity or upon
the chemical level of A on either side of the membrane. Effectively,
therefore, this factor does not contribute to net movement. Similarly,
exchange of B with itself will not be measured if only A is radioactive
and as pointed out above homoexchange cannot alter the level on either
side of the membrane. On the other hand, exchange of A inside the
cell with B on the outside of the cell is a unidirectional process,
the extent of which will be governed by a function involving the con-
centration of A inside the cell and of B outside of the cell,- Similarly
the exchange of B iInside the cell with A outside the cell is another
unidirectional process whose magnitude must depend upon a function in-
volving the concentration of B inside tﬁe cell and of A outside the cell.
There is no reason to believe that these two functions should be equal

and opposite, If they are not, then this third factor of exchange dif-
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'fusion must be taken into account in all studies in which steady-state
levels are involved. The work presented in this chapter is directed
towards obtaining evidence for the process of exchange diffusion in
mouse pancreas and examining several of the factors which control and
influence this phenomenon. All fluxes reported are the mean of at least

six determinations except where otherwise indicated.

6.2 Stimulated Amino Acid UptakeJInto Mouse Pancreas

In preliminary studies involving only transport of amino
acids into the pancreas, it had been noted that the interactions between
L-tryptophan and L-methionine could not be accurately represented by
the standard Lineweaver and Burk type of analysis. The initial experi-
ments on the exchange process were therefore conducted with this pair
of amino acids since it was felt that exchange diffusion phenomené might
be the cause of this discrepancy. The entry of L;tryptophan into pancre-~
atic tissue which was preincubated in the presence and absence of non-~
radioactive L-methionine is shown in Table 23. As can be seen, at eacﬁ
of the time intervals there is é greater accumulation of L-tryptophan
into the tissue which had been preincubated with L-methionine. The dif-
ference between entry into "loaded" and "non-loaded" tissue (i.e. that
due to exchange diffusion) increased progressively throughout the course
of the incubation. Since transport and exchange diffusion occurred
simultaneously, the incubation was carried out at 15°¢C to decrease the
component due to active transport. As can be seen in the second column
of Table 23, even at this lower temperature distribution ratios (in-

side/outside) as high as 3 could still be obtained. Therefore the values
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TABLE 23

The Influx of Radioactive L-Tryptophan Into Mouse Pancreas Preincubated

in the Presence and Absence of Non~Radioactive L-Methionine

Time in minutes

Uptake of L-Tryptophan

(umoles/g tissue water)

when intracellular I~
methionine is

AN

(Exchange Diffusion)

Absent Present
5 1.10 1.59 0.49
10 1.82 2.60 0.78
15 2.27 3.46 1.19
25 3.05 4,71 1.66

The pancreas was preincubated at 37°C for 60 minutes in the

presence and absence of 2 mM non-radioactive I,

uptake of 1 mM radioactive L-

as described in "Materials and Methods".

-methionine. The

tryptophan at 15°¢ was then measured
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reported to be due to exchange diffusion in the influx situation are
only approximate since they involve subtraction of quite large control

values i.e. uptake into "non-loaded" pancreatic tissue.

6.3 The Influx and Efflux Portions of the Exchange Reaction

If the stimulated amino acid accumulation indicated in
Section 6.2 was actually due to exchange diffusion and not simbly to
a decreased efflux of L-tryptophan qaused by the presence of L-methionine
intracellularly, then a stimulation of amino acid movement should be seen
in both directions. Table 24 shows the results of a series of experiments
whereby 5.4 mM L-methionine was present in the tissue and 1 mM L-tryp~
tophan was in the external medium. The top half of the table shows the
movement of radioactive tryptophan into methionine "loaded" and "non-
loaded" cells and the bottom portion shows L-methionine exit into media
in the presence and absence of external L-tryptophan. It is quite ap-
parent from these results that not only can the presence of methionine
inside the tissue lead to an increased extent of tryptophan uptake (in
this case amounting to moré than 30% at 15 minutes), but also that the
presence of tryptophan in the medium can lead to a marked increase in
the efflux of prepacked methionine from the pancreas (approximately double
at 15 minutes). It is also apparent from these results that the fluxes
attributable to exchange diffusion are of the same order of magnitude
and that the total fluxes in and out are approximately equal. It should
be noted that more accurate observations can be made when efflux by ex-

change is being measured since much smaller control blanks have to be
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TABLE 24

The Exchange Between L-Tryptophan and IL-Methionine in Mouse Pancreas

at 15°c
Amino Amino Acid ‘ Direction ' Measurement of Radioactivity
Acid in of at
Prepacked Medium Radioactivity 5 min. 10 min. 15 min,
* +
Nil L-Tryptophan In 1.45 1.95 2.40
s .
L-Methionine  L-Tryptophan In 1.85 2.60 3.27
*
L-Methionine Nil : Out - 0.82 1.13 1.36
*
L-Methionine  L~Tryptophan Out 1.57 2.30 2.80

* Indicates the radioactive amino acid

+ Expressed as pmoles of amino acid/g tissue water

The concentration of L-Methionine in the tissue was always
5.4 pmoles/g tissue water and the concentration of L-tryptophan
in the medium was 1.0 mM.

Movement of radioactivity: (a) inward - The uptake of 1 mM radioactive
L-tryptophan at 159C into L-methionine
""loaded" and "unloaded" tissue was followed

as described in '"Materials and Methods".

(b) outward - Pancreas was preincubated in the
presence of 0.7 mM radioactive L-methionine
for 60 minutes at 37°C and efflux at 15°C
into new media was followed as described in
"Materials and Methods'".
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‘subtracted. The technique employed in the study of efflux has the
further great advantage that, in.time course studies, successive
aliquots of the medium may be taken for analysis while in studies of

influx by exchange, individual samples of tissue have to be utilized,

6.4 Comparison of the Effects of Amino Acids on Transport and Exchange

Diffusion
Stimulation of efflux of one amino acid through the pre-
sence of a seeond one in the incubation medium may also be interpreted
in terms of an inhibition of reconcentration of the amino acid lost
from the cell into the medium. This possibility seems to be disproved
in the present studies by the demonstration'that on incubation of pan-
creas, prepacked with methionine, the efflux of methionine is stimulated
by the presence of tryptophan in the incubaéion medium,while the presence
of methionine inside the cells increases the flux of tryptophan into
the tissue i.e. that the increased flux occurs in both directions (Table
24). Even more conclusive proof that the Process is one of exchange
diffusion is apparent from the results presented in Table 25. The ef-
fects of 1 mM methionine and of 5 mM ATIB on the transport of ACPC, and
the ability of these amino acids to exchange with ACPC previously accumu-
lated by the pancreas, are compared. The concentrations of AIB and L-
methionine employed were chosen so that the two amino acids inhibited the
uptake of ACPC to about the same extent., If the effects indicated in
Table 24 were obtained simply because of an inhibition of reconcentration,

then these two amino acids at these concentrations should have exactly
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TABLE 25

The Effects of 5 mM AIB and 1 mM L-Methionine on Transport and Exchange

Diffusion of ACPC

Addition to External Medium
Movement of O mM I mM .
ACPC , Nil AIB L-Methionine
Uptake 1 9.35 - 6.35 6.02
Exchange
5 min at 15°¢ 0.73 0.73 1.28
15 min at 15% 1.35 1.51 2,41

Uptake: The uptake of .1 mM radioactive ACPC in the pPresence
and absence of 5 mM AIB and 1 mM L-methionine was
measured at 37°C for 60 minutes as described in

"Materials and Methods'.

Exchange: The pancreas was Preincubated in the presence of
0.5 mM radioactive ACPC at 37°C for 60 minutes to
obtain a tissue concentration of 5.4 jpmoles/g tissue
water. Efflux of ACPC at 15°¢ in?o the various media

was followed as described in '"Materials and Methods".
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the same effect on the rate of loss of ACPC from prepacked tissue.
However, as shown in the lower part of this table, it is apparent
that 5 mM AIB had almost no effect on the efflux of prepacked ACPC,
but methionine at a conéentrétion of 1 mM produced an inecreased
efflux amounting to more than 75%. It can therefore be concluded
that the increased flux of amino acid being studied in these experi-
‘ments is due to exchange diffusion and that the process has its own
specificity which is not necessarily the same as the specificity of

the carrier system involved in the transport of amino acids.

6.5 The Effects of Increased Concentration on Stimulated Amino Acid

Movement

Table 26 shows the effect of preloading the tissue with
varying amounts of non-radiocactive L-ethionine and then measuring
the uptake of 1.0 mM radioactive L-methionine. As the extent of intra-
cellular preloading increased, so did the portion due to exchange dif-
fusion. With the highest concentration (16 mM in the preincubation
medium) this amounted to an inprease of approximately 67% over the
cqntrdl. In other experiments (not quoted) involving amino acid move-~
ment out of the tissue into media containing varying amounts of non-
radioactive substrate, there was an increased efflux with increases in
the extracellular amino acid concentration. Thus this concentration
dependent flux can occur in both directions and would assume great im-
portance in studies involving amino acid entry when there is a large

concentration of inhibitor.
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TABLE 26

The Effects of Increased Intracellular Preloading on the Uptake of

L-Methionine - Methyl - Cl4

Concentration of Uptake of ’
L-Ethionine in the L-Methionine- Per Cent
Preincubation M’ethyl-c14 . Increase Over
Medium  (mM) (umoles/g tissue water) Control
Nil : - 2.1 100 -
2 2.5 119
6 . 3.2 152
16 3.5 167

The preincubation was carried out at 37°C for 60 minutes as
described in "Materials and Methods". The uptake of 1 mM
L-methionine-methyl--c14 was then measured at 15°¢ for 10 minutes

as described also in "Materials and Methods".
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‘6.6 The Effects of the Length of Incubation on the Exchange Reaction

Johnstone and Scholefield noted that at low temperatures
‘the homo-exchange of L-methionine in the Ehrlich cell was almost comp-~
lete in 6 minutes (209) while hetero-ekehange between L-ethionine and
L-methionine reached a maximum level in approximately 10 minutes (73).
Table 27 shows the results of a series of experiments measuring the
efflux of glycine from pancreatic tissue at various time intervals into
media containing no amino acid, 10 mM L-methionine or 10 mM L-valine.
The increased efflux due to the presence of the external amino acid is
shown in column 4 for L-valine and in column 6 for L-methionine. As
can be seen, there is an increased efflux up to approximately 45 minutes
with L-methionine and 60 minutes with L-valine. There is no significant
change after this time. Thereforg the exchange reaction does not g0 on
indefinitely, but instead reaches a maximum stimulated level in a longer
period of time than any previously reported. Values taken over the first
15 minutes of the incubation woul& closely approximate an initial rate
of movement in the exchange reaction. It should also bg noted that in-
cubation for extremely long periods of time might result in an accumu-
lation of the effluxing amino acid in the external medium, with the pos-

sibility of reconcentration becoming much more of a dominant factor.

6.7 The Effects of a Low External Na+ Concentration on the Exchange.

Reaction
Studying the homoexchange diffusion of L-methionine in Ehrlich

ascites cells, Johnstone and Scholefield (209) concluded that the exchange
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TABLE 27

The Effects of Time on the Efflux Portion of the Pancreatic Exchange

Diffusion Process

Efflux of Efflux of Efflux of
o an | it emear- A e A
Time amino acid um containing over um containing over
(mins.) free medi- 10 mM control 10 mM control
um. (control) L~valine L-methionine :
0 0 0 0 0
0.69 0.84 0.15 0.80 0.11
15 1.11 1.66 0.55 1.64 0.53
30 " 1.59 2.41 0.82 2.47 0.88
45 1.92 3.00 1.08 3.02 1.10
60 2.26 3.41 1.15 3.22 0.96
75 2.63 3.61 - 0.98 3.64 1.01
90 2.82 3.91 1.09 3.90 1.08
105 3.05 4.16 1.11 3.95 0.90
120 3.44 4.43 0.99 - -

The pancreas was preincubated at 37°C in a medium containing 0.4 mM

14

glycine~1-C~" for 60 minutes, resulting in an initial concentration

of 5.3 pmoles.of glycine/g tissue water. Efflux of glycine-l-C14
into the various media was followed at 15°C as described in "Materials
and Methods'",

Efflux is expressed as ymoles of glycine/g tissue water.
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'diffusion process was independent of the presence of either Na+ or K+;
In contrast, Wheeler and Christensen (197) have reported that the
countertransport brocess'for L-alanine in rabbit red cells was depen~
dent upon the presence of Na+ in the external medium. A similar study
was undertaken with mouée éancreas strips as shown in Table 28. The
'tissue was preloaded with radioactive ACPC in all cases and efflux

was followed into normal media in the presence and absence of external
L-methionine (first portion of the table) and into low Na+ media in
the presence and absence of external L-methionine (last 2 columns of
the table). At each bf the time intervals indicated, reduction in

the external Na™ content had no significant effect on efflux of ACPC,
either in the presence or absence of an external amino acid. Similar
experiments (not quoted) involving the addition of 1 mM ouabain to

the external medium of the exchange system produced no significant
changes. These results indicate that interference with the Na+ - K+
pump has no effect on the exchange diffusion process in mouse pancreas.

In addition, other experiments (not quoted) with these same amino acids

showed no significant effect of PH on this phenomenon.

6.8 The Specificity of the Exchange Diffusion Process

The results presented in Section 6.4 suggested that the ex-
change process had its own specificity which was not necessarily the
same as the specificity of the carrier system involved in the transport
of amino acids. This specificity is further exemplified by the results

presented in the following tables which concern the ability of various



~134-

TABLE 28

The Effects of a Decreased External Na+ Concentration on the Exchange

Diffusion Process in Mouse Pancreas

ACPC efflux into a normal

ACPC efflux into low Na+

Time Nat medium containing medium containing
(minutes) Nil 1 mM L-Methionine Nil 1 mM L-Methionine
*
2 0.19 0. 30 0.20 0.27
8 0.43 0.83 0.41 0.79
15 0.64 1.24 0.63 1.21

%
Efflux is expressed as pmoles of ACPC/g tissue water

Pancreas was preincubated with 0.2 mM radioactive ACPC for

. o
60 minutes at 37 C in order to obtain a tissue concentration

of 2.3 pmoles of ACPC/g tissue water.
15°C into the various_media was

"Materials and Methods!',

concentration of choline chloride,

The efflux of ACPC at
followed as described in
The low Na+ med ium éontained 17 mM

Na+ and the decreased NacCl content was raplaced by an equimolar
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‘amino acids to stimulate the efflux of certain intracellular amino
acids from mouse pancreas. Each table shows the efflux of amino acid
ar several time intervals. The exchange due to the presence of each
substrate is expressed as per cent in excess of the control efflux,
This value is based on the total efflux at the end of 15 minutes in-

cubation. . A1l values represent the mean of at least six determinations.

(A) The Effects of Amino Acids on the Efflux of Intracellular Glycine.

Table 29 shows the results of a series of experiments de-
signed to examine the épecificity of seyeral amino acids in the ex-
change process with intracellular glycine. Taurine which was a poor
inhibitor of glycine transport (Table 8) was also a poor exchangér.
However, AIB and L-proline, two excellent inhibitors of glycine trang-
port (Table 8), were also ra;her poor from the point of view of ex-
change capabilities. The physiological isomer GABA, although shown
previously to be.poorly concentrated by the pancreas, appeared to have
a significant affinity for the system involved in the exchange process
leading to a stimulated efflux of glycine. Homo~exchange was quite
significant, although there were a number of amino acids which,when
Present in the external medium, exhibited slightly greater exchange
ability than glycine. Leucine, although just as effective an inhibitor
of glycine uptake as L-proline (Table 8), was more effective than L- |
Proline in causing a stimulated efflux from glycine "loaded" pancreatic
tissue. Of all the amino acids studied L-tryptophan and L-valine caused

the greatest efflux, amounting to a 74% increase over the control.
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TABLE 29

The'Effects of Several Amino Acids on the Efflux of Glycine--l-fc14 from

Mouse Pancreas

Efflux (umoles/g tissue water)

Percentage of

Amino Acid "
added (5 mM) 3 min. © 9 min, 15 min. Control
Nil 0.60 ©0.97 1.26 100
Taurine 0.60 0.99 1.25 100
AIB 0.59 1.05 1.34 106
L~Proline 0.75 1.42 1.72 136
GABRA 0.89 1.45 1.89 150
L-Threonine 0.94 , 1.63 1.92 152
Glycine. 0.74 1.53 2.01 160
ACPC 0.93 1.71 2.04 162
L-Methionine 0.72 1.38 2.04 162
DL-4 -Amino-n-

Butyric Acid 0.89 1.61 2.05 162
L-Leucine 0.85 1.50 2.08 165
L-Tryptophan 0.99 1.83 2.20 174
L-Valine 1.01 1.55 2.19 174

Based on the total efflux at the end of 15 minutes.

Pancreas was preincubated with 0.5 mM glycine-l--C14 at 37°C for 60 minutes

resulting in an initial tissue concentration of 6.6 umoles of glycine/g

tissue water.

followed as described in "Materials and Methods".

Efflux into media containing various amino acids was then
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‘(B) The Effects of Amino Acids on the Efflux of Tntracellular ATB

The results of this series of experiments are presente& in
Table 30. At these‘concentrations, homo~-exchange of AIB amounted to a
significant 21% over the control, although several other amino aci&s
caused slightly greatér effluxes. Amino acids such as glycine and L~
ethionine which were excellent inhibitors of AIB transport (Table 8),
were quite poor as exchangers in this sytem. Although L-proliﬁe was
a much more effective inhibitor of AIB transport than taurine (Table
8), these two amino acids stimulated AIB efflux to approximately the
same extent. The maximum stimulated effluxes observed with L-tryp-
tophan and L-leucine in the external medium, were only 34% and 397
respectively above the control. This represents approximately 53% of
the maximal efflux obtained when glycine was present intracellularly
(Table 29). The results clearly indicate that AIB, when present intra-
cellularly, is not as effective in the exchange reaction as its struc-

tural analog glycine.

(C) The Effects of Amino Acids on the Efflux of Intracellular L-Proline.

Bééin and Scholefield (47) have shown that proline is trans-
ported into mouse pancreas only after two molecules of the amino acid
have_combined with adjacent sites on the surface of the carrier. In this
manner L-proline is quite different from AIB and glycine discussed in
the previous sections. The effects of several amino acids on the efflux

of L-proline is shown in Table 31. Although each of the amino acids had
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TABLE 30

from

Mouse Pancreas

* Amino Acid Efflux anole?/g tissue'water) ?efcentag: of
added (5 mM) 3 min. . 9 min. 15 min. Control
Nil 0.56 0.97 1.21 100
Glycine 0.81 1.06 1.29 106
L-Ethionine 0.61 1.08 1.40 115
ACPC 0.60 1.11 | 1.41 116
L~Alanine 0.57 1.12 1.44 119
AIB 0.65 1.18 1.47 121
L- Proline 0.83 . 1.32 1.49 123
Taurine 0.81 1.25 1.50 124
L~ihreonine 0.72 1.26 1.53 126
L-Valine 0.76 1.27 1.57 130
L-Tryptophan 0.67 1.22 1.62 134
L-Ieucine 0.88 1.45 1.68 139

Based on the total efflux at the end of 15 minutes.

Incubation conditions were as described in Table 29 except that the

Preincubation was carried out in the presence of 0.5 mM AIB-l-C14 for

90 minutes,

of AIB/g tissue water.

resulting in an initial tissue concentration of 5.4 ymoles
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TABIE 31

The Effects of Several Amino Acids on the Efflux of L-Proline-U-C14

from Mouse Pancreasg

Amino Acid Efflﬁx (nmoles/g tissue water) Percentag: of
‘added (5 mM) 5 min. 10 min. 15 min. Control
Nil 1.01 1.48 1.63 100
L-Methionine =~ 1.02 1. 34 1.78 107
Glycine 1.12 1.61 ' . 1.81 | 111
ACPC 1.15 1.68 1.84 113
L~Tryptophan 1.05 1.50 1.84 113
AIB 1.05 1.47 1.92 118
L-Froline 1.28 1.59 1.95 120
L-Leueine 1.24 .71 2.13 124

%
Based on the total efflux at the end of 15 minutes.

Incubation conditions were as described in Table 29 except that the
Preincubation was carried out in the presence of 0.6 mM L-proline-U-C14
for 90 minutes, resulting in an initial tissue concentration of 5.8 umoles

of L-proline/g tissue water.
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‘an affinity for the system involved in the exchange process leading to

| an efflux of L-proline, it was quite small as indicated by a maximum
stimulation of efflux with L-leucine of only 247 above the control.

The results clearly indicate that L-proline when present intracellularly
is a slightly poorer exchanger than AIB and a much less effective one

than glycine.

(D) The Effects of Amino Acids on the Efflux of Intracellular L-Methionine.

The specificity of L-methionine exchange is shown in Table 32.
Amino acids such as AIB; L-proline and glycine, élthough good inhibitors
of L-methionine uptake (Table 8), were extremely poor participants in the
exchange reaction. GARA, though poorly concentrated itself, caused a
significant stimulation of efflux amounting to approximately 66% over the
control value. The amino acids ACPC and L-valine, previously shown to
migrate by a system distinct from that of L-methionine, had significant
affinity for the system involved in the exchange process leading to an
increased efflux of methionine, as indicated by stimulated effluxes of
151% and 177% respectively above the control. Tn addition, the homo-ex-
change situation (with non-radioactive L-methionine in the external me-~
dium) showed a greater efflux than any of the twelve hetero-exchange pos~ -
sibilities. With a maximal stimulated efflux of 197% over the control,
L-methionine, when present intracellularly,has a.much greater exchange

capacity than any of the amino acids discussed in the previous sections.
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TABLE 32

The Effects of Several Amino Acids on the Efflux of IL-Methionine~

Methyl-C14 from Mouse Pancreas
Amino Acid Efflux (pmolés/g tissue water) Percentage of.
added (5 mit) Z min, " 8 min. '15 min. _Control*
Nil 0.57 1.00 1.41 100
Taurine 0.53 1.01 1.41 100
ATB 0.53 1.11 1.57 111
L~-Broline 0.61 1.18 1.62 115
Glycine 0.51 1.19 1.82 129
GABA 0.72 1.76 2.34 166
DL-& ~Amino-n-~
Butyric Acid 0.70 2.01 2,92 207
L-Th?eonine 0.73 2,07 3.08 219
ACPC 0.99 2.83 3.53 251
L~Tryptophan 1.10 2.68 3.56 252
L~Cysteine 0.91 2.76 3.77 267
L~Leucine 1.21 2.98 3.81 270
L-Valine 1.01 2.88 3.91 277
L- Methionine 1.48 3.23 4.19 297

Based on the total efflux at the end of 15 minutes.

Incubation conditions were as described in Table 29 except that the pre-~

incubation was carried out in the presence of 0.7 mM L-methionine-methyl-c14

for 60 minutes,

of L~methionine/g tissue water.

resulting in an initial tissue concentration of 5.4 pmoles
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(E) The Effects of Amino Acids on the Efflux of Intracellular ACPC.

The results of this series of experiments are presented in
Table 33; Just as in the case of L-methionine, the amino acids AIB,
L-proline and glycine had the least ability to exchange with intra-
cellular ACPC under the present experimental conditions. L-Threonine
and L-leucine, good inhibitors of ACPC transport, were also excellent
exchange partners as shown by stimulated effluxes of 85% and 82% res-
pectively above the control. Here too GABA exhibited an affinity for
the exchange system, although tﬁe value of 42% in excess of the control
was slightly less than that seen with L-methionine intracellularly
(Table 32). Methionine, which has been shown to enter by a transport
system distinct from ACPC, had a very large affinity as indicated by
a 1747 increase over the control. Homo-exchange in this situation was
also quite large (160% increase). This compares favourably with the
obseryations made with the L-methionine exchanging system. The maximum
possible stimulated efflux of 174% is much highe; than that obtained

when glycine, AIB or L-proline were present intracellularly.

(F) The Effecté of Amino Acids on the Efflux of Intracellular L-Tryptophan.

The exchange specificity for L-tryptophan, an amino acid which
enters the mouse paﬁcreas by means of at least two distinct systems (see
Chapter 4))was examined and the results are presented in Table 34. Similar
to several of the previous amino acids, L-proline and taurine were extre-

mely poor choices for exchange, while GABA had a significant affinity for
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TABLE 33

from

Mouse Pancreas

Efflux (umoles/g tissue water)

Percentage_of

Amino Acid ”
added (5 mM) g min. 8 min, 15 min. Control
Nil 0.43 0.93 1.35 100
Taurine 0.43 0.93 1.35 100
AIB 0.48 0.98 1.51 112
L-Proline 0.70 1.35 1.81 134
Glycine 0.45 1.07 1.88 139
GARA 0.61 1.31 1.92 142
L-Phenylalanine 0.58 1.41 2,08 154
L-Tryptophan 0.64 1.67 2.43 180
L-Leucine 0.56 1.74 2.45 182
L-Threonine 0.49 1.54 2.50 185
L-Serine 0.59 2.12 3.27 242
L-Cysteine 0.61 2.15 3.31 245
L-Valine 0.76 2.41 3.48 258
ACPC 0.70 2.48 3.51 260
L-Methionine 0.90 3.69 274

2.62

Based on the total efflux at the end of 15 minutes.

Incubation conditions were as described in Table 29 except that the

Preincubation was carried out in the presence of 0.5 mM ACPC-C14 for

60 minutes, resulting in an initial tissue concentration of 5.4 Jpmoles

of ACPC/g tissue water.
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TABLE 34

The Effects of Several Amino Acids on the Efflux of L-Tryptophan-3-c14

from Mouse Pancreas

Amino Acid Added Efflux tholes/g tissue water) 'EZhe3§1*
(5 mM ) 3 mins. [ 9 mins, { 15 mins,
Nil . 0.92 1.60 1.95 100
L~Proline . 0.89 1.53 1.97 100
Taurine 0.90 1.59 1.99 102
GABA 1.14 2.04 2.88 148
ACPC | 1.26 2.54 3.53 181
L-Tryptophan 1.41 2.92 3.75 192
L-Threonine 1.48 3.10 4.02 206
L-Valine ' 1.44 3.15 4.03 206
L-Methionine 1.31 3.08 4.26 218
L-Phenylalanine 1.91 3.45 4.29 220
L~Leucine 1.65 3.30 4.43 227

%
Based on the total efflux at the end of 15 minutes.

Incubation conditions were as described in Table 29 except that the

Preincubatior was carried out in the presence of 0.8 mM L~Tryptophan-
1 . . . . . ; .

3-C 4 for 90 minutes, resulting in an initial tissue concentration of

6.5 pmoles of L-tryptophan/g tissue water.
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the exchange system. With this particular amino acid homo-exchange

was quite good (92% increase), although several other amino acids
were slightly more effective in the exchange reaction. When present
intracellularly tryptophan had a much greater exchange capacity than
glycine, AIB or L-proline and was slightly less effective than I~

‘methionine or ACPC.

(G) The Effects of Amino Acids on the Efflux of Intracellular L-Lysine,

The results presented in Chapter 4 indicated that the transport
system serving for the entry of the basic amino acid L-lysine could also
accommodate a number of neutral amino acids. The question arose as to
whether L-lysine, when present intracellularly, would e a good exchange
Participant at concentrations similar to those used with the previous
neutral amino acids. The results of these experiments are presented in
Table 35. Although all of the amino_acids produced varying degrees of
stimulated efflux, the maximum effect was only 20% in excess of the control
value. These results clearly indicate that L-lysine, when present intra-
cellularly,behavea in a similar manner to AIB and L-proline in the ex-

change reaction.

6.9 Concentration Effects on the Exchange Reaction

In view of some previous anomalies, it was of interest to de-
termine whether the concentration effects controlling exchange differed
in any way from those controlling transport, The system investigated first

was that in which ACPC inside the pancreas was exchanged with L-methionine
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TABLE 35

'The Effects of Several Amino Acids on thé Efflux of.L:LysinerUzClﬁ.from Mouge

Pancreas
Amino Acid Added Efflux | ‘(umales/g tissue water) | =% of*'
(5mM) 4 mins, 8 mins. 16 mins, |[ Control
Nil 1.15 1.48 1.73 100
L-Phenylalanine 1.26 1.49 1.77 102
ACPC 1.30 1.73 1.93 111
L-Methionine - 1.16 1.46 2.00 114
L-Leucine v 1.23 1.58 2.00 114
Taurine 1.25 1.63 2.00 114
Glycine 1.39 1.76 2,03 117
L-Tryptophan 1.44 1.75 2,07 120
L~Proline 1.35 1.69 2.06 120
L-Valine : 1.37 1.64 2.07 120

*
Based on the total efflux at the end of 16 minutes,

Incubation conditions were as described in Table 29 except that the
Preincubation was carried out in the pPresence of 1,7 mM L-lysine-U--C14
for 60 minutes, resulting in an initial tissue concentration of 6.4

pmoles of L-lysine/g tissue water,
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‘in the external incubation medium. These results are presented in
Fig.10. 1In the first set of.experimentg shown in Fig.10A, pancreas
was preloaded with ACPC‘to different levels and efflux waé followed
into external media in the presence and absence of 1 mM L-methionine.
That portion due to exchange (difference beéween efflux in the pre-
sénce and absence of external L-methionine over the first 5-15 minutes)
at each of the ACPC concentrations is Plotted against the concentration
of ACPC in the tissue at the start of the incubation; It should be
noted that these are only approximate values since they involve data
inkwhich large blank values have been substracted from the overall

flux i.e. the rate of movement of ACPC into an amino acid free med {um
has been subtracted from the total flux observed in the presence of
methionine. It is apparent that the system would only be termed satu-
rated at extremely high levels of ACPC inside the cell. On the other
hand, when the concentration of ACPC inside the cell was maintained at
10.5 mM and the concentration of methionine in the outside medium was
varied the results shown in Fig.1l0B were obpained. This plot of ei-
change diffusion rate versus the concentration of external L-mefhionine
indicates that the external amino acid is able to saturate the exchange
system at quite low concentrations. Approximate estimates of an af-
finity constant have been obtained by plotting the data according to
the method of Lineweaver and Bﬁrk (231) i.e. a double reciprocél plot
of the efflux rate against the concentration of externa}'amino acid
varied. The value obtained for the affinity constant depended upon the
period of time over which the rates were calcula;ed,'but they were al-

ways of the same order. For the other systems the experimental set-up
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was similaf to that shown in Fig.1l0B and a summary of some of the ex-
perimental affinity values obtained is presented in Table 36 In the
examples where the concentration of methionine Present in the outside
medium was varied, the affinity constant was of the order of 2 mM and

it is.worth noting that the affinity constant characterizing the trang-
port of methionine into mouse Pancreas has Previously been shown to be
2.9 mM (48). Similarly the uptake of ACPC is characterized by an af-
finity constant of 5.8 mM (48)_which is of the same order as the constant
characterizing the affinity of AcPC present in the medium for the system
responsible for exchanging it with the prepacked methionine. It should
be noted that the affinity constant for exchange was of the same order
whether thé external amino acid varied was in a homo-exchange or hetero-
exchange situation (compare lines 2 and 4 of Table 36) or whether the
concentration of 1ntrace11u1ar amino acid was the same or not (compare

lines 2 and 3 of Table 36),

Results of previous sections had indicated that amino acids

such as AIB or glycine, although excellent inhibitors of the transport

of most amino acids, had very little exchange diffusion capabilities.
Such a situation could exist if the affinity constants characterizing
exchange were much higher than those for transport i.e. decreased af-
finity during exchange. Table 37 shows the results of a series of ex-
periments wherein the tissue concentration of~AIB~1-C14 was kept constant
and the concentration of non-radioactive AIB in the external medium was
varied (first part of the table). Similarly the concentration of intra-~

cellular glycine--l-C14 was kept constant and the non-labelled glycine
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TABLE 36

-The Affinity Constants Characterizing the Exchange Diffusion Process

in Mouse Pancreas

Amino Acid in the Amino.Aciq_who§e Ké;T'mM )
Tnside. the Extemnal | coneentration is (\ffinicy con-

Pancreas Medium varied change
AcpC L-Methionine AGEC, 230
ACPC (5.4 mM) | L-Methionine L-Methionineout 1.5
ACPC (10.5 mM) L;Methionine L-MethionineOut 2.2
L-Methionine (5.5 mM) L~Methionine L-Methionineout 3.0
L-Methionine (6.0 mM) ACPC ACPCout 7.1
ACPC (5.4 mM) AcPC ACPC_ . 5.0

The incubation cbnditions were as described in the text and in "Materials
and Methods'". ACPCin and ACPCout refer to ACPC inside the cell and ACPC
in the medium respectively. L--M'ethionineout refers to L-Methionine in the
external medium. In all cases the efflux of radioactive amino acid was

followed.
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TABLE 37

The Effects of an Increased External Amino Acid Concentration on the

Homo-Exchange Diffusion of AIB and Glycine in Mouse Pancreas

Efflux of radioactive AIB

Efflux of radioactivé glycine

T i ﬁ e ~ into media containing into media containing
(minutes) |8 mM AIB | 14 mM ATBT 32 mM AIBf10.14 mM |20.28 mM |30.42 mM
Glycine Glycine | Glycine
3 0.68°  0.68 0.68 0.68 0.79 0. 74
9 1.22 1.16 " 1.01 1.29 1.60 1.49
15 1.43 1.52 1.35 1.77 2.12 2,06

The pancreas

*
Efflux expressed as pmoles/g tissue water.

was preloaded either with 5.4 pmoles of AIB/g tisamue

water or 6.5 umoles of glycine/g tissue water. Efflux at 15°C

into the various media was followed as described in

Methods",

"Materials and




-152~

Present externally wés varied. 1In both cases, the efflux of the radio-
active amino acid was followed at the different time intervals indicated.
If the affinity constant for exchange was higher (decreased affinity),
then the efflux should progressxvely 1ncrease as the external amino acid
concentratlon is elevated and this should continue up to very high ex-
" ternal concentrations. But as can be seen from the results, there was
no significant increase beyond 8 mM AIB externally in the first case and
20,28 mM glycine in the second case. This gave affinity constants for
Aexchange which were quite similar to those characterizing the transport
of these amino acids (48). This is in contrast to the Ehrllch cell where
"the small driving of the outward migration by the short-chain neutral
amino acids is nearly linear_up to 70 mM whereas the K.m values for their

uptake are 0.5 to 0.6 mM ..." (67).

6.10 The Effects of Extracellular Amino Acid Mixtures on the Exchange

Reaction

The similarity of the affinity constant values strohgly suggests
that exchange systems may have much in common with transport systems and
that competition or interaction between amino acids for the exchange
system might occur just as it does in the case of the transport system.

In Table 38 the fluxes of L-methionine, prepacked into the pancreas, have
been studied in media containing non-radioactive L-threonine, L-methionine
or a mixture of these two amino acids. The concentrations employed were
those below the saturation level, to be certain that additive effects

were possible. If competition for one exchange site occurred through the
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TABLE 38

The Effects of Mixtures of IL-Threonine and L-Methionine in the External

Medium on the Efflux of L-Methionine—Methyl-C14 from Mouse Pancreas

Time _ Adéitioés to External Medium - 7
(minutes) 5 mM L-Thréonine 1é4mﬁML%;gizgigﬁine & L-ﬁé;ﬁiﬂﬂgne
2 1.15" 1.58 1.23
5 ©1.89 957 L85
8 2.38 3,11 2,35
12 2.82 3.45 2.72
15 3.15 3.79 3.10

Efflux is expressed as pmoles/g tissue water.

Pancreas was preincubated with 0,75 mM labelled L-methionine for
60 minutes at 37°C in order to obtain a tissue concentration of
5.3 pmoles/g tissue water. Efflux at 15°C into the various media

was followed as described in "Materials and Methods''.
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‘presence of two amino acids at below the saturation levels, then a
significant increase in the flux of L-methionine should be noticeable.
As seen in Table 38 the presence of both amino acids in the incubation
medium produced a greater effect than either one Present alone. This
additive effect clearly indicates that an interaction between amino

acids does occur in the exchange system.

In view of the other éossibility that inhibitory effects might
occur, a similar experiment (Table 39) was carried out in which 1 mM
ACPC, 5 mM AIB or a mixture of these amino acids at these concentrations,
were present in the incubation medium, In Ehis case the concentration
of ACPC in the medium was 1 -mM in order to have the minimal possible
concentration of substrate which would show a significant exchange dif-
fusion effect. 'The concentration of AIB was one which caused a very
marked inhibitory.effect on the accumulation of ACPC from a medium coﬁ-
- taining the amino acid at a concéntration 0f 1 mM (see Table 25). As
can be seen from the results presented in Table 39 there was no significant
effect of AIB on the homo-exchange of ACPC under these conditions. There-
fore, although AIB was an inhibitor of ACPC in the transport reaction, it
did not appear to inhibit in the exchange process involving this same
amino acid. A possible reason for this discrepancy will be presented in

the discussion.
SUMMARY OF CHAPTER 6

.

1. Not only can the presence of L-methionine inside the tissue
’ + lead to an increased extent of L-tryptophan uptake, but in

addition the presence of L-tryptophan in the medium can lead
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TABIE 39

The Effects of Mixtures of ACPC and AIB in the External Medium on the

Efflux of Radioactive ACPC from Mouse Pancreas

Time Additions to External Medium’
(minutes) Nil1 I 1 mM ACPC IsmﬁMAﬁg & | smM A1
2 0.43" 0.63 0.71 0.42
5 0,73 1.26 1.25 0.70
8 0.93 1.64 L 0.93
12 L1 2.10 2.22 1.15
15 1.35 2.52 . 2.48 1.32

*
Efflux is expressed as jmoles/g tissue water.

Pancreas was Preloaded with an initial concentration of 5.5 ymoles
of ACPC/g tissue water as described in ""Materials and Methods".
Efflux at 15°C into the various media was followed as described in

the text and "Materials and Methods",
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to a marked increase in the efflux of prepacked L-methionine
from the péncreas. .The fluxes attributable to exchange dif-
fusion (in and out) are of the same order of magnitudé and

the total fluxes (in and out) are approximately equal,

The possibility of reconcentration is rejected since 1 mM I-
methionine and 5 mM AIB, which inhibited the uptake of ACPC
to about the same extent, behaved quite differently in ex-

change diffusion with intracellular ACPC.

Exchange diffusion increased as the extent of intracellular
Preloading increased, 'Similarly, there was a Progressive
increase in the efflux of intracellular amino acid as the

concentration of extracellular amino acid was increased.

Hetero-exchange (outward) of glycine with L-methionine and
L~valine increased Progressively for approximately 45 and
60 minutes respectively, after which time there was no sig-

nificant change,

Exchange diffusion of amino acids in mouse bancreas’ was not

dependent upon the external Na+ concentration,

The relative ability of intracellular amino acids to exchange
were (in decreasing order): L-methionine, ACPC, L-tryptophan,

glycine, AIB, L-proline, L-lysine.

When present extracellularly, the short-chain neutral amino
acids (glycine, AIB, L-proline, etec.) exchanged very poorly

in all instances. Where there was a significant stimulated
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efflux of prepacked amino acid, the long-chain neutral

‘amino acids were excellent exchangers,

The exchange system could only be saturated at extremely
hlgh levels. of amino acid inside the cell. On the other
hand, the external amino acid was able to saturate the
exchange system at quite low concentrations. In the latter
case, the affinity constant for the exchange reaction ap-~
peared to be quite similar to the affinity constant charac-

terizing the transport of the amino acid into the pancreas.

The presence of two amino acids (each Below the saturation
level) in the incubation medium produced a.greater stimula-
tion of efflux of prepacked amino acid than either one acting
independently. Such a significant increase in the flux
would be seen if there was competition for the one exchange

site,

With ACPC intracellularly, a mixture of AIB (at a concentra-
tion which did not cause exchange, but which inhibited trans~
port) and ACPC (at a concentration which caused homo-exchange)
in the external medium gave thé same result as that obtained
with homo-exchange of ACPC i.e. although AIB was an inhibitor.
of ACPC in the transport reaction, it did not appear to in-

hibit in the exchange process involving this same amino acid.
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. CHAPTER 7

DISCUSS ION

The Pancreas and Amino Acid Transport

The results presented in Chapter 3 confirm the fact that
amino acids are concentrated to high intracellular levels in adult
mouse panéreas in vitro. Amino acid accumulation in the newborh, how-
ever, was markedly decreased, wﬁile pancreas from adult mice weighing
20-40 ¢ éccumulated amino acids to about the same extent. This would
indicate that the important factor was the,ége rather than the size
of the animal. Such differences between newborn and adult animals
have also been observed in studies with brain slices (76) and might
be due to incompleté development of the amino acid transport systems.
Alterations in such systems concurrent with organ development are not
without precedent e.g. the changes shown by the red blood cell during

maturation (197).

The lower uptake in the salivary gland than in pancreas is
particularly interesting in'view of the close similarity of structure
between these two organs. This would suggest that the amino acid up-
take pattern is most probably related to the‘particular function of
the gland. Comparison of pancreas from several sources has not only
showq mouse to have the most active transport system, buit has also sug-
gested that generally the smaller the experimental animal, the greater
the ability of the pancreas to accumulate amino acids in vitro. This

would be in accordance with the basal metabolic level of various mammals
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being approximately proportional to the body surface area, Since the
basal metabolism reflects the energy requirements for maintenance and
conduct of fundaméntal cellular processes such as active tfénsport,

this might account for the generally lower amino acid accumulation in

pancreas from larger animals.

Amino acid uptake was much lower in pancreas from mice bearing
an Ehrlich ascites tumor than in bPancreas from normal mice. waever,
other experiments have shown that the exchange diffusion process is un-
affected} The observed decrease might be due to an effect on energy
levels, energy linkage to the transport system or on the Na+ - K+'de-
pendent ATPase rather than to an actual loss of part of the membrane
carrier, if it is assumed that the amount of carrier determines the
amount of exchange. A great deal of work still remains to be done on

the host-tumor aspect of the transport problem.

Steady-State Amino Acid Accumulation in Mouse Pancreas

The non-linear Lineweaver and Burk plot for the uptake of
L-tryptophan is the first Positive evidence that a dual mode of entry
may exist in the pancreas. This type of analysis suggests that at least
two distinct systems operate. Similar findings have also been reported
for the entry of glycine into reticulocytes (84) and L-lysine into kidney
cortex slices (121). Although the other amino acids gave a linear
Lineweaver and Burk plot, this is not conclusive eviden;e in favor of
a single system or site, since non~linearity would be observed only if

the Kﬁ values were separated by at least one order of magnitude (234),

1 Clayman, S. and Scholefield, P.G., unpublished observations.
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. In addition, the affinity cdnstant for L-lysine uptake into

mouse Pancreas is much greater than that of any of the other amino acids
previously studied (46-48)., In spite of the linearity of the Lineweaver
and Burk plot, the high,Kh value could well be an indication of a double
mode of entry. Recent work (121) has suggested that there are two routes
for L~1y31ne uptake into kidney cortex slices, although the second trans-

port system (with a small K.m value) was only apparent at much lower sub-

strate concentrations than those used in the present experiments,

- In kidney there is a Separate transport system for basic amino
acids (42, 115, 235) which overlaps that fo? neutral amino acids to a
slight extent. Such a System may be present in the intestine (161, 169,
236) but it is not as well defined. Mutual inhibition during transport
occurs not only among the basic amino acids themselves, but also hetween
the basic and neutral amino acids (160, 169, 236). Similar work (72)
with. brain slices has suggested that separate systems are involved in
the transport of the short and long chain basic amino acids. A parti-
cular amino acid seemed to have an affinity for more than one transport
site ~ a high affinity for its Primary site of transport and a lower af-
finity for a secondary site of entry. The present experiments show:
(a) a significant effect of pH on L-lysine uptake which was not observed
with the neutral amino acids, (b) a much greater effect of Na' removal
on neutral amino acid uptake than on L-lysine uptake, (c) approximately
the same uptake‘of L~lysine from normal and Na+-free media when the in~
cubation was carried out in a nitrogen atmosphere at 37°C or in an oxygenu

atmosphere at 15° C, and (d) no inhibition of L-lysine uptake by GABA or
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taurine even at a 60-fold excess of inhibitor over substrate, although
such inhibition was seen with the neutral amino écids. There may be a
separate transport system in mouse pancreas for the basic amino acids
(e.g. L-lysine), thouéh the neutral amino acids would have a large af-
finity for this system. In addition, a sufficient concentration of the
basic amino acids could eliminate either a large or small portion of
the neutral amino acid uptake, depending upon the substrate under con-
sideration. The affinity was highest for the ACPC transport site, while
quite low for the methionine and glycine sites. The extent of inhibition
of ACPC uptake by L-lysine is in contrast to that seen in the Ehrlich
cell where excess lysine could eliminate only a clearly defined portion
of the uptake of the neutral amino acids (149). It seems that in mouse
.pancreas there is much greater overlap among amino acids possessing

neutral and cationic side~chains.

Blasberg and Lajtha (72) have reported that there are two
separate sites for the uptake of small and large neutral amino acids in
brain slices. Further, Oxender and Christensen (67, 74) have proposed
fhat there are two distinct systems operating in the Ehrlich cell - one
for short-chain and the other for long-chain neutral amino acids. A
more extensive system has been suggested for mouse pancreas with separate
transport sites for ACPCFvaline-MEACPC, glycine, methionine-ethionine,
and prqline (48). The present findings indicate that AIB entry is at a
separate site from those Previously described. Thus, in mouse pancreas,
there are atlleast two si;es serving for the entry of short-chain neutral

amino acids as well as at least two sites for long-chain neutral amino
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acids. Furthermore, the relative insensitivity of the uptake of
neutral amino acids to pH change and the similarity of the inhibition
by DNP suggestsitﬁat these sites may all exist on the same carrier
molecule. Thus reference might be made to a "neutral amino acid trans-
port system' possessing several different sites. Such a proposal is
further supported by the very extensive interaction between neutral
amino acids during the transport process as well as by the similarity
of the percentage decrease in amino acid accumulation in the complete

absence of external Na+.

Of the amino acids studied thus far, GABA is the most poorly
concentrated. The extremely low intracellular accumulation and the
short period of time required to reach a steady-state level suggests
that the major portion of uptake is probably via a diffusion-like
phenomenon. This is in contrast to brain (72) where GABA is accumulated
to extremely high intracellular levels in vitro. The inhibition of
neutral amino acid uptake by GABA would indicate some affinity of GARA

for the various sites involved in neutral amino acid transport.

Tons and Amino Acid Transport in Mouse Pancreas

The results presented in Chapter 5 clearly show that the ac-
cumulation of amino acids by the pancreas is influenced by changes in
- the ion composition of the external medium., Such decreases in uptake
were seen only with changes in the external Na+ and K+ concentrations,

since Ca++ and Mg++ have no effect in this system (46). Lineweaver and
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‘Burk analysis of amino acid uptake at low Na+ concentrations showed a
definite increase in the K.m value, although the maximum concentration
gradient remained'unaltered. This is in agreement with the results of
Crane (189, 190) for sugar transport in the intestine, as well as those
of Kipnis and Parrish (239) for AIB transport in rabbit lymphnodes and
Cotlier and Beaty (206) for amino acid transport in the eye lens. They
are, however, in contrast to the work of Christensen and his collabo-
rators (196, 197, 200) who found that in pigeon erythrocytes, Ehrlich
ascites cells and rabbit red cells, a change in the externaliNa+ con-

centration resulted in both an altered Kh and Vmax value,

Thus exogenous Na+ affects the binding of substrate to the
membrane carrier., This interaction is only enhanced by the presence
of ions, as indicated by accumulation of amino acids against a concentra-
tion gradient in the absence of Na+. Moreover, although the ternary
complex (Na+-carrier~amino acid) is required for high levels of active
transport, it may come to be formed more via Na+-carrier as the kine-
tically preferred route than by way of carrier-amiﬁo acid as the Na+
concentration is raised. The ternary complex would constitute an ad-

ditional mode of entry for Na+, since the Na+ would probably be released

in the interior of the cell once the carrier is inactivated.

The suggestion of a separate cation site on the carrier could
be adopted for this system, with the ions being regarded as '"competitive
activators" of the transport sites. The statement of Curran et _al. (237)

that "the first reaction cannot be association with Na+ rather than the
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amino acid since under these conditions, there would be no flux of
amino‘acid in the absence of Né+", could be avoided if the Na' and
amino acid attached to their respective sites simulténeously. Such
binding to two separate sites on the carrier surface would be needed
in the pancreas since the existence of complexes such as carrier-Né+-
amino acid or carrier-amino acid--Na+ would not be in agreement with
the results obtained. If Na@ and amino acid must bind to cach other,
then the uptake of amino acid would be inhibited by increasing the
concentration of either Na' or amino acid (while holding the other

at a constant concentration) since the Na+ or amino acid would compete
with the Né+-amino acid complex for the subsequent binding to the
carrier. . Bééin and Scholefield (47) have shown that the entry of
L-proline involves attachment to two sites. It is possible that Na+
méy influence both pfoline sites during the transport reaction. Such
a situation might require two cation sites on the carrier molecule,

although the present data is insufficient tovcbnfirnlthis hypothesis.

Table 16 shows the inability of several ions to replace ex~
ternal Na+ or K+ adequétely. However, the steady-state amino acid ac-
cumulation in the presence of these ions wpuld be in agreement with
the proposal that other metal ions can interact with the cation binding
site on the carrier (238) although unable to function as efficiently.
The maintenance of a normal amino acid uptake when K+ is replaced by
Rb+ is in agreement with the findings of Riggs et al. (181) for glycine
uptake in the Ehrlich cell, suggesting basic similarities between normal

and neoplastic transport systems,
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. Vidaver (195) is in favor of a Na+ gradient being responsible
for amino acid movement, while Kipnis and Parrish (239) have considered
that it is not simply the electrochemical gradient but also the "absolute
level of Nab on both the inner and outer cell surface", that is primarily
important. The present evidence indicates that in a mouse pancreas a
decrease in the external Na+ concentration results in impaired amino acid
transport i.e. there is a dependence on the absolute level of Na as well

4
as on the Na gradient.

Several investigators have obtained an approximate value for
the number of Na involved in the amino acid entry process. For instance,
1 Nat was required for amino acid uptake in diaphragm (239), tmo Nat for
glycine uptake in rabbit red blood cells (197), two Na+ for glycine up-
take in pigeon erythrocytes (193) and one Na+ for AIB uptake in the eye
lens (206). The present findings are in favor of a siagle Na+, rather
than 2 Na+, functioning as co~factor in the transport process in mouse
pancreas. This evidence isg by no means conclusive, It is possible that
the reaction constants for 2 Na+ may be so related that only reaction
with the first Na' is klnetlcally observable as suggested recently by
Wheeler and Christensen (241) with the red blood cell. Such a requirement
would not be applicable to concentrative accumulation by the pancreas in
the absence of Na+. Furthermore, it is not known whether the need for
two ions indicates that 2 Na+ operate through one cation site or whether
two different cation sites each require the presence of 1 Nat in order to
function.

The.Na+~insensitive uptakes of AIB and MeAIB in the Ehrlich cell
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.were not concentrative, while L-methionine uptake was concentrative
(200). 1In 1eucoéytes (198, 199), A1s, glycine, proline and alanine
required Nat for transport, while ACPC and L-methionine were not Na -
dependent. Similar work with bone (82) indicated that in the absence
of Na+, glycine'and ATB were still accumulated while the entry of L~
prolinevand hydroxyproline occurred via a non-mediated process which
was similar to diffusion. Mouse pancreas is unique since concentration
gradients could be obtained with all the neutral amino acids, regardless
of whether they possessed a small or large side-chain. 1In this respect,

" the various transport carrier sites in mouse pancreas would be more
analogous to the L-system of the Ehrlich ascites cell (67, 74), L-Proline,
the only possible exception, would more closely correspond to the A grouping,
although its mode of entry is quite different from that of amino acids in

the Ehrlich cell (47).

The effect of DNP on amino acid accumulation in a Na+-free me-
dium is evidence that energy is still required for the Na+—independent
transport process. Jacquez and Sherman (8) have suggested that the linkage
of energy to the transport system in the Ehrlich cell is such as to either
increase the rate of outward movement of free carrier across the cell
‘membrane, or increase the rate of dissociation of carrier-amino acid
complex at the inner surface of the membrane. Since ouabain had no effect
on amino acid accumulation at a concentration which was sufficient to inter-
fere with the cation pump machanism; it would appear that émino acid trans-
port was not.entirely dependent on an active Na+~ K+ pump. This is in

agreement with the observation that ouabain (1 x 10~5M) caused a significant
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+
*inhibition of Na transport in the intact diaphragm without affecting

AIB transport (205).

The presence of two indepéndent and parallel pathways for
amino acid influx, one Né+-dependent and the other Na+-indepéndent, is
unlikely since the maximum influx in the Lineweaver and Burk plot was
the same in the presence and absence of external Na+. If two independent
pathways did exist, then the maximum influx would be additive,'which
was not the case. The similarity between the effect of pH on amino acid
uptake in the presence and absence of Na+ would also be in favor of the

same carrier molecule participating in both processes,

Exchange Diffusion in Mouse Pancreas

In addition to transport and simple diffusion, there is
also a flux of amino acids in mouse pancreas via an exchange reaction.,
The stimulated efflux of prepacked amino acid is definitely not due to
failure to reconcentrate as suggested by Winkler and Wilson (113) on
the basis of studies of galactoside transport in E. Coli. Johnstone
and Quastel (214, 215) have concluded that the same amino acid carriers
are involved in both transport and exchange diffusion in the Ehrlich
cell., The present findings of a relative insensitivity to pH change
(neutral amino acids) and a similarity between affinity constants in
both phenomena are additional evidence in favor of such a hypothesis.
Furthermore, additive effects of two amino acids were observed not

only during.transport (Table 12) but also in the exchange situation (Table 38).
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Such interactions for one site would be expected if the same carrier

molecule participated in both reactions,

The excﬁange reaction in mouse pancreas showed an influx io
efflux ratio of about 1:1.6 rather than the theoretipal 1:1 value. Thig
can be accounted for on the following basis: in outward exchénge, the
movement into amino acid free media is substracted from the stimulated
efflux in the presence of an amino acid and this difference is assumed
to be due to exchange. Here the control represents diffusion and no dif-
ficulty is encountered, However, influx in the absence of intracellular
amino acid is subtracted from the stimulated influx in the presence of
intracellular amino acid and this is also presumed to be due to exchange,
In this latter case the control value represents both diffusion and trans-
port. Since the exchange and transport processes compete for the same
carrier (8), less carrier will be available for exchange if transport
Occurs simultaneously. Therefore the value attributed to inward exchange

would probably represent a minimum rather than the true value,

Bééin and Scholefield (48) have proposed that inhibition during
transport occurs by attachment of the inhibitor to the substrate site with
no subsequent translocation of the inhibitor. As indicated in the Present

studies, these "inhibitory" amino acids can exchange with intracellular

It is possible that the inhibitor- by attachment to some of the substrate
sites, could be translocated during the transport reaction. Thig would

involve amino acid entry at a secondary site as well as at a primary site.
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If such‘is the case, then similarly in exchange diffusion, displacement
of the intracellular amino acid from the carrier site could result in

the same type of conformational change required for inward movement of
the extracellular amino acid. Alternatively in the transport reaction,
the presence of the attached substrate may result in non-translocation

‘of the inhibitor as suggested by Bééin and Scholefield (48). Furthermore,
after the exchange displacement reaction has'occurred, the extracellular
amino acid would be the.only metabolife attached to the carrier. Thus
translocation could take place i.e. as opposed to transport where both
substrate and inhibitor are present and whefe there is no translocation.
Although both situations are possible, the former (inhibitor translocation

during transport and exchange) appears to be most likely.

In exchange diffusion the amino acid-carrier complex may proceed
from BC to AC (where A and B are different amino acids) via free carrier.
The similarity of the affinity constants for exchange and transport sug-
gests that in exchange diffusion the amino acids may react with the free
carrier, unless of course the affinity for the carrier~-amino acid~complex
is the same as for the free carrier. During the exchange process no free
carrier may exist, if the carrier-amino acid complex at the outer mem-
brane would also allow binding of the extracellular amino acid to another
site én the molecule. 1In this way the carrier, with both amino acids
attahced, may be non-functional. ' Release of the first amino acid could
render the carrier-amino acid complex functioﬁal again (allosteric effect)

and subsequently able to reorientate inward.
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e An important factor in exchange diffusion is that of lipid
solubility. The poorly exchanging short-chain neutral amino acids adre
relatively lipid insoluble compared with ﬁhe long~chain amino acids.

Thus the efféctive concentration in the region of the carrier-amino

acid complex may be much less than predicted on the basis of the extra-
cellular amino acid concentration. An increase in the external amino |
acid‘concentration would result in a larger quantity of substrate in

the membrane area to participate in the exchange reaction. Alternatively,
the poor exchange ability of glycine, AIB and L~proline may involve dif-

ficulty in displacing amino acids from the carrier-amino acid-complex.

Since these poor exchangers were generally excellent inhibitors
of the transport of most amino acids studied, the possibility also had
to be considered that inhibition during transport was due solely to
allosteric interference by the presence of the inhibitor at a second
site, rather than competition for the same site. Such a possibility is
disproved in the present studies, since a linear Dixon plot was obtained.
Although no conclusive evidence is available at present, a situation which
involves both "true" and "partially" competitive inhibition must also be
considered. During transport the inhibitor would bind to both the sub-~
strate site and its own adjacent site. However, only that portion of
the inhibitor which is attached to the sﬁbstrate site will be capable of
exchanging and so the stimulated efflux will be less than predicted on
the basis of the transport studies. This type of interaction remains a
definite possibility in view of the recent work of Alvarado (240) with

sugar transport in the hamster small intestine. Here the carriler was
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assumed to possess two different sites i.e. a sugar and phenol binding
site. It was shown that phloretin binds only to the phenol site (al~
losteric 1nh1bitor) while phlorlzln which gave a linear Thorn plot
binds s1mu1taneously to both of these sites, thus being both a "trua"

and "partially" competitive inhibitor.

Oxender and Chrlstensen (67 74) have grouped glycine AIB
and L-proline together in the Ehrlich cell as very poor exchangers.
Although AIB and L-proline in bancreas are in agreement with this clas~
sification, the maximum stlmulation of 747 over the control obtained
with glycine intracellularly would exclude it from this grouping., This
is also in contrast to bone where glycine showed neither homo- nor he-
tero-exchange (82). With the pancreas, the long-chain amino acids when
Present intracellularly were better exchangers than the short-chain
amino acids. It would appear that the intracellular amino acid deter-
mines the exchange capacity of the system, since with the intracellular
short-chain amino acids ATB and L-proline, all external amino acids

(both normally excellent and poor exchangers) were equally poor.

Begln and Scholefield (48) have designated separate transport
sites for ACPC, glycine and L-methionine based on kinetic studies. The
exchange data provides additional evidence that a separate site exists
for glycine since it behaves differently from ACPC or L-methionine @, e.
excellent exchangers). On this basis, ACPC and L-methionine could not
be clearly differentiated. 1In addition, the AIB site (i.e. poor exchanger)
could be distinguished from those serving for ACPC and L-methionine ex-

change (i.e. excellent exchangers),
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. The results presented in Chapter 6 indicate that although

.5 mM AIB was a significant inhibit;r of the transport of 1 mM ACPC, there
was no inhibition by AIB of the homo-exchange of ACPC. Tn the transport
situation it is very likely that this excess of AIB is not present in the
area of the exchanging amino acid-carrier complex i.e. there is ACPC
attached to the carrier intracellularly and éxtracellular ACPC diffusing
towards the complex. Thus, at the existing inhibitor to substrate ratio,
an iﬁhibition may not be observed. Alternatively, another possibility
must also be considered. The observed effect during transport may be
interpreted Primarily in terms of the "competitive" nature of the amino
acid interaction. A result which is kinetically identical with competitive
1nh1b1t10n does not necessarily mean that the inhibitor competes with the
substrate for attachment to one specific site on the enzyme surface. The
kinetic equations only imply that the inhibitor and the substrate molecules
cannot be attached to the enzyme at the same time. If ACPC and AIB, for
example, occupied adjacent sites (i,e. completely different sites as sug~
gested by the present studies) and if there was an extensive overlap, then
it is possible to envisage conditions where the attachment of AIB would
prevent the simultaneous attachment of ACPC and vice versa. The kinetic
analysis of this type of interaction would be indistinguishable from a
situation in which ACPC and AIB competed with each other for one single
site during transport. If such is the case, then homo-exchange of ACPC
would occur thrqugh its own site and would not be subject to inhibition

by the presence of AIB.

Exchange diffusion of amino acids in the pancreas was not
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‘dependent upon the external Na+ concentration. This is in agreement
with the findings of Johnstone and Scholefield (209), with the Ehrlich
cell, but in disagreement with the Na+~dependent L-alanine counter-
transport seen in the rabbit red blood cell (197). In addition, the
similarity between the affinity constants for the transport and exchange
pProcesses in mouse pancreas are in contrast to the quite striking dif-
ferences between these two values in the red blood cell (228). This
would suggest that there may be basic differences between the exchange

diffusion and counterflow phenomena.
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) CLAIMS TO ORIGINAL RESEARCH
(1) Mouse pancreas aLcumulated amino acids to a greater ex-

tent than rat, guinea pig, dog OL human (tumor) pancreas. Prior fasting

(72 hours) did not have any effect on amino acid accumulation by mouse

N

pancreas.

. (2) Pancreas from adult mice showed a greater_amino acid ac-

cumulation than pancreas from newborn.

(3) Kinetic analysis of L-tryptophan uptake suggests that at

least two sites are involved.

(4) L-Lysine, which gave a linear Lineweaver and Burk plot
over the present range of substrate concentrations, had a quite low af-

finity for its own transpert system i.e. extremely high Kh value.

(5) In addition to those sites serving for the uptake of ACPC,
glycine, L-methionine and L-proline, the existance of a new site was pos-~

tulated to account for the entry of AIB into mouse pancreas.

(6) Although the tissue steady~state level of GABA was ex-
tremely low, mediated entry was still involved. GABA was an inhibitor
of the uptake of the neutral amino acids L-methionine, glycine, AIB and
ACPC.

(7) The uptake of L-lysine was greatly affected by pH, while

neutral amino acid uptake was relatively insensitive to pH.

(8) Taurine at a concentration of 60 mM caused reduction in

the steady-state uptakes of ACPC and glycine, but not of L-lysine. GABA
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at a concentration of 60 mM inhibited glycine and L-methionine steady-

State uptake, but not that of ~lysine.

(9) DNP, at a concentration of 0.1 mM, caused approximately
the same percentage decrease in the uptake of L~lysine, L-tryptophan; AIB,

L-methionine, glycine, L-proline and AcCPC.

(10) In addition to major suppression of neutral amino acid
uptakelby a sufficient level of other neutral amino acids, there was also
a large reduction in basic amino acid uptake by a sufficient level of
several neutral amino acids. A sufficient concentration of L-lysine
(basic) inhibited the uptake of glycine and L-methionine to a small ex-

tent and the uptake of ACPC to a much greater extent.

(11) The tissue steady-state accumulation levels were (in de-
creasing order): glycine, ACPC, AIB, L-proline, L-tryptophan, L-methionine,

L-lysine, GARA.

(12) Nﬁz, Rb+, K+ or Li+ could not replace external Na+ in the
transport Process, whereas Rbf could function as a suitable replacement
for K+.

(13) A decrease in\either the e#ternal Na+ or K* concentration
resulted in an increase in the apparent affinity constant, but no change

in tke maximum concentration gradient,

(14) Kinetic analysis suggested a 1:1 relationship between Na+

ions and ACPC molecules transported in mouse pancreas,

(15) AIB, Acpc, L-methionine, glycine, L-proline and L-lysine
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maintained concentration gradients in the complete absence of external
Na+. /\\
+ + +
(16) 1In low Na » low K' or Na'-free media,'the uptakes of
ACPC, glycine, AIB and L-methionine were decreased to approximately the
same extent.
(17) In the complete absence of Na+, amino acid uptake was

inhibited by DNP and other amino acids, but not by ouabain.

(i8) Exchange diffusion of amino acids in mouse pancreas did

not show a dependency on the external Na+ concentration,

(19) The relative ability of intracellular amino acids to ex-
change were (in decreasing order): L-methionine, ACPC, L-tryptophan,
glycine, AIB, L-proline, L-lysine. When present extracellularly, the
short- ~chain neutral amino acids (glycine, AIB, prollne etc.) exchanged
very poorly in all instances, while the long-chain neutral amino acids

were generally excellent exchangers,

(20) The exchange system could be saturated only at extremely
high lavels of amino acid inside the #ell. The external amino acid was
able to saturate the exchange system at quite low concentrations. In
the latter case, the affinity ‘constant of thé exchange reaction was of
the same order as the affinity constant characterizing the transport of

the amino acid into mouse pancreas,

(21) The presence of two amino acids (each below the satura-

tion level) in the incubation medium produced a greater stimulation of
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efflux of prepacked amino acid than either one present alone. Such a
significant increase would be seen iR there was competition for the one

site during exchange diffusion.

(22) AIB, a significant inhibitor of the transport of ACPC,

did not inhibit the homo-exchange diffusion of ACPC.
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