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ABSTRACT 

Total movement of amino acids is the sum of simple diffusion, active 
transport, and ex change diffusion. Variou5 aspects of the latter two pro cesses 
have been investigal:~d in mouse pancreas in vitro. 

(1) The uptake of amino-isobutyric acid and L-Iysine 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 
ccids. Uptakes of ail 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, white the uptake of L-Iysine (basic) is significantly decreased 
atlowpH. 

(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 ions and molecules of 1-
aminocyclopentanecarboxylic acid transported into mouse pancreas. In low 
sodium or potassium media the uptakes of amino-isobutyric acid, 1-amino­
cyclopentanecarboxyl ic 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 âi;ffl!Js:ion. 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 transport process, and (d) interaction between 
amino acids which may result in a greater exchange in the presence of two 
amino acids than in the presen ce of either alone or in an inhibition during 
transport but not during exchange diffusion. 



AMINO ACID MOVEMENTS IN MOUSE PANCREAS 

by 

Stanley Clayrnan 

A thesis submitted to the E'a.::ulty of Graduate Studj,es 
and Research in partial fulfilmBllt of the requirements 

for the degree of Doctor of Philosophy 

Department of Biochemistry, 
McGill University, 
Hontreal. 

"- -. ~ - "_ .. ---------_._-_ .. -.- --\ 
Cc) Stanley Cla:y-man 1968 \ 

November, 1967. 



-i-

ACKNOWLEDGEMENTS 

The investigations described in this thesis were carried out 

in the McGi11 University Cancer Research Unit. 

l am most indebted to Prof. P.G. Scholefield for his stimulating 

guidance, advice and encouragement during these years of graduate study, 

and for his helpful criticisms in the preparation of this manuscript. 

l wish to express my sincere appreciation to Dr. Charles Scriver 

of the Montreal Children's Hospital for the analysis of the endogenous, 

free amino acid content of mouse pancreas and to Dr. R.M. Johnstone for 

several helpful discussions during the course of this work. 

Special thanks are duc to .Mr. Norman Click and Dr. Jeanne Hymes 

for their helpful advice and constructive criticism during the writing of 

this thesis. 

The excellent work of Mrs. M. Oeltzschner in drawing the figures 

is gratefully acknowledged. 

Thanks are extended to Miss Shirley Sampson for typing part of 

the first draft of this manuscript and to Mrs. K. Soos for her excellent 

typing of the complete manuscript. 

The author wishes to thank the National Cancer Institute of 

Canada for financial support. 



ATP 

DNP 

TCA 

ACPC 

AIB 

DOPA 

MeACPC 

GABA 

Na+ 

K+ 

Ca* 

-ii-

LIST OF ABBREVIATIONS 

adenosinetriphosphate 

2, 4 dinitrophenol 

trichloroacetic acid 

1 - aminocyclopentanecarboxylic a~id 

~ - aminoisobutyric acid 

dihydroxyphenylalanine 

l-amino-2-rnethylcyclopentanecarboxylic acid 

1 - arninobutyric acid 

sodium ions 

potassium ions 

calcium ions 



-ii1-

!ABLE OF CONTENTS 

ACI<:NOWLEDGEl1ENTS ................................................... .. 

LIST OF ABBREVIATIONS .................................................. 
INTRODUCTION ........................................................... 

1.1 Introduction to Transport and Transport Theories ••••• 

1.2 Historica1 View of in vivo Transport ••••••••••••••••• 

1.3 

1.4 

General Features of Amino Acid Transport .................... 
A) The Effects of Concentration ••••••••••••••••••••• 
B) 

C) 

D) 

The Effects of Temperature ......... ~ ...................... .. 
The Time Course of Uptake ................................... 
The Effects of pH ..................................................... 

E) Structural and Configurationa1 Requirements for 
Transport .............................................................................. 

F) The Ro1e of Energy ••••••••••••••••••••••••••••••• 

Amino Acid Transport in Different Tissues 

A) 

B) 

C) 

D) 

E) 

Kidney ..................................................................................... .. 
Br ain ..................................................................................... .. 
Ehrlich Ascites Cella ........................................................ 
Intestine ................................................................................ 
Red Blood Ce Il .................................................................... .. 

F) Pancre as ................................................................................ .. 

1.5 The Role of Ions •••.•.•.•.•••.••.••..•.••..••....••.• 

1.6 Exchange Diffusion ...•••••.•...•.••.•••...••.•••.•.•• 

1.7 Obj~ctives of the Present Work ••••••••••••••••••••••• 

MATERIALS AND l1ETHODS ................................ 
2.1 Amino Acids .......................................... 
2.2 AniInals ..••••••..•.•••••...•..•.•.•..••.•.....•••••• 

Page 

i 

ii 

1 

1 

4 

9 

9 

10 

12 

13 

15 

17 

20 

20 

22 

25 

28 

32 

33 

34 

42 

50 

51 

51 

51 



-iv-

2.3 Preparation of the Tissue ........................... 52 

2.4 Incubation Conditions for Transport Studies ••••••••• 52 

2.5 Determination of Amino Acid Uptake •••••••••••••••••• 53 

2.6 Estimation of the C14 O2 Produced ................... 54 
2.7 Measurement of the Influx Portion of Exchange 

Diffus ion ............••.•.•......•.................. 55 

2.8 Measurement of the Eff1ux Po~tion of Exchange 
Diffusion ........•................•..•.•............ 55 

2.9 Chromatography ...................................... 57 

THE PANCREAS - AN IN VITRO AMJNO ACID TRANSPORTJNG 
TISSUE •••••••••••••••••••.••••••••••••••••.••••••••• 58 

3.1 Amino Acid Uptake in Swiss White Mice ••••••••••••••• 58 

3.2 Concentrative Abi1ity in Various Species •••••••••••• 58 

3.3 Comparative Amino Acid Uptake Based on Simi1ar Tissue 
Structure ...•.....•..........•...•...............•.• 63 

SUMMARY OF CHAPTER 3 •••••••••••••••••••••••••••••••• 65 

GENERAL ASPECTS OF STEADY-STATE AMINO ACID TRlU~SPORT 
IN MOUSE PANCREAS ••••••••••••••••••••••••••••••••••• 66 

4.1 The Time Course of Uptake ••••••••••••••••••••••••••• 66 

4.2 Chromatography of the Tissue Extracts ••••••••••••••• 66 

4.3 Ana1ysis of the Endogenous Free Amino Acid Content of 

4.4 

4.5 

4.6 

4.7 

Mouse Pancreas •••••••••••••••••••••••••••••••••••••• 68 

The Entry of AIB .................................... 71 

The Transport of L-Tryptophan •••.••••• ~ •.•.•...••••• 77 

The Transport of L-Lys ine ........................... . 79 

Amino Acid Interaction During the Transport Process • 81 

A) The.Effects of Excess Neutra1 Amino Acids on the 
Uptake of Another Neutra1 Amino Acid •••••••••••• 83 



-v-

B) The Effects of Excess Neutral Amino Acids on 
the Uptake of a Basic Amino Acid ••••••••••••••••• 85 

C) The Effects of Excess Basic Amino Acid on the 
Uptake of Several Neutral Amino Acids •••••••••••• 85 

D)The Effects of Excess Taurine and GABA on Neutral 
and Basic Amino Acid Uptake •••••••••••••••••••••• 89 

4.8 The Effects of DNP and pH Change on the Tl"ansport of Several Amino Acids •••••••••••••••••••••••••••••••••• 91 

S~RYOF CHAPTER 4 ••••••••••••••••••••••••••••••••• 94 

ASPECTS OF THE RELATIONSHIP BETWEEN IONS AND AMINO 
ACID TRANSPORr IN MOUSE PANCREAS ••••••••••••••••••••• 97 

5.1 The Effects of Na+ and K+ on Amino Acid Accumulation. 97 

5.2 The Effects of Substitution of Other Monovalent Cations 99 

5.3 The Mechanism of Action of Ions on Amino Acid Accumu-
lation .......•....................................... 99 

5.4 + The Number of Na as Co-factor in the Transport Process 104 

5.5 + + The Comparative Effects of a Decreased Na and K 
Concentration on Amino Acid Accumulation ••••••••••••• 104 

5.6 Amino Acid Uptake in the Presence and Absence of Na+. 109 

5.7 The Effects of Inhibitory Amino Acids on Amino Acid 
Uptake in the Presence and Absence of Na+ •••••••••••• III 

5.8 The Effects of Temperature and a Nitrogen Atmosphere 
on Amino Acid Uptake ••••••••••••••••••••••••••••••••• 114 

5.9 The Effects of DNP and Ouabain on Amino Acid Uptake in the Absence of Na+ •••••••••••••••••••••••••••••••• 116 

5.10 The Effects of pH on Amino Acid Uptake in the Absence 

CH.6 

6.1 

of Na+ ...•..•••...••...•....•......... 0 • • • • • • • • • • • • • • 118 

SUMMARY OF CHAPTER 5 ................................ 118 

STI~ruLATED AMINO ACID MOVEMENT IN MOUSE PANCREAS ••••• 122 

Theoretica1 Considerations ........................... 122 



-vi-

6.2 Stimu1atedAmino Acid Uptake Into Mouse Pancreas ••••• 123 

6.3 The Influx and Eff1ux Portions of the Exchange Reaction 125 

6.4 Comparison of the Effects of Amino Acids on Transport and Exchange Diffusion ••••••••••••••••••••••••••••••• 127 

6.5 The Effects of Increased Concentration on Stimu1ated Amino Acid Movement ••••••••••••••••••••••••••••••••• _ 129 

6.6 The Effects of the Length of Incubation on the Exchange 
Reaction •.•...•. ""." •. ".""""""""""""""""""""""""""""" 131 

6.7 + The Effects of a Low Externa1 Na Concentration on the Exchange. Reaction •••••••••••••••••••••••••••••••••••• 131 

6.8 The Specificity of the Exchange Diffusion Process -
The Effects of Amino Acids on the Eff1ux of Intra-
cellular: ""." •• """"""."""""""""""""""""""""""""""""" 133 
A) Glycine " " " " " " " " " " " " . " " " " " " " " " " " " " " " " " " . " " " " " " " " " " 135 

B) AIB " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " 137 

C) L-Proline """""""""""""""""""""""""""""""""""""""" 137 

D) ·L-Methionine " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " 140 

E) ACPC 
" " " " " " " " " " " " " " " 0 " " " " " " " " " " • " " " " " " " " " " " " " " " " " 

142 

F) L-Tryptophan 
• """"""""""""""" w " " " " " " " " " " " " " " " " " " " " 

142 

G) L-Lys ine """"""""""""""""""""""""""""""""""""""""" 145 

6.9 Concentration Effects on the Exchange Reaction ••••••• 145 

6.10 The Effects of Extracellular Amino Acid Mixtures on 
the Exchange Reaction •••••••••••••••••••••••••••••••• 152 

SUMMARY OF C~PTER 6 ................................................. 154 

DISCUSSION ............................................................. 158 

CLAIMS TO ORIGINAL RESEARCH ............................................. 174 

BIBLIOGRAPHY ...................................................................... 178 



CHAPTER 1 

INTRODUCTION 

1.1 Introduction to Transport and Transport Theories 

The concept of the role played by the cell membrane in the 

movement ofbiologica1 materia1s has changed very drastically. It waa 

origina1ly thought to be merely a static, inert barrier between the 

extracellular and intracellular fluid compartments, but it is now quite 

evident that the membrane possesses certain components, as yet uniden­

tified, which participate in the translocation of substances from one 

fluid compartment 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 processes. The first, termed "facilitated diffusion" (1) involves 

simply a diffusion phenomenon which is faci1itated by a membrane carrier. 

It requires no energy to maintain and resu1ts in an intrace1lu1ar sub-. 

strate concentration not exceeding that of the external environment. In 

contrast, the second proccss, that of active transport, involves not only 

carrier-mediated movement, but aiso 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 
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. or membranes 'from a tl,ower in~o 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 prepared which transport Na and K uph111 if 
+ + ATP is present in the ghost (3). The Na and K -dependent ATPase has been 

shot~ to be associated with the membrane (4, 5). Secondly, protoplasts 

from E.Coli, in which a ,g-galactoside "permease" has been induced, trans-

port galactosides against'high concentration gradients (6). 

The transport model of Heinz and Walsh (7) proposes that the 

activated mobile carrier first forms a complex with the extracellular 

amine acid and then moves towards the interior of the cell where sorne of 

the aminC", acid is re leased, while the remainder j.s exchanged t.,ith availa-

ble intracellular substrate. The "cmpty" carrier is then inactivated in 

order to prev,ent its outward movement. This is essential if accumulation 

is to occur. Jacquez and Sherman (8) have suggested that energy is linked 

to the carrier system in order to bring about an increased rate of out-

ward movement of free carrier or an increased dissociation of amino acid-

carrier complex at the inner portion of the membrane. Heinz (9), taking 

into accountthe 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 acceptor is activated prior to combination with an enzyme 

in the membrane to form an enzyme-acceptor-complex. This complex then 
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'reacts with the external amino acid to form an amino acid-acceptor­

complex which is released into the inter:lor of the cel! where it dis­

sociates to produce free amino acid and acceptor molecules. Patlak's 

"gate" model for biological transport (11) proposes that a structural 

change may occur when 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 factor, some 

proteins have been separated from bacteria which are apparently related 

to the transport of sulphate in Salmonella typhimurium (12),j3-galactoside 

in E. Coli (13, 14) and the amino acids leucine, isoleucine and valine in 

E.Coli (15). Proteins could be dislodged from positions on the membrane 

by means of osmotic shock (12, 16). 

Christensen (17) hassuggested that there should be " •••• a 

shift of attention from the carrier concept tot"ard the concept of a 

reactive site on a protein molecule in the membrane, unencumbered by an 

insistence on its having enzymatic 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 7Ao 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 •••• ". 



-4-

.1.2 Historica1 View·of in vivo Transport 

Most of the early studies involved an in vivo approach to the 

transport prob1em. In 1913 Van Slyke and Meyer (19) conc1uded, that, 

since the concentration of amino nitrogen was five to ten times higher 

in the tissues than in the blood, osmosis could not be the on1y process 

by which amine acids were taken up by the tissues. Friedberg·and Green­

berg (20) found that intravenously administered amine acids which were 

rapidly removed from the plasma, were greatly concentrated in liver and 

kidney, and to a 1esser extent in skeletal muscle. The effects of fed 

amine acids upon the distribution of other amino acids between the in­

terior and exterior fluid compartments 1ed Christensen et al (21) to 

conclude that "amino acids compete with each other •••• for the means 

by which cells concentrate the ronino acids presented to them by the extra­

cellular fluid." 

The concept of a "selective permeabi1ity" of the smaH in­

testine was developed through the ear1y experiments of Hober (22), Redon 

(23) and Nagano (24) which shO~Ted that sugars were absorbed at very dif­

fereüt'ra:të's~' . ê-;:,:rr~(f5Y--süggested 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. Examining the rates of absorption of 

amino acids from the gastrointestina1 tracts of rats, Kamin and Handler 

(26) found that the presence of an excess of one amino acid almost in­

variably inhibited the intestinal absorption of another amino acid. Further 

evidence against simple diffusion came from the work of Rober and Rober (27) 

who, by studying t~le kinetics of intestinal absorption in rats, sho~led the 
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'absolute rate to be inde pendent of the concentration. They concluded 

that a specific transport mechanism must be involved. In addition to 

interaction between similar 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). 

Brain could also accumulate amino acids in vivo to intra-

cellular levels exceeding those of the plasma ( 28-30). Kamin and 

Handler (31) noted thatperfusion of anesthetized dogs with the dibasic 

amino acid lysine caused an increase in brain lysine. Injection of 

14 leucine-C 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. In 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 
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-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 corteJt 

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 (40), studying the partition 

of urinary nitrogen following the oral administration of various amine 

acids, suggested that a11 may not .be reabsorbed vTith equal efficiency. 

Subsequent work by Dot Y (41).indicated that certain amine acids, although 

structurally similar, may be reabsorbed at widely different rates. Com­

petition for reabsorption by the renal tubules was observed following 

the intravenous administration of such amine 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 reabsor.bed by the same mechanism 

as glycine and so these two amine acids, when present together, competed 

for the common reabsorptive system (43). Comparison of the renal re­

absorptive processes for several amine acids in the dog, led Pitts (45) 

to conclude that " the amine acids glycine, alanine, glutamic and arginine 
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-are in aIl probab il it y reabsorbed by a conunon mechanism and that the 

rather considerable variations in their rates of reabsorption result 

from differences in their rates of combination with sorne cellular com-

ponent common to the reabsorptive system for a11." It was only later 

that separate, distinct transport systems for neutral, basic and acidic 

amine acids were shown to exist in the kidlley. Much work has a1so been 

concerned with hereditary disorders of renal tubular reabsorption and 

these will be discussed in the section dealing specificallywith amino 

acid transport in kidney. 

Prior to the in vitro work ofBlg!n and Scholefield (46, 
, . . 

." .",.. " ," 

47, 48) a great many in vivostudieshadbeencarried outwith pancreas. 
.'. . '35 . . 

Wheeler et al (49) showed that when S-methionine .was given intra"; 
, . 

venously there was accumulation in the pancreas as weIL asiÏrthesma11 

intestine and liver. This 't'las confiiinedbyHanson and Ullberg (50) who 
. . . 

notedthat S35-methionine was alsohighly concentrated in otherorgans 

such as kidney, spleen, bone marrow and salivary glands. Sèveral other 

i id h 35 i 14 h 1 1" d 14 1 i am no ac s suc as S -DL-cyst ne, C . -DL-p eny a an1ne an C -g yc ne 

were similarly accumulated in the pancreas of mice (50). By means of 

autoradiographic studies, Leblond et al. (51) we:ceable 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 B&'gin and Scholefield (46) \>1ho found that the t3 -cells of the pancreas 

could be destroyed without any significant change in the amino acid uptalce. 

Dy means of w'hole body autoradiography (52, 53), it was shown 
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.that l4C-ACPC, an amine ~cid 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 

wasconfirmed 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 showed higher levels of ornithine, lysine, glutamic aCid, glycine 

and phenylalanine in the serum (57). It was suggested that ACPC, which 

readily penetrated the cells against a concentration gradient, could 

displace other amino acids previously contained in the cells. Further­

more, other amino acids such as dihydroxyphenylalanine-2-c14 (58), 

C14-DL-para-Fluorophenylalanine (59), ethionine (60), and DL-tryptophan-
14 C (61) were similarly accumulated by the pancreas as weIl as by several 

other organs. 

The ability of the pancreas to accwnulate injected amino 

acids has bec.ome an important diagnostic tool in the field of medicine. 

Se
75

-selenomethionlne has sufficient pancreas 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 ~l7hen Se 75 -selenomethionine 

was given just before or just after feeding, ~l7hi1e 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. 
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'1.3 General Features of Amino Acid Transport 

(A) The Effects of Concentration 

In Ehrlich ascites cells, elevation of the extracellular 

amino acid concentration resulted in an increased intracellular concen-

tration as weIl 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): 

where 

V max 

K 
m 

:: 

:: 

:: 

:: 

:: 

maximal rate of transport, 

intracellular and 

extracellular glycine 

concentrations respectively, 

the Michaelis constant, 

the diffusion constant across the cell boundary. 

At the steady state distribution the equation becomes: 

:: A 
K+A+I 

m f 

in which A is a constant, representing V~ax/Kdiff. 
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.This equation could be arranged to the simplified form: 

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 sorne cellular component and not due 

to a diffusion type of entry (64). 

Application of the lalvs 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: 

A 
A - A c f 

= 

Using this formula good agreement betH'een actual and theore-

tical values was ohserved, indicating that the competition between amino 

acids was of a competitive nature and that principles of enzyme kinetics 

could he 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 QIO for glycine of 3.5, fOl: alanine 3.2, 

AIB 3.5, leucine 2.5 and valine 2.7 in Ehrlich ascites cells, ~vhi1e the 

QlO for L-tyrosine uptake in isolated rat diaphragm was 1.4 between 27 and 
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.37oC (68). The uptake of t-tyrosine in sarcoma 37 ascites cells had a 

QlO of 1.9 when measured between 17 and 37°C (69). Tenenhouse and Quastel 

(70) pointed out that the QlO for glycine uptake was 1. 5 between 10 and 

° ° 20 C, and 2.41 between 25 and 37 C, thereby emphasizing that the QlO is 

dependent upon the temperature range used for measurement. 

The optimal temperature for the active movement of amino acids 

differs from tissue to tissue. For instance, the optimum temperature of 

uptake of tyrosine by diaphragm is 380 C (68), whereas the optimum for 

o t-S-ethylcysteine in Ehrlich ascites cells, is.25 C (70). In addition, 

incubation of 6C3HED ascites cells, in 'an ACPC containing medium at 26°C 

and 37.50 C resulted in identical intracellular amino acid concentrations 

at both temperatures (71). The decreased uptake of amino acids by ele-
o vat ion of the temperature to 40 C or higher has been suggested to be 

due to sorne 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), 

w'hile in brain sUces some amino acids were concentra.ted to levels slightly 
'0 above that of the external medium even at 0 C (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 tempe rature coefficient between 24°C and 32.SoC to be about 

8600 calories. This is much greater than the 4500 calorie heat of acti-

vation of fL'ee diffusion (65). Heinz (6l~) also demonstrated, using glycine, 
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.that the K value increased as the temperature was lowered from 37°C m 

° 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 ascites 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). In addition, there was a 

decreased efflux 'of preloaded amino acid as the temperature was Iml7ered. 

(C) The Time Course of Uptake 

Heinz in 1954 (6 /f) demonstrated that the relative uptake of 

glycine into the Ehrlich cell follùws the equation: 

Jl ::: U (l_e-kt) 
00 

where 

Jl = uptake 

U
ao::: the maximal uptake 

k ::: a constant 

t ::: time in minutes 

There was a very rapid initial'uptake of glycine into the 

ceU" 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 V-alanine 117as 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- Cl AIB and ACPC uptake the initial rate increased rapidly re- . 

sulting in about 70% 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 graduaI decrease in the intracellular concentration 

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

The extent of the initial rate is not always reflected in 

the ste~dy-st~te situation. For example, although in kidney slices 

glycine b;lJ both the highest initial and steady- state rate ~'lhen compared 

to 0( AIB, histidine and L-phenylalanil1e (78), Christensen et al (79) 

have shown that although 0( AIB had 1/3 the initial rate of uptake of 

L-methionine in the Ehrlich cell, its d~stribution ratio after 30 minutes 

was twice that of L-methionine. In addition, Finch. and Hird (80) with 

intestinal segments have demonstrated that amine acids with the same 

initial rate can have different steady-state levels. 

The time required to reach the staady-state level of amine 

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 cutve 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 phenylalanine 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)1 examining tyrosine uptake 

in isolated rat diaphragm, showed that although a pH of between 7.0 and 

8.0 generally gave slightly l~~er values than those between 6.0 and 7.0, 

the uptake was relatively insensitive to pH change. 

Although a large numberof amino acids reach higher intra-

cellular levels at slightly basic pH values (85, 67), the uptakes of 

c\,O\-diethylglycine and ct, 0( -dipropylglycine by the Ehrlich ceU 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, sinee the glutamate stimulation was not obtained wh en there 

was metabolic inhibition by DNP or wh en the incubation 'tolas carried out 

o at l 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 Reguirements for Transpor~ 

In the Ehrlich cell the structural features which partici­

pate in the bonding of neutral amine acids to the transport mediating 

system are the amine gr.oup, the carboxyl group and the nature of the 

side chain (67). Neutral amine ac ids were accumulated in these ce Us 

whether the amine group was ~ or ~ relative to the carboxyl group 

(89, 90), whi1e 10ss of the amino group resu1ted in compounds which 

were not actively concentrated. Amino acids such as proline and 

hydroxypro1ine were still transported, indicating that the amine 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 amine acids losing reactivity with 

certain routes by which they entered the cell (92). Replacement of the 

carboxyl group by a sulfonic acid grouping also resulted in accumulation 

(93), while complete loss of the carboxy1 group resulted in amines ~.,hich 

were transported in the Ehrlich cell (94),as weIl 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 be concentrated (91). 

Examining the amine group requir.ement in intestine, Spencer 

et al (97) found that glycine but not acetic acid was transported, thereby 

indicating that the amino group was essential. One hy~rogen of the amine 

group cou1d be rep1aced, although if the replacement group was too bu1ky, 

the resu1ting compound was not transported. Since~ L-a1anine, but not 

f3 -alanine was accumu1ated, they conc1uded that it was essentia1 to have 
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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 ter,tiary or quaternary 

state, and both hydrogens must not be rep1aced by methy1 groups (98). 

It was advantageous that the side-chain be of a non-polar nature, al .. 

though there was relatively 1itt1e restriction on its structure in order 

for transport to occur. In the case of cyclic amino acids of the form 

(CH
2

) NHCHCOOH, there was transport against a concentration gradient 1 n J 

when n was 2, 3 or 4, but not '{.,hen n = 1 (99). With non -cyc lic amine 
f acids of the form Y-NCH

2
COOH, (when 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 examp1e, 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 tèan the 

D-form. Comparison of the transport of the u-and D-isomers of lysine 

and leucine in newborn and adu1t brain slices showed that the L-isomer 

uptal~e 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 of tert-1eucine was very rapid1y concentrated, whereas with 

the D-isomer it was difficult to demonstrate a concentration gradient 

after 30 minutes. In the case of 837 ascites ce1ls,the D-isomer of 

tyrosine appeared to be transported to a greater extent than the L-form 

(69) • 

Using isolated rat intestine,Agar ~~ (101) noted that 
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'the L- but not the D-forms of histidine 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 of 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 EnergI 

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, cyaniùe, 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 40% with no significant effect on transport under anaerobic 

conditions, while iodoacetate inhibited the anaerobic transport of these 

two amino acids with no significant effect on the aerobic transport (70). 

The authors concluded that the "concentrative uptake of glycine and S-ethyl­

cysteine requires energy which can be supplied by respiration or under 

anaerobfc conditions, by glycolysis". 
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In brain slices 1 mM DNP markedly suppressed glutamate 

transport (39) and tyrosine transport (106). although 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 ofamino 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 brain contex slices (107), while 

glycine transport was inhibited to.the extent of 70% by·only 0.02 mM 

DNP (108). 

In brain slices the greatest 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 Blgin 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 

32 with P -phosphate caused a rapid loss of radioactivity from ATP w'ithin 

the first 5 minutes (110). Other work (81) showed that wh en 0.1 mM DNP 

was added to ascites ceUs after the ceUs had attained about 50% of 

the steady state with respect to glycine, radioactive glycine entered 

the ceUs at the sarne rate for the first 5-10 minutes as the ceUs in-
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'cubated in the absence of DNP. More recently Conway (111) has proposed 

that the ATP energy coup1ing is of an indirect nature through sorne in-

termediate other than ATP • 

. Studying the energy expenditure by active transport mechanisms, 

Heinz and Patlak (112), ca1culated that the energy invo1ved 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 membrane drove 

the transport of glycine. The use of cyanide and 2-deoxyg1ucose to in-

hibit transport and exchange fluxes in Ehrlich ce1ls has suggested that 

the linkage between the carrier system and energy metabo1ism ~vas 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 comp1ex across the membrane or to increase the rate of formation of 

the carrier-amino acid comp1ex at the outer portj.on of the membrane (8). 

A very interesting finding has been reported by Wink1er and 

Wilson (113) who shmved that in the case of ,B -ga1actoside 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 rcduced 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 mamma1ian 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 that 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 hum an cystinurics)and Robson and Rose (117) 

who showed that lysine infusions into normal patients caused increased 

renal clearances of cystine, "arginine and ornithine, while lysine in-

fusion into .cystinurics caused little or no increasein renal excretion 

of cystine, arginine and ornithine. Other workers have disagreed with 

the inclusion of cystine. Segal et al (118),studying the effects of 
.J.. 

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 ob~ervation 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 slices 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 that Schv1ëlrtzman 

~l (120) sho~ved that an increase of intracelll.llar cysteine in lysine 

and ornithine preloaded kidney cells was due to an inhibHlon of cysteine 
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'efflux by the dibasic amine 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 ~hat the mechanism of excessive urinary cystine 

excretion might be consideredto bedue .to impairedcysteine efflux, 

rather than impaired cystine influx. Ithasrecently been suggest'ed 

that dibasic amino ~cidentrymay: involvemore tha~ onecomponent, as 

demonstrated byRosenberg e~ al (121). ~.ith· L-<1ysineuptake. The two 

distinct transport systems ··for L-01ysinewere foundin kidney' cortex 
. . 

slices from both normal donorsandfrom pat:i.ent~. withcystinuria. 

In addition tothe dibasi~ system, there' fs a transport 

system in the renal tubulewith preférence for.d~è:1Illinocompounds (122) 

as well as a relatively specific mechanism for thèreabsorption of acidic 
. . 

amine acids (123, 124). As far as transport of .. theneutral amino acids 

is concerned,· evidence for a renal tubularsystemcommon ta glycine, 

L-proline andL-hydroxyproline has been presented (125; 126), ·although 

L-proline and hydroxyproline have a greateraffinity than glycine for 

transport in this system (126,127) •. Support for this classification has 

come mainly from studies of diseases of the kidney. For instance, in 

Joseph's Syndrome, proline, 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 amine acids, but no impairment 

in absorption of the cystinuric group of amino acids or of proline, glycine 

and hydroxyproline (130). In familial hyperprolinemia (126, 131) there i5 
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a specific hyperaminoaciduria comprising proline, hydroxyproline and 

glycine. Prolinuria occurred first, follotl7ed by an increased excretion 

of glycine and hydroxyproline in spite of a normal plasma concentration 

of these two compounds. To account for the excess of aIl thre~ compounds 

in prolinuria, it was suggested that proline competed with these ttvO 

amino acids for a common system in the rena1 tubule (126, 125, 132). 

Recent work (133) has demonstrated the presence 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 capacity and greater specificity. Both 

of these types appeared to be controlled by different genes. 

(B) Brain 

Slices of brain cortex incubated in a suitable medium accumu­

lated amino acids against a concentration gradient in vitro. Such accumu­

lation was found for L-glutamic acid (39), D-glutamic acid (107). l -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, skeleta1 

muscle or erythrocytes, whereas the brain took up L-tyrosine to a 1esser 

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). In contras!:, 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 acids 

in brain was less specific than 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 weIl 

as several other imidazole derivatives (143). , 

The accumulation of L- and D-glutamic acid into brain cells 
+ was accompanied by K movement and swelling of the cells, while in the 

case of GABA or f3 -alanine accumulation there was no change in the dist-

ribution of electrolytes and therefore no indication of cell swelling 

(77). These authors also showed that there was competitive inhibition 

between GABA and t3-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 animaIs. They found that adult brain slices accumulated 

L- and D-leucine and aminoisobutyrate to a greater 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 glutrunate 

had no inhibitory effect on L-DOPA uptake J there must be a specific site 

for this acidic amino acid which differs from the 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 L- and D-histidine, the uptake of 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-me thionine was present extracellularly. 

Abadom and Scholefield (146) concluded that there were several transport 

systems operating in rat brain cortex slices, each with its ovm speci­

ficity. A comparison of the specificities of the glycine transport 

system of brain and Ehrlich cells indicated that these t~.,o systems were 

quite different. 

Recently Blasberg and Lajtha (72) have examined the substrate 

specificity of steady-state amine acid transport in mouse brain slices 

and have concluded that there are at least six different transport sites. 

The amino acids using these sites were classified as: small neutral, 

large neutral, small basic, large basic, acidic and GA~. 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 secondary site of entry. Levi 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 braiTl 

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 sugg~sted that probably morè than one carrier was involved. 

(C) Ehrlich Ascites Cells 

In the Ehrlich ascites cell there is considerable interaction 

between aridno acids during the transport process (66, 148)~ Other ex-

periments (70) with S-ethylcysteine and glycine revealed different op­

timum temperatures of uptake and different inh:i.bitorY effectsof other 

amino acids. Based on these results, the authors suggestedthat Ua variety 
. , 

of carriers exist in Ehrlich ascites ceUs that are responsiblefor con-

centrative uptakes of the amino acids." 

Oxender and Christensen· (67, 74)' suggested that therewere .... , 

two types of mediating systems for the transportoi neutral ~ino acids ...•.... 

into the Ehrlich celI. One was termed the alanine-preferring system (A) 

and the other the leucine.,..preferring system (L). The former group in.,. 

cluded the amino acids alanine, glycine, serine, threoninè, proline, 

asparagine, glutamine and methionine, while the latter group wàs comprised 

of leucine, isoleucine, valine, phenylalanine and L-methionine. The over~ 

lap between. these two groups was very extens ive,' so that aIl, with the 

possible exception of glycine, might be represented in both groups. The 

alanine-preferring system (A) was shown to discriminate against branched 

hydrocarbon side chains, to have a high QIO 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 aIl for exchange, and to be most 

sensitiveto changes in pH or in the distribution of ions. The leucine­

preferring system (L), on the other hand,shQwed much g:reaterexchange 

diffusion,' a lower sensitivity to pH or alkali-metal ion changes, a 
. . 

~maller QIOthanthe(A)sYf3tëni,an:inc~~ased affinity as the length' 
• ,', • 1 ; .' .- ", • : • ; 

and bulk of the ." side·~hairi.~ashlcreaseci, : and .' a'steady~stat~ amino ac~d 

distribution ratio lower than that of aminoacids Usirig:the·alani~e,:"pre..; 

.. '. ferrin~ systetn(Al •.• 

;: :,":. ",,": .; ;.'". :, 

'Substitutiori of:asingleN-methyl; gro'-1p did not decr~é1se the 
',~: : '."", .' . 

. reactivÜ'y of amirioacids~it:h,th~ "A"group, but lai:'geiy:.·elimi~at~d." 
~. . ", .~'. '. :...' ",':. " . ' ..•. < . 

reactivity ~ith . the HLII.:groupanda lysine accèpting s.~s~.em:(92) /:The· 

authors u~ed the different. ~ffeC:tsofN.'.mêthyl~f:iol1;·à)t~eiimin~te the . ," . , . .'. . ." ," ,.' ..' ~: . 
':,'. 

:: " 

.' .•.. dOIU:i.n~te u'pt:akeof pherîyl~lanineby the L"systeni,:'so,'~1j~t.:i.tS . siower.Ùp~ .':' 
~ ," .;. ::: ;. • ., .-... '.,".', "". • • .. :~ ,",.". ',':,;:"' , • - - .' ": • • t : • • • 

tilkeby .theA~sysi:em ·could.bèdetected; ". (b).to·.:sYnthesize,N~mêthyi·:amino· 
: ··c • '. '.' ".: . :"".. ";:: • ! .. " ~. :".; " ,." .~. ..' : ", "" / .. :.. . . ,. ,,; .... ,' 

acicl.swhich 'coüld .be'us~d:·a~ inhibi.tor~ toèlimiriàtetlle'doü1Ïnant migration' 
. ,'; 

of alal1ineby. the "N'·' system iri',orderJ~oU:nèov~r btherr.linbr routés' of •. 

'. migration •. ,Their data indicatedthati'theinteiaction'between.neutral 
-," 

aminci. acidswas based lal-gely: on theirmut~~lsharing: of these routes". 
,:. .;': 

, .r,'" 

Jacqùez and.' Sherman .(8) have:!. reported cons iclerable .excha~ge .•.... 

uptake in cells preloaded ,.,ith glycine, L-prolineandL';~lanine, which ., 

iain 'contrast to the work of Oxender and Christensenwho fo'~rtdverylittle 

. stimulation of exchangediffusion via the A-system (67 , 74) •. The former 

" 
authors èoncluded that there wasnoreason to postulate the existence of 

two carriers, that in fact one cotild "relatediffetences among the two 

groups of amine acids as due to differences in affinities for one carrier 
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"and to differences in the ease with which, one'amine, acid displaces 

another from the carrier amino' a<:id , éompl~xii(8) ~",' 

,In 1964Christensen(149} prbposeda 'l~si~ea:cceptJng system 
:'", l,":'"' 

which served especially for,eritry of di~ino'adidsàn:dwhichdiifered ' 

from the (L) and (A) systems ,previ.ouSlyi~e~Cribed 'intoie~ating apQ-,'" 
.. " :", : " ,";':':: 

sitively charged sidechain, although it ret~:i.ned a:role'~ri:the trans-

port of neutral amino acids .. ":Thusthe d1am:lno'acicl >enteredby asyst~m 
which served only as an.additionalminor ~oute for the neüt:ral amino,' 

" :.', .... ";.,' '. , 

acids~ The mutuaf ïnhibition.'i;etw~en'c'atioriic and neu'tra.la.m1ûo acids " 

thus appeared tobe limite:d~im~~f:entirelY~to thehe~ system,whi~h 
accepted' amino acids whetheror not their'side-chaillscarrieda positive 

change. The transport oflysin:e was"great;ly suppressed by asuff!cient 
;" .' .,' ": :,.' -", ..... ,". ,": 

concentration of aimost' anyneutral éIDl in 0, 'acid,.whëreas, lysill'éwas able 

. . " ." ," ",. . 

amino acids. The majorportioll' of theeritryof th~se ~e~trai àminoa~id ' 

remained fully sensitive to either phe'nylalanineor "AIBeveninthe" 
. . . . . . 

presence of 50 mM lysine~ indiêa.tingthatentry byt,heA art sistem had 
, , 

remained esseritiallyintact:.' ,Furthern,tor~~the~edia:tëëiupi:a.keof'L-lysine 

(150) was composed of (a) a. porti~n: of ,~bout6Ô%which waseÙ.miIlatedby '.. :' ',' :.' , ,"., _ .. 

an excess of phenylalanine, (b)a secon:dminorportionel:lminated by 

various neutral amino acids, but .notbyphenylalanbeand:(c)another . 

minor saturable portion which could not be inhibited byneutral amino 

acids and whose rate wasdoubled in a Na+-.freemedi~~pChristense~and 

Liang have referred to(a) and (h) as the first and ~econd;lysine::-ac'~epting 
. . '. -: . 

systems respectively, and to (c) as the lysine-preferring system." ", 
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Several other transport systems have also been proposed. For 

instance, there is a system operating for the uptake oiel, 0( -diethyl-

glycine which has a higher uptake at pH 5.0 than at pH 7.4 (86) and with 

.respect to alkali-metal ion sensitivity, resembles the amine acids of 

the "A" system (67). Another system involves the up.take of Il-alanine 

which at ordinary concentrations occurs by a distinct system with which 

.the ~-amino acids are also reactive, although one that participates 

little, if at aU, in their total uptake (90) •• Kromphardt (151) showed 

that taurine, also concentrated in the Ehrlich ce1l, was hardly affected 

by ct -amino acids, whereas {J-alanine inhibited considerably and com-

petitively. He concluded that taurine was transported by a mechanism 

which differed specifically from. the one for the neutral ct -amino acid, 

while ,8 -alanine appeared to be transported by the mechanism serving 

taurine and the neutral 0< -amino acids. 

14 The transport of C-glutamate has recently been investigated 

by Heinz et al (152, 153) who showed that it ,,,as accumulated to a final 

ratio of between 1.5 and 1.6 after 1-2 hours. Despitc a high transport 

potential, the intracellular accmnulation remained low because it was 

limited by cellular metabolic utilization. They concluded that this amine 

acid, which had a higher uptake at acidic pH than at basic pH, ,,,as 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 invo1ved in amine 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 amine acid cou1d 

inhibit the intestinal absorption of another amine acid. This was fo11owed 

by a number of studies which indicated that severa1 amino acids cou1d be 

accumu1ated against a concentration gradient in vitro. These inc1uded 

ACPC and Ol AIB (154, 155)" L-cystine and L-cysteine (156), methionine 

(157, 158), L-histidine (159), L-monoiodotyrosine (160), as weIl as sever,al 

other amine acids (161, 162). 

When. a racemic amine acid solution was introduced into a loop 

of rat sma11 gut, the rate of disappearance of the L-isomer was greater 

than the D-isomer (163). Since then, severa1 in vitro studies have also 

dealt with this particular 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 ~t al (101) 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, 

histidine 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 amine 

acid carriers in the intestinal transfer process. Since proline and 

glycine were good inhibitors of each other, Evered and Randa11 (165) 

agreed that "it seems 1ike1y that glycine and pro1ine have a fundamental 

and primitive transport pathway ••• ". The resu1ts of Newey and Smyth (166) 

suggested that there were probab1y at 1east two carrier systems for.g1ycine, 

one of which was more susceptible to proline competititon and the other 

methionine competition. Based on other inhibition experiments, these 

same authors (167) conc1uded that in the intestine there was a carrier 

system common to glycine, pro1ine and methionine, and an additiona1 carrier 

for glycine and proline. Emp10ying hamster everted intestinal sacs, 

Spencer and Brody (99) studied the effect of Na+ lack. temperature increase, 

etc. on the transport of cyclic and non-cyclic amine acids. Although 

each compound inhibited the intestinal transport of the other, it l'l'as 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 acids 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 

neutra1 amino acids in addition to that of the imino acids. 

Studies on interaction between different groups of amine 

acids have shown that the basic amino acids have 1itt1e or no inhibitory 

effect on the neutra1 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 sorne neutra1 amino acids (161). They concluded 

that intestinal epithelial ceUs 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 systenls in intestine since, although they 

noted a small degree of competition between the neutral and dibasic amino 

acids, there was no competition by amino aei.ds of either of these two 

groups for the system which transported the H-methyl-substituted amino 

acids. The degree of neutral and dibas.ic interaction is iUustrated by 
amino the neutral~aëid tryptophan which is a substrate for both the diamino 

acid and neutral amino acid carriers (171). 

Recent in vitro work (172) has indicated 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 a~ (173) were in favour of the view 

that sugars lvhich were actively transferred, but not metabollzed, in-

hibited amino acid transport. Since D-galactose and J. .. -arginine were par-
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·tia11y competitive inhibitors of neutral amino acid transport, Alvarado 

(174) . has suggested that "all may share a common, po1yfunctional ci'lrrier 

in which a series of separate binding sites, ·one for sugars, neutra1 

amino acids, basic amino acids ~nd Na+ are joined together, as in a 

mosaic." AlI sugar interaction with amino acids need not be inhibi.tory 

as sho·wn by glucose (active1y transported and metabolized) stimulation 

of proline transfer, although no effect was observed nn the transport of 

methionine into intestinal preparations (173, 175). 

(E) Red Blood Cell 

Christensen et al (176) showed that there was a concentrative 

uptake of alanine by duck erythrocytes and of glycine, L-alanine and 

L-glutamic acid by human erythrocytes. DL-Alanine as weIl 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 erythrocytes wasrelatively insensitive to inhibitors of res­

piratory metabolism. Although rabbit reticulocytes had higher intra­

cellular glycine 1evels than plasma, the mature rabbit erythrocyte did 

not possess any concentrative abi1ity for this amino acid (177). In 

contrast to mature erythrocytes, the concentrative mechanism in the reti­

culocytes ,-laS inhibited by high concentrations of cyanide, DNP and arsenate. 

Subsequent work (178) on the migration of amine acids across the membrane 

of the human erythrocyte, indicated that there were three modes of up-

take: (a) a mediated transport used by almost aIl the neutral amino 

acids, preferring long chain amino acid~ 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-saturable 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 Christensen (84) in 1965 concluded that in the rab-

bit reticulocyte there were at least three transport systems for amino 

acids similar to the A-group of the Ehrlich cell (67), as weIl 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 

studicd on1y recently and so the avai1able data is rather 1imited. 
, 

Begin 

and Scho1efield (46) in 1964 demonstrated for the first time in vitro 

that amino acids such as glycine and ACPC could be accumu1ated against 

a concentration gradient in mouse pancreas and that such a system was af­

fected by anacrobiosis, DNP, ouabain and variations 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 1east three 

separate sites were invo1ved 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 served for L-methionine and L-ethionine entry. 
~ 

Begin and 

Scholefield concluded that "each is transported into mouse pancreas 
" , 

as a result of'combination with only one carrier 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 the se 

sites". Further studies (47) provided a fourth site for L-proline up-

take, since Lineweaver-Burk analysis indicated that proline was trans-

ported only after two molecules 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 pancreas of hyphysec-

tomized and adrenalectomized animaIs had a 50% reduction in amino acid 

accumulation without a significant change in the incorporation into 

prote in. 
-4 This accumulation was partially blocked with 5 x 10 DNP and 

the incorporation was completely blocked with puromycin without affecting 

the accumulation. They suggested that hormonal stimuli was necessary 

for the transfer of the amino acids without having a direct effect on 

the incorporation. 

1.5 The Role of Ions 

Many studies have stressed the importance of an altered ionic 

medium on the carrier-mediated uptake of amino acids. In 1952 it was 
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·found that incubation of Ehrlich ascites carcinoma cells in a glycine 

containing medium resulted in both an accumulation of the amino acid'. 

and a loss 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 intracellular K+ concentration' 

brought about a normal glycine accumulation by the Ehrlich cell. Based 

. + 
on the observations, a mechanism was proposed whereby K efflux drave 

glycine influx via exchange diffusion of extracellular amino acid for 
. + 
intracellular K • 

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 K 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 K+ fluxes 

observed." In short-term experiments, reduction of cellular K+ by pre-

+ . + 
incubation t.,ith K -free solutions 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 Rare (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 cxchange diffusion accounted 

for glycine uptake, then glycine should have a greater affinity for the 
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·carrier at the outer membrane and a lower affinity than K+ intracellularly. 

+ Also against this hypothesis was that in order for K to displace glycine 

from the carrier at the iriner portion of the membrane, the cell must 

contain 25 times more K+ than.glycine (183). In addition, since the 

energy available from K+ efflux was not sufficient to pump glycine inward, 
+ K efflux could not be responsible for glycine influx (183). These authors 

proposed an alternative hypothesis which suggested, instead, that glycine 

transport facilitated K+ transport. 

Since Ricklis and Quastel (184) first showed that the Na+ ion 

was required for sugar transport 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). In this view it was not the 

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

for coupling of metabolic energy to the carrier system for non-

electrolytes. Subsequent studies tended to disprove this latter hypo­

thesis of Csaky. It was found that a change in the Na+ concentration 

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

did not affect the V (189, 190). The hypothesis of Crane and his max 

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 Kwas low, while a K loaded carrier 
m 

l'TaS responsible for a high K value. The intermediate K values ob-m m 

~erved depended upon the relative proportions of these two species at 

any given time. Lyon and Crane (19l).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 consequence of a "downhill" gradient of Na+ 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 sugar were transferred to a medium containing no Na+ 

(thereby reversing the Na+ gradient),the sugar moved "uphi1l" out of the 

cells. This latter observation offered additional evidence that the 
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• "downhi Il " 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 Na+ ions as co-factors (193. 194) 

and alteration of the external Na+ concentration affected the K rather 
m 

than the V ,suggesting an effect of the ion on glycine binding to the max 

carrier (193). Cells which were lysed and then restored (195) were 

capable of accumulating amino acids only if a Na+ gradient existed and 

+ + reversaI of this gradient (high Na inside, high K outside) resulted 

in glycine being pumped out of the cells. This supported the hypothesis 

that the Na+ gradient furnished 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 V and K value. Subsequent work dealing with the role of max m 
+ Na in amino acid transport into rabbit red cells, confirmed this change 

in the V (197). In this system there was no saturable uptake of 
max 

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+ - K+ pump in human leucocyt,es (198, 199). It 

was found that + AIB, glycine, proline, and alanine required Na for 

-1+ 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 Ca++. 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 L-

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 and MeAIB the Na+ insensitive uptake is not 

concentrat ive , whereas with L-methionine the Na+ insensitive uptake is 

concentrative. These three amino acids showed both an altered K and 
m 

V value with changes in the external Na+ concentration, thus in 
max 

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

Removal of Na+ from the external medium resulted in a lack of 

ability of rat kidney cortex slices to concentrate AIB or glycine, whereas 

lysine and histidine were still accumulated,although to a considerably 

lesser extent (201). The entry of these latter amino acids appeared 

to be mediated by two mechanisrns; + one Na -dependent and ouabain sensitive 

and the other Na+-independent and ouabain insensitive. Segal 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) 

sho~ed that a lowered external Na+ concentration resulted in a diminished 
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, . 

-initial and steady-state influx •. Reduction 'of' the external Na+ con-
. . 

. centrationto less' thantheintraceIluïarcon~entration,catised an.' 
. . . . . ',", .. ' . 

increàse inboth~tei3.dy:-stateand initial ~ffï~x~The .. decrease in ,.' 

external Na +concé~tratio~:affected the. K '<~alue:~ butdid not alter .m·,· . 
the V ,therebyiriagreementwith the findirigsof eran.e .. andVi:~~ver .....•.••... '. ma~ 

(189, 190, 193) and in contrast to.th~ obse.rvations. of Ioui and 

Christensen(200). '. 

Inadd:ltion to the effectof Na+ on amino acid transport . ' 

in' thekidney,' recentstudieshaveexamined 'the role of other, ions~' : '. . . ,", 

·BrownàndMicha~1(203)have .. shown' that the net accumulation of in-
..... :" .::: :, :. :.: ,",. :., .... 

organicphosphate' in rat kidney cortex slices is inhibitéd by·.several: . 

neutral,aromàtic a~d'p6iarv .. or D-amino acids. The same. atltho~~Y', 
, . ..' . 

(204)'noted that in renal cortical slices from parathyroidect~mi2;ed 
rats, the net à~.cumulati~nof several aminoacids was inhibifedb;"a.· 

", . . '.'. :' .. ,.:. +f-decrease in the " concentration of Ca orinorganic phosphat~.,·, ...... " 

Several othersystems have been very brieflystudied with 

resp~ct to. the~elationshiP between the Na + ion and amino acid trans~ , 

port. Parrisharid Kipnis'(205) observed that&lthough' AIBentered . . . .' 

the rat diaphI"~gmviaa carrier-rilediated transport· systein in. the complete 

absence of Na+, it was notconcentrat~d intracellularly. The influx of 
.' . . + AIB was twice.as rapidin the presence of Na than in its absence, 

whereas the efflux was not changed by Na+. + Although the Na pump i6 

linked to amino acid accumulation, the exact nature of this relation-
. -5 ship is not completely understood, since a 1 x 10 M concentration of 

ouabain had no significant effect on AIB entry even though it markedly 
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, ' 

+ -depressed Nél pump' activity (205). 

. .... 
" 

:Prelurtinaryworkonami~o ac'id transport in bone (82) has 

shownthat glycine and .', AIB were still accUniulatedby ~ mediated 
. " '. . . . 

process in the. absence of Na+, 'but thatL-proÜne and,pydroxyproline 

ent~Y~~sl1èn~mediat~d resembling simple di.ffuSion veryclosely. 'In . '.. '. . ' 
.' " . . . 

the 'presEn~ceofNa+'the ~ino' a~ici~,glyci~e, AIB, L";proÙ.ne ~md . " ',. , ,,' .. ",,' .... ,.... . ;. 

hycï~oxyproUnewere mut~aliyinllibitory, whereas!n 'the' absence, of'Na:+'·' 
, ' 

'glycine and alanine still inhibited AIB uptak~, while' prolineand 

.hYdroxyprolinewerewithôuteffect.--Glycinè, ': AIB,andhydroxyproline 
, + '.' inhibited L-prollneuptakeonl;y in: the presence of externalNa,and not' 

. " . 

,.,hen itwas oniitted fram· the incubation, medium. 
,': " 

In the rabbit eye lens' (206) thetransport:;;ystemsfor AIB, "', .' .' .'. " . " . ," ':. . , 

, neutral,' basicandacidic amine acidsirivolve~oth :aNa+':'dependent'and . .': .".. . '.' '+ .'. '., ' + ,., .. a Na -independentcomponent. In the case of AIB entry one Na. per 
. .' . . amino acid appeared to function asco-factor, while a change in the ex-

ternal Na+ concentration affected the K value but not the V • In m max 
this, sytem Na+ had no eff<.::ct either on amino acid efflux noron the dif-, 

fusion constant for entry. 

The possibilityof a linkage of the Na+ - K+ pump .to amino acid 

transport has been ~trengthened by the observations that ouabain inhibition 

of the Na+ - K+ stimulated ATPase also results in a decreased amino acid 

accumulation in both singlecell 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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' .. + 
. that both .'. ouabain . addition. and K . omission from the ex!=ernal. medium, . 

. ,' .. 
stimulated insulin secretion from the{J -cells' of rabbit pancreas.~ 

Homo-exchange diffusion of L-methionine in Ehrlich ascites 

cellsap~eared ·to· beindepe~dentO{the presence ofeither~a+ or···K+ . ' .. 

(209) •. ' in contrast to these findings) the countertransport process.f0J:' 

alanine (in .or out.>. in.rélbbit:red?ells was dependent upon the presen~~.. .•.. . ' , . . .. . ~'. :.', . ;', ", .. ' .'+ .... . .'. + "'.: " . of Na . ; '. whereasvaline, whichhas a Na -independent uptake, was not '.'+: ......... > ','. : ..... 

affected by Na ions (197). This apparent discrepancy as to whether'" 

'or ilot'ionsare requiredfor' theexchange diffusion process as weIl 
. .... ,' .,:, , ... 

as the tran~po~t pr'ocess,. maypossib1y be due either to major differences' 

between the above two ~yste~s 'or,to a cà.tion requirement with only cert~i:n' .. · 

amirioacids. Perhaps iu"the EhrliCll ce1l, amino acids, other tha.ri L;'; '," " 

'.' ." +. ".:. '.' methionine,may show a Na ,-dependence for theexchange diffusion process~" 

; 

1. 6 Exehange Diffus ion 

A1though the term.exehange diffusion has been used with res-: 
" 

peet to an additiona1 mode of eutry forsugflrs" and'ami.no aeids ,itl.,as' 

originally introduced to explainion movementsaeross the' membrane bar­

rier(210, 211). In th,is 'proeess the carrier-ion complex mov'~dfroni the 

inner to the outer portion of the membrane where exchange of the bound 

ion for a free extracel1ular one oeeurred. This new eomplex then moved 

inward where another exehange of ionie species took place. The transport 

and exehange diffusion proeesses were thought to be mediatedthrough 

the same carrier system, with exchange resulting in no net transport, 

sinee as Ussing (210) had argued "the same number of ions will be earried 

; .. 

. " .. " 
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'from left to right as from right to left". 

, ' .. "~ 

In Ehrlich ascites carcinoma cells; preincubation of the 

cells with unlabelled glycine resu1ted in an increasedinflu"of·the" 
. .. " . "" '. . radioactive amine acid (64). This finding was subsequent1y.confirmed , 

by Heinz (212) in 1957 who conc1uded that "the kinetics:'of:thisëx-,i 
.. ." .. . 

change are consistent with the assumption that most' of the'ac~~ui~ted : 
glycine is free ••• ". From a comparison of the relativ~'~~tes 'of .·trans':'~,'·,,' 
port and exchange diffusion in this system, Heinz and Mariani (213) ," . . . . . 

. . ," .. ", 

calcu1~ted that the maximal transport rate was 10 J.lIllo1es pergm(dry", , 

t.,eight)/minute,' while the maximal rate of influx was 57pmoles per 

gm/minute. Therefore exchange diffusion was more thanfive timesas 
.. ." 

rapid as active transport. In addition, Heinz and Walsh (7)fo~hdthat 
'the efflux of amino acid increased proportionallyifthe i~tr~cell~la~ 

glycine concentration was raisedto 50mM.This;preloa~ing with;glycine 

resulted in an increased influx coefficient for glycinewithoutaffecting, 

the efflu~ co~fficient';They proposed a' sché~aticm~del" toexl'lain' the' 
, ' 

, process' of active" tran~port andexchange diffusio~'occurr.ing" simulta-

", . '", 

neously. As adopt~d .from ion exchange diffusion, thecarrier-aminoacid"" .. . . .' -

complex ~hich riloves fromtheo~terto inn~r p'ortionof the membrane re-

presents both extracellu1ar substrate boundtothe'carrier via the trans-

port process,and extracellular amino acidattached via an exchange 'for, 

the amino acid which the carrierhad picked up intracellularly. Once in 

the inner portion of themembrane,the carrier-amino aèid complex unloads 

only part of its amine acidlwhile the rest is exchanged with intracellular 

amino acid. In the former case the frce carrier instantly undergoe's 
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. catalytic tlinactivation~i .to prevent outward movement of an unloaded; 

active carrier (tb,isinactivationstëpis essentialf()r'accuinulation 

tooccur) •. '. In the. second situation the newc~r~ier-amino~cid complex . 
'".' . .' 

formedintracellularly .cannowex~hange. withmorë ext;~~el1ula~amino 
acid once again. .. 

; ,:., 

A study of the effects of lipotropic agents on the' trans­

port andexchange diffusion processes 'led Johnst~ne and Quas te 1; (214, 
.:::, .... 

'. 215) to éonclude th~t the Samecarl:1ers'were i~volvedinbot:lÏprocesses 
and ~hat "lipotropic agents . are inhibitory becauseof their~ssoè:::ÙltÏ.on 

. .' . ; 

with lipid components in the cell'membranecontrollingtransport"~> 

Jacquez and Sherm~n (8)found thatthe' transportf11.1xes,bu~.not ex.- .' 
'.. : . . . . . ' . . . changè fluxes were inhibited by a.number ofmetaboltcinhibi.tors. Their 

observations suggested thatthe linkagebetl~ee~ thec'arrier. system:and, 
;.,. '. 

energy metabolism was' such as to increasethe" rate ofoutward màvement' 

of free carrier. or to increase the rate ,of di~sociatio~of,carrie~-amino 
.. , .. , ... 

. acid complex at the inner surface of,themembrane." The linkagelV'asnot 
.'. .' to increase the'ratè of movement of carrier-amil1o 'acidcomplex across 

the membrane ort:o increase the rate of formation of the carrier-amino 

acid complexat the outer surface. 

Examining the. structural s'pecificityof the glycine transport 

system in this ceU, Paine and Heinz (148) noted that general1y compounds 

. which failed to inhibit glycine influx were also unable to'exchange with 

glycine, although L-alanine which .was an excellent inhibitor of glycine 

influx, failed to increase glycine influx if previously accumulated 

intracellularly. This effect was later studied in more detail by Oxender 
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'and Christensen (67, 74). The authorsconcluded thatamino acids could , ' , 
. " ". '>".... ", "'" ", 

be divided, intotwoseparate. groups on the basis,oftheir a1:dlity to' . , ' t' '. .• 

excha~ge. G()mpounds, ,suc1~as.val in~;;AGP9",aI1d i";;m~~hi0l1:inewère very.,. 

,.excellent excllangers, ,while thegrouPèco~prising' AIB, ,glycin~ ëind' .. " 
" . 

alaninewere very'poor as 'exC!hanging aminci. àcids •• ,' 

Upon addition ofseveral amine, acids such as ,ethioIline;etc., 
. , . , 35.'" . . toEhrlichascites.cellS'iri equilibrium with DL-methionine-S ;. there 

...... ,'" ",. ".".. , ". ;',.'. 

was ane~tensive lossofradioactivity followed by a slowrecoveryof :.:",. 

the lostradioactivit;y: (73). This was'explainedas,bei~g due toa"rapid' 

exchange diffusion, followed by' a rate ofre":entry detèrmined bythe 

relative· affinities ·,of the tivo 'aminoacids., Since exchangedif~usion 

invoIve s, the ~ovement ofa soluteacross a membrane instrictmolé~to-
mole ex'change forasimilar solute moving in the ,opposite direction, ." 

'Johnstone ~nd Schol~fieid,(73) ,examine~ the stoichiometry of the ex­

changepr~cess in this. system.' They found thattheratio of the rate 

of movement ofmethionineintothe cells co~pa~ed with the rate of 
'" '",'", , : 

m~~ement of ,et,hionine out Ylas 1: 1.,28.' ,The movement in t:he, opposite di-

rection" (ethionine in and methionine out). was 1: 1.20. These values were 
.,' . 

sufficiently close enough toa mole-to-mole exchange ràtio to satisfy ,., 

'. ,the criteria set forth for true exchange diffusion. ' 

Oxender and Christensen (67) obtainedaffinity constants of 

several amino acids for the exchange reaction in the Ehrlich cell by 

preloading the cells with an amino acid and then stimulating efflùx by 

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

',-, ," 
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·am.ino acids.valine.and methionine'had identical affinity constants 
. .' i· . . 'forb~th thet:ransport and ~xchjnge diffusion processes, causing the 

authorsto conclude thatthes~ .• ,minoaciclS< "sa~urated the driving of ".>' ,: .• ' .' .: ...: l .. · ..... ,.':' . ,.". . ". .. .'. .., ..... '. 
counterflow.whentheirconcentrJtion are. brought·to levels that also 

1 . ' . 
saturate theirovm migrations". \ ~0w.ever,. other aminoacids.such .. as 

AIB,. alanine and glycine had~m values for :excha~g~ diffusi~n~hich 
VIere many fold greater than those for transport. Oxender and Christensen 

. coÏicl~ded that "sinee the Smallfri~ing of the ou~ward ~~gr~tioIl bythe 

amino acids in the external position i6 nearly linear up to: 70 mM, 

whereas the K values for their uptake' are 0.5 to' 0.6 ·mM,fn d~ivi~g" m . 
exodus they must be rea~ting with a chemical site other than i:heone 

by which they enter the cèll". 

. '.' . . 
,.;' t " •• :" "." ," .' Exchange diffusion has been studied in a number of other. ,.' .. ' . 

" . . .... venously or intraperitoneally entered the circu1ating blood and~x~hanged 
," ,,' ", . rapidly with the. free lysine of the brain. Subsequent work (2l7)de-' 

monstrated that the exchange rates of amino acids were stimulated by . • 
increasing the amino acid concentration in the brain. Nakamura (145) 

showed in vitr~ exchange diffusion between histidine and DL:"methionine 

in rat bràin slices, although exchange was seen on1y when histidine was 

present intracellularly. The ratio of the 10ss of L-histidineto the 

entry of DL-methionine wasca1cu1ated by Nakamura (145) to be 1: L09 • 

. In thisinstanceonly the total stimu1ated values, which included a 

quite considerable transport component, were used. Substraction of this 
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transport portion would resuit in a ratio approaching 1:2. Further, .. 
there was noeffect of ouabain on exchange diffusion in rat' brain cortex 

slices (218), which i8 in agreeme~twith the ,observation t~ations are 

not required for the exchange diffusion of~ino ,acidsin: Ehrlich ascites 

cells (209). 

Levi et al (147), examining the substrate specificify of ce-

rebral amine acid exit in vitro, noted that with AIB 1ntracellularly, 

the greatest effect was obtained when AIB itselfwas presént':extracel-, 

lular1y. Significant increases in AIB effluxwere also obtainedin the 

presence of glycine, alanine and ACPC. Leucine whenpresent'intracel­

lularly, was a very poor exchanger, while in the case'of L-lysine intra-

cellular1y, the large basicamino acids hadthe greatest effect. This 

was in contrast to the neutral and acidic amine;; acidslolhich were quite 
. '. . 

poor. In the case of glutamat~' intracellular1y,t'here'was almost neg-

U.gib1e exchange with external neutral and basic amino acids, ,but quite 

good exchange with acidic amino acids. 

Using everted sacs of ~at 1ntest:in'e, Mochid~ et al (219) showed 
in vitro that L-histidine and'L~mêthionine exchangedthrough the intestinal 

wall. Their resultssuggested thatexchange diffus,ion, occurred from dif­

ferent compartments of the preparation at varying rates. Preloading of 

the smaii intestine with'leucine resulted in astimulated uptake of lysine 
(220), while tryptophan entry was increased by methionine, leucine and 

sarcosine (171). Since the stimulation of lysine uptake by leucine ",as 

obtained whether the intestine was preloaded with leucine or whether 

leucine and lysine were present together on the mucosal surface, ~funck 

(221) explained thisphenomena in terms of the combined function of the 



-48-

-transpoft mechan:lsmsofthe neutraland 'dibasicamino acids •. He concluded 
. , . . . . ," " . 

" : :",' .,' .:::'. . ... : ... .': " ... ," , . . ". . 

' .. ~hat l'ofthetwo transport mechanisms, that of the neutral amino acids 
... ".", ~ .' . . 

createdandmaintained, on the serosal side •••• a concentration of leucine 

sufficient to exert a counterflow effect on the transport of lysineby 

the.transport mechanism of the diamino acids". 

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

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

diffusion, whereas neither cystine nor :cysteine exchanged with the'se di-

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

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

leucine or valine did not significantly increase the uptake of lysine. 

These same authors (223) reported that anaerobiosis and ouabain had no 
. '. '.' ..... + 

. effect on exchange diffusion of the dibasic.amino acids, and that a Na -

dependence for exchange could beobtained. Theyalso noted·. that . the 
. - . . 

exchange uptake of lysine was not a1teredat.reduced temperatures, while 

"exchange diffusion 'of arg:lnine was markedly inhibitedat 2i~c.· 

In thered bloodcellthere are membrane èarriers to facilitate 

the' equil ibrat ion of intracellular 'and .ex'tr~cel1tIlar· substrateconcentra-

tions, withoutthe expenditure of energy •. Thus there is facilitatCd dif­

fusion without the intrace1lular accumulation observed in active transport. 

Rosenberg and Wilbrandt (224), by equilibrating red blood ce1ls with a 

14 penetrating sugar (C -glucose) and then adding a second penetrating sugar 

(un1abelled glucose or mannose), have demonstrated an uphi11 transport 

of glucose induced by counterf10w. This latter process appears to be iden-



~49-

• tical l-lith the exchange diffusion mechariism shown in various mammalian . 

systems. They concluded that "flow-induced uphill transportis'a feature:· 

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

in systems in which the substance is bound to afixed membran~c~'mponen:t, 
although such a system may yield identical transport kinetics". :r.eFe~re·'· 
and McGinniss (225) in 1960 confirmed these findings by first equilibra- .. 

14 . ting cells with unlabelled glucose and then adding C -glucoseto follow 

the entry of the tracer. They found that. the speed of the tracer-.movement 

in relation to the speed of net uptake was about 50 to 100 times more 

rapid than that existing in a simple diffusion process. In addition, 

hetero-exchange diffusion between sugars is also possible since when 

glucose was added to cells equilibrated with sorbose, the intracel1ular 

sorbose moved out of the ceU against a concentration gradient (226).' 

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

D-xylose ~vere present in the medium, whereas in the presence of D-fructose, 

L-sorbose and D-arabinose, the efflux of D-glucose was much slower (22]) •. 

A kinetic comparison of exchange traneport with non-exchange 

transport of sugars in human erythrocytes shotved that in the· former case " 

th13 V and K increased with rising temperature, whereas with nO'Il:"ei:' max m 

"", . 

", ' 

change transport the V increased, while the K remained unaltered: (228). ' ' max m 
. 

'" The K value for exchange diffusion with galactose as the substratewas ' m 

seven times higher than the Km 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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'Objectives' ~f the Preserit Wor~, 

The total movement of. an' ruriinoacidinto, aèellcall"~e're-: 
garded as the sum of three separate'prcices~es,l"lamely:si~ple diffusion, ' " 

':; . . ,,";. . ';: "," 

active transport and whendemonstrable,e~charigediffusicin." :Thê present' , ,:' 

work will, first of aU, examine the cha~acterist~cs' o{a:ndfh~,'factors ", . .' ;. ", .. " ...... . 

influencing both Na + -dependent and Na + -independent ~ctivetran~port::~~~ .. ' 

mouse pancreas. Secondly, the tissue will be studiedwiththeobJ~cti~e, ""." 
being (a) to provide evidence for pancreatic exchange diffus:i.on,' (b},to' " 

, .' 

examine the factors affecting and controlling such a process~and {~) 'ta> 

indicate the possible similarities and dissimilarities between this ,', 

phenomenonand carrier-mediated a~tive transport. 

" ' 

.' ' . . ..... 
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CHAPTER 2 

2. l Ainino:Ac ids . . . ",.' 

, . " ... ' ... "',' 

-:, " 

" .•. '. ,.. 14 '. '.. ' .... 14" '14 .' .. 
Glycine-l-:C ,V:-proline-C(U), L-Iysi.ne';'C (U) ,andL- .. . '.' .. '. ' .................. "'14' 

..... methl(mine.-methyl-.G 'werepurchased from t~eRadiochemical Centre, 
, : ':, . ",", . .';"... ..' 14· . '.. ,'.... -'14,'-Amersham, England~ L-Tryptophan-3-C, 0( -aminoisobutyric-l-C ,'. acid, 

'. 14 acid -. carboxyl-C . and ·"(-amino.: 
l':'amino-cyc lopentane -l:';carboxylic .' . " '. . 

, , '. ' .. : '. '14 . 
. butyr1c-I-C. acid were obtainedfrom the New England NuclearCorporation, 

,:i 

Boston,-Mas'sachusetts, U.S.A.' Stocks6lutlons were' preparedby dissolving' 

the radioactive aminoacids in either 5 or 10 ml of distilledwater., . 

The aminoacid solutions used in these studies.were prepared 

bydiluting an aliq~ot of the stock solution and adding sufficient un-

labelled amino acid to give a concentration of either 30 or 60 mM, with 

, specific activities rangingfrom 50 cpm/m~M to 400 cpm/~M. ALI solu-
o tions were kept frozen at -20 C and thawed oüt immediately prior to use, 

thereby preventj.ng any bacterial growth or deterioration of the ami.no 

acids. 

The unlabelled amino acids were purchased from Nutritional 

Biochemicals Corporation, Cleve land Ohio, and were used without further .. 

pur ificat ion. 

2.2 AnimaIs 

Male Swiss white miceweighing .between 20 and 25 g we:re used •. 

throughoùt these studies. Resulta obtained with animaIs weighing in ex-
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'cess of 25 g didilot differ significantly from those obtained wi'ththe. 

20-25 g mice. 

2~3 Preparation of the Tissue 

The mice were killed by cervical dislocation and an incision· 

was made to the left of the mid-line on the ventral side. The pancreas 

and spleen were removed as a single unit, the spleen discarded and the 

pancreas placed on a Petri dish filled with crushed ice in order to keep 

o 
the tissue atatemperature of 0-4 C prior to incubation. When spread 

out, the pancreas assumed a "horseshoe" shape and several thin strips 

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 Incubation Conditions for Transport Studies 

The strips of pancreas were incubated in a calcium-free Krebs-

Ringer solution containing 145 mM NaCl, 5.8 mM KCl, 1.4 mM KH2P0
4

and 

1.4 mM MgS0
4 

buffered with 10 mM sodium phosphate to a final pH of7~4. 
+ . 

For the Na -free incubations, the NaCl and sodium phosphate buffer wel;'è 

replaced by equimolar concentrations of choline chloride andtrischi~ride 

buffer respectively. The final volume in all cases was 3 ml. .The ves-

sels were·gassed with 100% oxygen for 3 minutes and the incubation was 

o carried out at 37 C in stoppered 25 ml Erlenmeyer flasks in a water-

bath shaker. The length of the incubation varied from 30 to 90 minutes 
. . ",' ,'". 

depending uponthe 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 reinoved·· 

from the water-bath shaker and placed in a tray containing crushed ice.· 

The 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 

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. In practice, standards of the radioactive amino acid 

solution were prepared and counted along with the samples in each ex­

periment. In addition, at the end of the incubation period, mouse pan­

creas from other species and salivary glands of mice and rats (Chapter 3) 

wereprocessed in exactly the same manner as mouse pancreas indicated 

above. 

Couriting was carried out using a series 3000 packard Instrument 

Company liquid scintillation counter. The aliquots were counted in glass 

vials.containing 10 ml of a scintillation mixture consisting of 5.0 gm 

2,5-diphenyloxazole (PPO), 50 mg 1,4-bis-2-(4 methyl-5-phenyloxazolyl)­

benzene (dimethyl-POPOP),and 80 gm naphthalenein Llitre 1: 1: i. (V:V:V) 

toluene :dioxane :ethanol. In aU instances 0.2 mIs of the TCA soluble 

extract was counted and any error due to quench variation was not en­

coùntered. 



-54-

The counts per minute (cpm) thusobtained were corrected 

for background, multiplied by15 (0.,2 ml s~ple 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 1 
(to correct for the amount of water 

in the tissue) and finally divided by the specifie activfty of the amino 
c;.-, acid (cp~/pmo1e) to obtain results expressed as fJffiolesof amino acid 

taken up per gram tissue water. For these studies ft 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 con-

sisting of an aliquot of the working solution made up in Krebs~Ringer 

phosphate solution in a vial containing 10 ml of the scintillation mix-

ture. AlI the uptake results quoted are the me an values of at least 

five separate determinations except in the case of the kinetic studies 

where a larger number of observations were used in order to insure 

greater accuracy. 
" :" 
. ',' :'," ,;" 

,,' 
',. ,": .. 

2.6 Estimation of the c1402 Produced ... ,", . 

These'experiments were carried out in 25 ml Erlenmeyer flasks 

in which 0.2 ml of Hydroxide of Hyamine 10-X had been placed in the center 
.' ". 

weIl. The reaction was terminated by injecting 0.2 ml of 30% TCA through 

the rubber stopper into the main compartmentand allQwing the inèubation 
, 

, ' " to proceed for another 15 minutes to insure the .complete reaction of the 

c1402 With the HYamine. The contents of the center'well were then removed 
and counted in 10 ml of scintillation mb:ture as prcvj.ously described. 

l 
This value vlas obtained by drying tissues to a constantweight and taking the dry weight/wct wcight ratio. 
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,2.7 Measurement of the Influx Exchange Diffusion.' 

.",.", .,' .' .... 0 ........ " .. ' .. ' 
The strips of pancreaswere incubated at,37 C in oxygen 

gassed 25 ml Erlenmeyer flasks in the presence and. absèIJ.ce of'a,_su:i.t~ble·· 
, ... 

concentration of non-radioactive amino acid. This' result~d in a d~:sir~~ . 
level of amino acid in the tissue.. At the end, of the incubationperi~d, 

v .. 

the amino acid "loaded" and "unloaded" tissueswerë.removedwith-forceps;'< 

washed in 8 ml of ice-cold saline and' freedftoln excess ,moisture by pas';;" 
. . .'. ; . 

oing the strips along a portionofparafilm. . The tissve ~as then .tr",,:-,. 

ferred to a new oxygenated Krebs':'Ringerphosphate m~diumcontaininga> 

radioactive amine acid and the- incubation mis carried o~tat i5oëfor' a: .' .. ' ." 
~.' . . 

desired period of time. Theuptake of radioactiveaminoacid by the­

"loaded" and "unloaded" tissues was then determined as previously des .. ', 

cribed. 

2.8 Measurement of the Efflux Pert ion of Exchange Diffusion' .' ,," .:. : ... ", 

,",; .-

.: ", 

.> .... 

'".-. 

The preincubation was carried'out at37
0
Cin2Sml'Erlenmeyer 

:.~. :" .' .:':",: 

: . . . '. 

flasks al! containinga labelled amine acid. The ... periodofincub,ati:pn ,.". ,", . 
. ...... .:'". . . ' ..... ", 

ranged from 60 to 90 minute's dep~rtding upon the particularamirto~~id •. " 
" .. ,' } , ...... '~ .. ',", -.. ," 

This resulted in au ,exact level of radioa~tivity intracellularly~' 

tissue w~s. then- similarly~e'moved,'was'hèd,. freedfroril exces~<~oisttire artd 

transferred to a newoxygenated medium 'in thèp'i-esence and' absence of' 
, . . . '. . . . 

unlabelled amino acids •.. '. 'T~issec~nd ,incubationw;s'~arried'outat 150 C ,.' 

using a large volume of external medium' (9ml)inord'er to minimize the 

possibility of reconcentration. In experimentswhere the initial con-

centration of radioactive amine acid in the tissue was greater than 10 mM, 

. ,0: 



-56-

. the volume of the external mediumwasinereased aeeordingly in order ." 

to maintain thesame dilutionfaetorfor~th~exitinga.nîi~o.àcid.<>· The 
\,"i ""', 

efflux of the labeUed amiilo .• ae·id .. w~s:'foÙowedbytakingaliquots>()f 
' .. '. ",' ., ,~.~": .' ." ... " " , : .. ,; ",> . ';.' .;. 

th~ externâlmediumat defirdt~. time<iriterVals,:ànd~ou~ti'ng:aspre ... 
, . ,',' . . ,', . '..' . ..~' ".'." '.' . " 

vious lydeseribed~ . ,.,' .' 

'The eo~ee~tration'OfaminoaCidCXiting, fr'om the' panèreas, 

wasC?alculatedas f6liows: ···.thefirs1: .O.2inl aliqtlotl-lasmiàtipl:ledl;y .... , •.. 
. . . " ", ' . . : :", ~ .":.; '.". 

45 te obtain the total cpm in the 9' mi'ofexternal mediùm. Subtraction" 
.'.; ;,:" ":"' :'/ ( .. ':: .... "'- .....• ' : .:'" . "'! ," 

of thé amount·of radioaetivityiri thisa,liquot f~~m, thetota.leffÏuX:', 

gave the radioactivity(epm)relIlaining 'in '1:h~ incubati~nmedium •.... 

'Subsequently, another 0.2 ml sampleofthe medium was' removed, several 

"minutes later and the ra;dioaetivity' inthie • aliquotwasdeterm1.ned. 
'" " 

The total. ~edi'll1Il r~di6activit:y (cpni) w~sthencalculated by m~l~iplying" 
. " . , ,. ' . ~ . 

the epm of thealiquotby 44 (sinee nowthevolumeofexternal mediUm 

was 8~8 ml). '. Th~ radioaetivitywhiehhad·éxited in the secondirÎterval 

of time w~s obtainedby subtraction of the cpm of thé medium left~fier . '. 

the first aliquot from. the total medi,uincpm as determined by. the eéeorid .... 

. aliquot.Similarly the remaining medium radioaetivity was again ob;' . 

. tai'ned by subtraction of the'cpm removed in thesecorid' aUquot fr()~ thé 
.'. ' • < •• 

. caleulated total cpm of' the medium. 

. ", ... '. :' 

Then once ~gain.~ third'~iiquotat 
" . ," .". . ." '" " 

adefinite time will be. takenfrom ail e~t~rnal me~iumof8.6ml •• By . 
. ,'.;, '.: '" . ',' ,-

this method it was possible·tocalculate the total cpm,leaVingthe.tissue 

at specifie time intervals. This figure was then multiplied byIOO~/the 

l'leight of the tissue in mg, and divided by 0.75 (to correct for the 

amount of water in the tissue) and the specifie activity of the amino 

...... 
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• acid, in or der to determine the conceritration 'of thissubstrate in the 

tissue. Therefore the amount of substrate leàving' the pancreasis 'ex,:, 

pressed as pmoles ofaminoacid/g thsue water. 
, ' , 

. .' : . 

After the lastaliquot ~he tissue was removed;'Was?ed~: honio~ 
, . ". 

genized in 3 ml of 5% TCA,andthe concentration ofamino,acid in the'" 

TCA soluble portion det'ermined. Thhvalue~as thenaddedtothe:total 

amount ,of effluxed, amino acid"inorder,tode'termineth~ initi~l,'con~ ';)" 
. ~' .. 

centration ofaminoacid' iu'"the'tissue pr10rtothe ,'starto;f th~ secoItd" ' 
.; .'.", ... 

incubation. Only when 'thesetotalsw~re identical could a',validc'om~'/ 
',' 

parisonbè made betweentherelât:'ivèeffects of different"ejcteirnal~in~. 

acids.' , Allefflux valu~s, reported in Chapter 6 represent' the, mean of at" 

leastsix determinations. 

The TCA soluble extractwaswashed 5times with 5 mlpo:ttions' 

of ether to remove aU of the' TrA. Thesample wàsevaporatedto dryness 
." '.' , 

and the residue was t:aken,up in 0.1 ml of 95% èthBno1.portions-ofthe 

extract were spotted on ',10 in x 9 'in sheets of Whàtman No.lfilterpaper 

and the chro~atogr~mswere nin.in an ascending fashion insec-butaIto1: 
. , 

. '. ' . 

90% formic acid:water (100: 15:25). for 16hours and in the second dimen- . 

sions, tert-butanol:methyl-ethyl~ketone: ammonfa:water (50: 50: 15: 25) for .',. 

another period of 16 hoùrs~ The'chro~atograms were exposedfor7days on 

Kodak Blue Brand Medical X-ray film and compared against ,standa.rdsto 

determine whether there was morethan'oneradioactive area.' Rad{oàêtive 

scanning of the chromatogram before and after chromatography gave a value 

representing the percent age of amino acid still unchanged. 

",.:. 
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, CHA.PTER 3, 

THE 
TRANSPORTING TISSUE' ,,' 

-"'".'" 

Blgin ,and Scholefield'(46-48) d~mo~strat~d i~"itro 'that', p~I1crea; ," 
", '.. ..' ~ ~: . fromnormal Swiss' white mibê~èt:ively'acculnüiated'~êv~tai,~i~~.aéids ,',',' 

, , ~gainst aconcentratiOll' gradient. The • presentpreli~inary" st~dies :w~i-e,. 
, " '. :J" . " .. ,;' ',concerned with (A) theuptake' ofam:f.no ~cidsby m~~~e:pancreas urider:dif-

' .. :, ," ferent', condftions; (B) thè~ coné~ntrati~~abiii~yof mou~è pancreas com-
o' ~. " 

,," ,.', 

"paredto 'that ofotherexperi~ent.Ùknim~ls;and (C), its ,transport capacity" . . ," . ,-.; ...... " r~lative to a normal' ~is~ue~f s·iInilàr'struèt:ure. 
:·f: 

\.'"; . 
3. t • Amino Acid Uptakein Swiss WhitèMice 

ACPC; a non-metabolizable amiIl~ acid, '. was used asamodel sub­
strate' in these studies" Ascanbèseen in Table l, S~:lss whit~ mic~ 

, ' weighing 20 or 40 g, whether,onaregular dietor fastedfor 72 hours , 

' prior ta experime~tation,'gave almost:'identical uptakes.However, .amino 
acid aècumuL:ition in pancreas ofnewborn mice was approximately 32 per, 
cent lower than that of,the adult, while pancreas from adult mice bearing 
an Ehrlich ascites carcinoma ,tumor showed a much greater reduction,in 

, 
' 

, the concentrative process. An.increased amino acid uptake'couï.d not be 
demonstratedas a result ofalteration of the physiological state of 
theexperimental animal. 

3.2 Concentrative Ability in Various Specles 

In these studies(Table2), s'everal natural andunnatural amino 
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'TABLE 1 

'.... 14 ........... . 
ACPc-C Accumulation by MousePahcreas 

Source 'of Pancreas Uptake(J.lI11oles/g 
tissue water) 

20 G. Mouse 16.2 

40 G • Mouse 16.0 .. " .. 

Fasted Mouse (72 hours) 16.1 
.. 

Mouse bearing an Ehrlich 
ascites .tumor 6.1 

Newborn Mouse (1 week) 10.9 

The incubation was carried out at 370 C for 60 minutes with 
·2 mM ACPC - C14 in the external medium as described in 
"Materials and Methods". AU values in this and subsequent 
tables represent themean of at 1east fivè observations un­
less otherwise indicated. 
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r", 

TABLE 2 

Comparison of Amino Acid Accumulation by Pancreas from Various Species 

Source of U p t a k e ( pmoles/g tissue water ) Pancreas 
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 

Ruman pancreatic 
tumor 4.9 4.6 4.2 -

-f+ . A Ca -free Krebs-Ringer phosphate medium containing 2 mM radioactive 
amino acid was used throughout. The incubations l~ere carried out at 
370 C for 60 minutes as described in "Materials ar.d Metbods". 

With dog and human, slices were used, while in the case of mouse, rat 
and guinea pig sm:l,ll strips of pancreas were employed. The uptake was 
calctilated (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 for accumulation, although in several 

instances this was almost equalled by rat pancreas. In contrast to 

mouse and rat, guinea pigpancreas did not accumulate aIl the neutral 

amino acids very weIl as indicated by distribution ratios (tissue con­

centration/meditim 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. In the case of the human 

'pancreatic tumor, uptakes of the several amino acids were extremely low 

compared with the other pancreàtic 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 us'ed since it undergoes negligible metabolic trans­

formation. The values shown in Table 3 are expressed aiS a percent age of the 

,uninhibited AIB uptake for mouse, rat and guinea pig pancreas. Several 

similari,ties and dissimilarities are evident. In the case of the aromatic 

amino acids, L-tryptophan and L-phenylalanine, a much greater decrease 

was seen with rat pancreas than with mouse or guinea,pig pancreas, indi­

cating that in the former system there was a greater affinity for the site 

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

14 The Effects of Several Amino Acids on the Uptake of AIB-l-C bX Pancreas 

from Various Species 

Pancreas 1 
.' , Guinea Pig 

Amino Acid Mouse Rat Pancreas Pancreas 
Added (A -Af ) % (Ac -Af ) % (Ac -Af ) % 
(5 mM) cmM Control mM Control mM 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-Pheny1a1anine 15.5 86 11.9 71 8.3 97 

L-Tryptophan 16.9 94 11.3 67 8.8 103 

L-Proline 10.8 59 12.0 72 3.8 45 .. 

The incubation was carried out at 370 C for 90 minutes as described in 

Table 2 and "Materia1s and Methods". The AIB-1-C14 was present at an 

externa1 concentration of 2 mM. The type of tissue preparation and 

total water content of the tissues were the same as described in Table 2. 

Ac and Af are the tissue and extrace11u1ar amino acid concentrations 

res pec t ive ly. 
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• and guinea pigpancreas were affected to the same extent, while mouse 

pancreas was slightly more sensitive to inhibition at this concentration. 

In the presence of ACPC and L-proline the least inhibited of aIl three 

appeared to be rat pancreas. Thus there are not only maximal uptake dif­

ferences, but also several dissfmilar patterns of interaction among ami no 

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 

acin:I:-, each comprised of cells surrounding a central cavity into which 

the glandular secretion is received. The duct leading from one follicle 

joins a similar one from a neighbouring follicle to form a larger channel 

which unites in turn with others of the same size. Successive unions 

of this kind result in the formation of a system of ducts with the secre­

tion being discharged 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

cumulation was concerned. In this series of experiments (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 pancreas of both animaIs. 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 (pmoles/g tissue water). 
External Medium Mouse Sali- Mouse Rat SaU- Rat vary Gland Pancreas vary Gland Pancreas 

ACPC _ C14 
2.5 18.2 2.9 15.8 

Glycine - C 
14 

3.1 21.5 8.0 16.7 

Glycine-C 14 
+ 

6 mM AIB .. - 5.5 -
1. 14 G yC1ne-C + 

0.1 mM DNP - - 5.8 -

The incubation was carried out at 370 C 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 82%, mouse pancreas 75%, rat 
salivary gland 83%, and rat pancreas 75%. 
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. (not quoted) with the sublingual gland (a salivary gland) also showed 

a much lower amino acid uptake than the pancreas. 

SUMMARY OF CHAPTER3 

(1) Swiss white miceweighing20 or 40g, whether on a regular 

diet or fasted. for 72 hours prior t~ experimentation, gave 

almost identical values for the accumulation of ACPC. 

(2) Pancreas from newborn miceand adult mice bearing an Ehrlich 

ascites tumour gave loweruptakes than p~nc:reas from normal 

adult mice. 

(3) Mouse pancreas showed a greater amino acid accumulation than 

rat, guinea pig, dog or humanpancreas. 

(4) Comparison of mouse pancreaswith pancreas of other mam­

malian species showed that there were both similarities and 

dissimilarities .in amino acid interaction during transport. 

(5) The uptake of amino acids was greater in pancreas than in 

the salivary gland. 
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CHAPTER 4 

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

4.1 The Time Course of Uptake 

Since the studies in this and subsequent chapters require the 

estimation of tissue radioactivity at steady-state 1eve1s, a time course 

of uptake was undertaken for each of the individua1 amino acids. These 

resu1ts are presented in Fig.1. In the case of L-tryptophan and AIB, 

the steady-state level was reached in approximately 90 minutes. A1though 

L-lysine was not accumulated to the same elevated 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 separate 

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 Btgin and Scho1efield (46-48), 

and the periods of incubation are: glycine, ACPC and L-methionine, 60 

minutes; L-proline, 120 minutes. 

4.2 Chromatograehy of the Tissue Extracts 

A determination of the amino acid metabolism du~ing the course 

of the experimellt was essential since the tissue concentration of the 
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Incubations were carried out as described in "Materials 
and Methods". AU the amino acids were present in the 
external medium at a concentration of 2.0 mM. 
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-amino acids was calculated on the basis of tissue radioactivity. In 

this procedure it was assumedthat the amino acid was not metabolized 

to any significant extent and that the radioactivity in the tissue was 

therefore a measure of the amount of original compound. Table 5 sum­

marizes the results of paper chromatographic separation of an alcohol 

extract of mouse pancreas strips following incubation at 370 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. the 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 90% 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 t~ere 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 prooles per wet weight of tissue and 

therefore represent both intracellular and intercellular amino acid. In 

the case of amino acids such as hydroxyproline, ~-alanine, L-phenylalanine, 
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TABLE 5 

Chromatographic Ana1ysis of the Metabo1ism of 

Amino Acid 

L-Tryptophan 

AIB 

GABA 

L-Lysine 

Glycine 

L-Methionine 

L-Proline 

ACPC 

14 
C - Amino Acids 

Per Cent 
Radioactivity 

Unchanged 

95 

) 99 

95 

90 

> 99 

95 

95 

> 99 

The pancreas strips were incubated in a medium containing . 14 2 mM of each of the C -amino acids 1isted. Chromatography 
was carried out as described in "Materia1s and Hethods". 
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TABLE 6 

The Endogenous Free Amino Acid Content of Mouse Pancreas 

Amino Acid 

Hyd~oxyproline 

P -Alanine 

Phenylalanine 

Isoleucine 

Leucine 

Histidine 

Methionine 

Argin ine 

Proline 

Tyrosine 

Ornithine 

Valine 

Serine 

Lysine 

Asparagine 

l Glutamine 

Alanine 

, Threonine 

Glycine 

Taurine 

Glutamic Ac id 

Tissue 
Concentration, 

pmoleslg wet,weightof 
'tissue' 

trace 

trace 

0.014' 

0.034 

0.034 

0.107 

0.122 

0.147 

0.259, 

0.283 

, 0.308 

0.335 

0~41l 

0.493 

0.609 

1. 585 

1.966 

3.093 

3.185 

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. 
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. isoleucine, leucine and histidine, the levels were 0.1 pmoles/g wet 

Weight of tissue or less, while with amino acids such as methionine, 

proline, lysine and tyrosine, the endogenous level was in the range 

of 0.1 to 0.5 pmoles/g wet weight of tissue. As shown in the lower 

portion of Table 6, alanine, threonine, glycine, taurine and glutamic 

acid were present in relatively high concentrations. Nearly aIl of 

the amj.no acids used in these studies were present at quite low levels 

within the tissue. 

4.4 The Entry of M!! 

Previous work by Btgin 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 AIS, another unnatural 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 termad 

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.same site is involved, the ~value of amino acid A as a substrate 

should be the same as its KI value as an inhibitor of B, (3) similarly 

the ~ value of B as a substrate should be the same as its KI value as 

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

wh en taken as an inhibitor of A or B. 

The ~ values reported were taken directly from Lineweaver and 

Burk plots. ·The.K
I 

values were·calculated using a point on the Une 
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• best fitting competitive: inhibition,·and the .eqüati<m: 

A 
A -A c f 

= 
K 

1+ M :ç <i +.1...) .. , .. '. 
K . I ... 

where A 1s the maximum concentration gradient,."I. is . th~ 'iilhibttor con-

centration, ~ and KI are Michaelis-MEmten: typ~ c·onstants,andA~ and 

Af are the intracellular· and extraceliular substrate concentrations 

respectively. 

Results were plotted according· to· the· mett1od· of "tlneweaver and . 
. . 

Burk (231) as i1lustrated by the inhibition 'o"fAIB 'uptake . by glycine 

(Fig.2). All values represent the mean of'~,t· teasi:.· .12;s~parate deter-

minations. As can be seen from this figure, the criteria of competi-
. . . . . . . . . 

tive inhibition is fulfilled. Hot.,ev.er, enzyme kinetic studfes indicate 

that the analysis of the transportdatà thus far obtained may be in-

complete. 

In the true competitive situation, where the inhibitor and 
. . 8ubstrate combine with the.same site, the enzyme may be in combination 

'. ." with either substrate or inhibitor, but not both. It i8 also possible, 

however, that the inhibitor,while not combining with the substrate­

binding site, may combine with ·another site'sufficiently close to reduce 

the affinity'of t·he enzyme for the substrate (232). It will thus pro-

duce competitive effects, although the enzyme can still be combined with 

both substrate and inhibitor at the same time. The EIS complex, when 

formed, i8 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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FIG.2: The effects of substrate concentration and of glycine on the uptake of AIB-l-Cl4• AIE only (open circles); 
4 mM glycine added (closed circles); 8 mM glycine added 
(open triangles). 

The incubation was carried out at 370
C for 90 minutes 

as described in "Materials and ~1ethods". A and Af are the intracellular and extracellular concen~~ations of 
AIB respectively, expressed as millimolarities. 
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·inhibitor concentrations, as in the Lineweaver and Burk graphical 

analysis shown previously •. It may, however, 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 aIl the enzyme is combined with 

inhibitor, and can then increase no further. Thus a graphical plot 

of the reciprocal of the uptake against the inhibitor concentration 

will not givea straight line, as it does in the true competitive 

case. 

Fig.3 shows such a graphical plot for the interaction between 

the amino acidsAIBandglycine, when.used as substrate and inhibitor 

respectively. The substrate was kept constant at 2 mM and the in­

hibitory amine acid (glycine) was varied between 0 and 8 mM in the 

incubation medium. Overthis 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 ~ 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 I<M and KI values for AIB of 2.7 

and 3.3 respectively agree quite favorably, while the I~ and KI values 

for glycine of 4~2 and 3.6 respectively are also in good agreement. The 
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FIG.3: 

[Inhibitor] mM 

The effects of increasing conI~ntrations of glycine 
on the uptake of 2 mM AIB-l-C • The incubation t'las 
carried out at 370 C for 90 minutes as described in 
"Materials and Methods". Ac and Af are the intra­
cellular and extracellular amino acid concentrations 
respectively. 
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TABLE 7 

. . . Comparison of Km and K];values for' AIB - Glycine Interaction in Mouse 

Pancreas 

Inhibitor 

AIB 

Glycine 

ACPC' 

. ,.'; 

. "':"',', ',; 

.·hl··· 
3;6' 

li te 

"Glycine' 

3.3 

hl 
4.4 

The underl1nedvalues are the Kvalues, ' Le. the affinity . , .,.. .... '. . . ....... D,l '. , 
of aminoacids for. their owntransport sites. The other 
values, are'K!:·values'. ',' AIl Km and KI valu~swere obtained 
as described iri' the text.' ,'. 
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'only discrepancey appears in the inhibitory affect of ACPC on éach of 

the substrate molecules, which in the case of AIB is 2.4 and with 

glycine 4.4. Thus although there is fairly close agreement among the 

~ and II values for the interaction of the amino acids, the effect of 

the third amino acid (ACPC)suggests that AIBentry 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 ~I value for ACPC 

on L-methionine uptake is 6.1 (48), while as an inbibitor of AIB up­

take (in the se 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 uptake is 

3.6, the possibility that entry is by means of the ACPC system is also 

discounted. There fore , 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 

lneasured 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 1ines through a restricted 

number of points, with approxülate1y 1.0 mM substrate concentration being 

",,;. 
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FIG.4: The effects of substrate concentration on the uptake 
of L-tryptophan-3-C14 A and Af are the intracellular 
and extracellular amino c acid concentrations ex­
pressed as millimolarities. The incubation ",-as carried 
out at 370 C as described in "Materials and Methods". 
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'the region of intersection. This type of result suggests that L-

Tryptophan may have at least two modes of entry into mouse pancreas 

i.e. the first operating at low substrate concentrations with a K 
M 

of.0.6mMand a maximum concentration gradient of Il mM and the second > • . • 

athigherconcentrations with a~of3~8 mM . and a maximum concentra-

tio~ gra,die~t<of 33 mM. These routes are referredto astryptophan l, ,', 

andtryptophan IIrespectively. Thekinét:lc·constants are c,nlyapp-. .,' ., . , 

roximate values since the two systems overlap eachothërto somé e,xtent~ 

Although a nOri-linear Lineweaver,and Burk plotwas detected 

for L-tryptophan: and not foranyof theamino'acids previouslystudiecl 

(46, 48), !t: should be noted that earli~r studieshad not extended the 

concentration rànge below 2 mM. Sirice the,additional pathwayfor L-- . . . - . .' . ""." ":. 
tryptophan uptake was detected at substrate concentrationsbelow this 

value, it.was advisable to re-examine a Lirieweaver and Burk plot of 

sorne of the other' amino acids over a' ~iderrange of conc.entrations (not 

quoted). The amino acids, ACPC andgl;~ine;'representatives of two dif-
. ". 

,'-

ferent pathways (48), were selected.ln bothcases the concentration 

range was extended as low as 0.5 mM and in no instance was there any 

deviationresembling that found with L-tryptophan. '. The~' and maximum 
. , concentration 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 amine acids studied previously. 
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"-
The effects of substrate concentration on the uptake of 
L-lysine-U-c14 Ac and Af are the intracellular and 
extracellular amino acid concentrations expressed as 
millimolarities. The incubation was carried out at370 C for 60 minutes as described in "Materials and Methods". 
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. . . ,' . . ,; .. 

, With L';'lysine, the plot VIa::; linearover theVlhole range ,of con~entration, " 
..... ' -' 

"although t~e affinity constant (~)was approximatèly,25 lnM~,~,Th:isisa' 
" ., ," .'" 

much higher value than any other previously reported inmousè panct:e~s" 
. . :. .. . , .. ' ,. . '. . . , , . '. .'. . ~:. 

(46-48) 'and would indicate a'quite ,1~VI' affinftY,~oi"lYs:f.n,e'~or'.'i~~,~~~;, 
' .. ,. 

transport system. 

uptake in kidney slices (233). 

;',~ .. 

4.7 Amino Acid lnteracti()n'Dtiri~& the Transport ' Procès~ ," 
. ':'. 

There 1s a great deàl oiint~i~ctioÏib'~tW:~e~âffii.l1o acids during 

the transport process aS,illustrated,1?Y glycine, and,AlBin Section 4.4 

and the results in Table 8. " Herê tI1e'effect's'~ola'li~Ù~d number of pos-
'" .. 

sible inhibitory amino acidswerestudiedusing li three-fold excess of . \ . ~ ' .... ,'.' . 
. . '.~.:,' .' , .. ' 

inhibitor over' substrate. 'Asëan b'eseeri"the best' inhibitors of L-Iysine 
. . . '.' . '. ' .. ' . .' ...... ' ....• " . , .. : :: :-'-~ " . . ...... :. 

transport were L-ethionine'and L7PI1enYlaÙu.1inè; 'whÙè'GABA,âtthe srune 
, , 

: .'. . "... -.' 

concentration, had no effect." This isinc?n~rast toGABA being a sig-

nificant inhibitor of the uptake of L-m~thionine." glycine~AiBand 'ÀCPC~, ' 

Although the tissue steady-state levelOf,GABA Vlas'ex~r~~ely lOVl~ca~rier-, 
. . . . . . 

mediated entry VIas still' involvèd as sho~ by theinh'ibitoryëffeci:sof 

several amiùoacids. ft -Alanine, as an inhibitor ,had approxim~telyth~ , 

same effect on aIl of the amino acids, including L-lysine. The fifth 

column of the table shoVls the effect of sixamino acids on L··tryptophan 

uptake. "In the presence of glycine, taurine and GABA" slightly st~ulated 

steady-state levels were obtained. L-proline as an iùhibitoryamino acfd 

was less effective in the case of L-tryptophan accumulation than ~.,ith 

L-methionine, glyc:1.ne, AlB or ACPC accumulation. In addition, the uptakes 

-""",< 



TABLE .8 

The Inhibition of Pancreatic. Amino Acid Accumulation by Severa1 Neutra1 Amino Acids 

1 , 
S u b s ~ rat e . ( u P t . a k eX') 

l n h i bit 0 r L-Lysine 1 GABA ! L-Methioninel L-Tryptophan! Glycine 1 AIB 1 ACPC 

Nil 7.00 2.02 10.57 12.64 24.52 19.96 15.13 

Glycine 5.65(19) . 1.50(25) - ° 15.22 (+20) - 11.14(44) 10.36 (32) 

L-Va1ine 5.73(18) 1. 5.7(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) Il.74(9) 12.64(48) - 10.42(31) 

Jj -Alanine 6.31(9) 1.81(10) Il.62 (+10) 11.26 (11) 21.48 (12) 17.92(10) 13.59 (10) 

L-Pro1ine - 1. 66(17) 7.39(30) Il.37(10) 15.38 (36) 13.09(34) 1l.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-Pheny1a1anine 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 pmo1es/g tissue water 

The incubations were carried out at 370 C as described in Section 4.1 and "Materia1s and Methods". Labelled 
amino acids were present at a concentration of 2 mM and the inhibitory amino acids at a concentration of 6 mM. 

AlI values are the mean of at 1east six determinations. The numbers in parentheses represent the percent age 
change (inhibition or stimulation +) from the control amino acid uptake. 

, 
C» 
N 
0' 



-83-

·of aIl the neutral amino acids, with the exception of L-tryptophan, 

.were poorly inhibited by the presence of taurine. 

Christensen (149) found that· in tht~ Ehrlich ascites cell 

"there was major suppression of lysine' transport by a sufficient level. 

of any neutral amino acid,whereas·an.exc~ss of lysine eliminated only. 

a clearly defined portion of the neutral aminc~ acid uptake." The sub:" 

sequent tables show the results of experiments using an excess. of in­

hibitqr amino acid i.e. increasing concentrations up to a 60~fold ex­

cess of inhibitor over·substrate. In aIl these studies with mouse 

pancreas the external sodium chloride concentration, normally 145 mM, . 

was k~pt constant at 105 mM. The inhibitory amino acid replaced a por­

tion of the added choline chloride in order to maintain an isol;" osmotic' 

medium. 

(A) The Effects of Excess Neutral Amino Acids on the Uptake of Another 

Neutral Amino Acid. 

Table 9 shows the effect of increasing concentrations of the 

neutral amino acids glycine, AIB and L-methionine on the uptake of ACPC •. 

Although each of the inhibitory amino acids is transported at à separate 

site from that serving for ACPC entry (48), there was major suppressiori 

of the uptake of ACPC by a sufficient concentration of all the neutral 

amino acids. The decrease was expressed as percentageinhibition of the 

control amino acid accumulation and was calculated on the basisof the 

concentrative accumulation i.e. accumulation above the medium concentra-

tion. At an inhibitor concentration of 60 mM'this reduction amounted to 
: .. 

' .... ' 
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TABLE' ·9 

..:'::" ":'Upt'akè' of. 'Àc'pê· :: .. ' < . 
',' : ..... 

. ," .. " .. ' 

', .. 
, '. : ..... ...... ';., .... 

: '., . . 

.: ,':' 

. .... -: . 

. . '.' ,. . ,.' ',' 'Uptake,:of'ACPC {j.tmo1efl/g ",ti$sue :,water).'~hen t:he"in~ 
'Coricéntràtion::' . , . " hib1tor. 18 ",',': " ." ,'" ' 

'." of' ,"', :.' 'I--"':-~~~-""""'~------""':'---:--~--'---~~-I 

. ,; 

': Inhibit()r :(ml-Ù 

o 

.'.4" 

10 

25,. ," 

· .' 
40 

,60. 

. "" .. '-

t."' '. 

'7.37' 

'6.60', 

,4.:13 . 

:2.54' 

2.17 

1.93, 

: '. ~.:.: '. . " ,L-Metbioninè 
'.- '.: 

,,' .. ' 
': ":, '::'",." ";"" 

. . ,"'. :~:. 
.",' ", . ',", ::\ ..... 

...... -:' ..... 

, 6.39 ..•. ," ". , 

i~36' 

4.10,0.· 
, . . ..... . 
":.1.,', > ......... " 

.. 3~98···, .. ~ ."', , ','~: 

2.67' . 
',':. "': ... 

2~ 12 . ',' ',,' ." 
',' 

',"r 

1.72' 

", ' 

.... ,': 

~. . . 

".: : 
,,' . ", 

':.- . 

. '. : . 

..... 

,," . 

','2~83' 

. ... ' 1.87',: 
-. '-'" 
'.' . 

L81' 

:', " 

The:lncubationwascarried outat 3706 for '60 minutes as described 

.in"Materiais and Me'thods'< ,"~GPC .. 'C~4":;a~ pres~ht'~t. ~n externa1 

concentratiori of lÙtM •• ·The Na'ci 'concenttat10n was kept constant 

· at 105~ :~nclth~·· ihhibit~ry' .amino~cid : repla~ed . a portion of the 

··· .. ··added'choline :~hioride~· 
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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 ~ 

Amino Acid. 

The effect of increasing concentrations of neutral amino acids 

on the uptake of L-lysine is shown in Table'lO. At the maximum 60 mM 

. inhibitor .concentrationthe reductiori~o~nted,to approximately 52% with 
. " . . ~... '. .'.. .' .' . . . 

glycirie,40%wfthACPC arid60% with L':'mei:liionine. . These values are lower 

thantheexcess :neutral'on ~e~tr~l··effe~t:~ee~. in . the previoussection. 
',': . 

(cr 

. . .'. . . .' . '. " .. ~ ... ,:' . '. '.: . . " 

The Effects of Excess'Basic AmiÜO.Ac{d of Several· 

Neut:rai Amino AcidS. ' .. • 

.•... ...... • .••.. Th~.effectof .excess L~l;sirieon ACPC, glycille~n.dL~methionirie 

•. uptak~is ~h~~in'Tablell~ Alth6ugh·a.60 mMext~rnal~oncentration of 

'. L-l;sin~ inh~bited 'theuptake·. ofL~methionin~'a~dglyëine ~3%and25% 
. .' ....... ," '. '. . . , 

respectively, the' accumulation of ACPCwasreducedapproxim~tely57%, 

indicating that a sufficient' conc~n'trai:ion ~f the basic amino acid could 

eliminate either a small or large portion ofneutra1 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 ce1ls (149). 

As noted previous1y 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 b~ seen, the uptakes 
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TABLE 10 

!he Effects of Increasing Concentrations of Neutral Amino Acids on the 

Uptake':of L-Lysine: 
':, .' ~ 

',. 

~ptake of V-Lysine '. (pmoles/gtissuewater) when the concen~~ation' . '. inh~ibU:or i8" < 

. Inhibitor ··(mM)· 

o 

4 

". '10" 

. ··25 ... ·· .• 

····40~:.;· . 
. :. .~ .. ,' 

.. ' 

Glycine. 

" :.,', 

' .. 3.04 

.:",;:, ,', ,.·ACPC' 

,'.' .' 
' ... ~: . 
. ,':'" . : ..... 

. " .. ; ",: 

. 3~04' 

, '2~:67 ••. :.> 
... '. .... ~ ': .. :.' . 

.. . , ; , . ~ . . 

.2.39 ..••.•... '·2.56 ;. " 

.: .. : .. : .... ,,- " 

.... :: 

... ~.,-.: .... 
. ' .. " 

..... ':,.: .... ', .. 

...... ',' ,,' 

'. : ',',. :.:", ::, . ',:' ," .. 
. " 

:2~ 39· .. . 
'" :,', .' ~ ..... :. : :....;.. . 

,60 '. """:' 1.98': ............ '.': .2.21 

. .... : .. 
. .... < 

' .. ' ," 
.. " .. 

. ,. ,,;., 
", .,.'.; 

'" " .. ' .. 

." . 
. :,' ' . 

. ': . " .. ~ ",. ':-', :"':,:. ; ...... ;....... .' .. 
',',,:-.. 

',' .... 

. ." . 

.' ~-Methionine 

3.15 

2.28 

'1.91 

1.93 

1.86 

. .•. 0 ...... ; ....... ' .. 
Theincubationwascarriedoutat 37 C.·for60, minutes as described iil 
"Materials and Methods'; •. L-Lysine~c14' was'present at anexternaJ.con­
centration of 1 inM. ±heNa+concent~aticin'~smaintained as described 
in Table 9. 
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TABLE Il 

•..•. The Effects of Increasing Concentrations of L~Lysine on the Uptake of 

Several Neutral Amino Acids 

Concentration of Uptake (pmoles/g tissue water) 
L-Lysine (mM) . ACPC Glycine L-Methionine 

0 9.06 9.66 5.93 

4 9.09 8.55 -
10 7.84 8.25 5.89 

25 6.48 - 5.82 

40 5.54 8.73 5.86 

60 4.47 7.47 5.31 

The incubation was carried out at 370 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 th~ 

Uptakes of ACPC and Glycin~ 

Uptake (pmoles/g tissue water) 
Amino Acids Added 

ACPC 1 Glycine 

60 mI1 L-Lysine 3.92, 3.75 7.34, 7.42 

60 mM L-Lysine + 20 mM Glycine 2.87, 3.05 -
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 Il. 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 ~y the addition of other neutral amine acids at an ex-

ternal concentration of 20 mM. The tl'lO 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 "involving anexcess of inhibitory amino acid were 

extended to include the effects of taurine,a sulfonated amino acid, 

and GABA, an amino acid which . isaccumulated to a 'very slight extent 

(Table 13). Taurine at a 60 IllJ."1 external.concentration caused reductions 

in ACPC and glycine uptake o'f 32% ~nd60%respectively .whereas .no sig­

nificant reductionin L-1ysine accumu1ationcould be found.With GABA 
. . '. " . 

as the inhibitory amino acid,the maximum reductionsata 60 mM.con-

centration were approximate1y 52% in. the ~aseof glycine ~md L-methionine 

uptake. When L-1ysine was the substrate; there 'wasno decrease in the 

measurab1e' accumulation •. Â,s noted previously, .GABA,.· a1though beingan 

excellent .competitive inhibitor of glycineand'L-methibnine, is itself 
.' . . . . . . . '. . . 

poorly transpoi·ted. The resu1ts of Table. 13 a1soindicated that the. 

'st~ady-:-State accumulation of" L-lysine lvas slight1yenilan:ced by the. pre~ 
. . '. 

sence of GABA in the externa1 medium. These observations point out that 

L-lys ine uptake, on the bas is of: comparat ive' amino ac id. in teract io"n . 
- . .' ~. . . . 

during transport, behaves d1fferently from that o'f ACllC, glycine or L-

methionine. 
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TABLE 13 

The Effects of Excess Taurine and GABA on the Uptake of Severa1 

Amino Acids 

! Taurine Inhibitioh of the GABA Inh'ibition df the 
Concentration of Uptake of Uptake of 

Inhibitor 
ACPC Glycine L-Lysine Glycine L-methi-( mM ) L-Lysine 

onine 

* 0 8.57 11.60 2.86 12,01 5.92 3.31 
, .. 

4 - 9.37 2.66 8.95 5.68 3.98 

10 8.96 7.37 2.93 - 5.45. ·4.00 

25 8.70 6.96. 3.07 8.04. 4.69: 4.09 
.. , 

40 6.07 6.31 6.35 
, 

. 3~ 20· - ~ 

: .. 

60 6.22 5.27 .. 2.73 6.31 3~36 .. ··.4.40 
... 

. , 

* Uptake is expressed as }JlT1oles/g tissuë water •• 

Incubation conditions wereas °described'in Table IL 
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. 4.8 The Effects of DNP and El! Chan&~ on the Transpor.t 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 transport. As this pheno-

menon is carrier-mediated coupledto a source ofenergy, the effects 

of DNP and pH were used as additional criteria tofurther disti~guish 
. . 

between the various amino acid transport systems; ," Table 14'sho~s: the • 

effects of 0.1 mM DNP on the uptake of neutral' and basicamino acids 

aIl at an external concentrat~(m of i~o mM •• Although :L-proline.appears' 

to be affected to the greatestextent (67% decrease),tiie,oth~r'amino, 

acids do not show any significantdifferences among~hetrisélves -vlith 

respect to the effect of DNP.' On thisbasis it wo:Uïd be'impo~sible 

to distinguish between the neutral, am!noacids, ortodifferentiate, 

between basic and neutral amino acids s1ncetheenergyrèquirementap-

pears to be quite similar forall the substrates. 

. . ," . 

The effect of pH as ,a second criteriemis shown in Table 15. 

AlI the amino acids were studied at an externalconcent:ration of ,1.0 mM 

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 (basad 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-
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TABLE 14 

The Effects of 0.1 mM DNP on Neutra1 and Basic Amino 
Acid Uptake 

Control. + JJNP. % Inhibition Amino Acid (Ac - Af) mM (Ac -,~Af) mM 

L-Pro1ine 7.62 2.48 67 

L-Tryptophan 6.23 2.46 60 

AIB 8.11 3.42 58 

L-Methionine 4.57 2.10 54 

Glycine Il.09 4.70 57 

ACPC 8.14 3.59 56 

L-Lysine 2.68 1.27 52 

The incubation was carried out at370C 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 

1· Amino 'Acid Uptake (p.mole's/ g tissu'e water) Amino Acid 
pH 4.8 pH 5.4 pH 6.2 pH 7.4 pH 8.1 

AIB 8.67 - 9.36 9.70 9.02 

GARA 0.99 - 0.98 1.05 1.03 

ACPC 8.49 - 8.17 8.06 -
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". 
AlI radioactive amino acids were present at an external concentration 
of 1.0 mM. 
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: ... : ...... . • cumlation of L-lysine at pH 8.1 was significantly higher than atpH]~4 •..... 

Based on the effect of pH, the uptake of L-~ys:in~ 
ferentiated from that of theneutralamil1~acids. 'Therelativeinsen~: . . . . 

sitivity of the uptake of the neutral amino acids top~ chan'geiS i~'~: 
contrast to the Ehrlich celi where the sho:nt-~hainneutrairunin'o aCids·· 

are much more sensitive to pH than the . long-chain amino acids (67, 74). " 

In rat kidney cortex slices the uptakes of both glycine andL-lysine 
are greatly affected by pH (118) ••. 

SUMMARY OF CHAPTER 4 

(1) The steady-state uptake levei was attained after 30 minutes 

with GABA, 60 minutes with L-lysine and 90 minutes in the 

case of L-tryptophan and AIB. 

(2) The steady-state accl~ulation levels were: AIB) L-tryptophan) 

L-lysine> GABA. 

(3) The amino acids underwent relatively little transformation to 

other metabolic products during the course of the incubation. 

(4) Analysis of the endogenous free ~~ino acid pools indicated 

that most of the amino acids,were present in lowconcentrations. 

(5) Interaction between glycine and AIB during transport was 

primarily due to competition for the substrate site rather 

than to allosteric interference by inhibitor attachment to 

another site, Le., no evidence of "partial" competition. 
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• (6) 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. 

(7) The non-linear Lineweaver and Burk plot obtained with L­

tryptophan suggested that there were at least two modes of 

entry into mouse pancreas - the first operating at low 

substrate concentrationwith a l)r of 0.6 mM and the second 

at higher concentrations with a RN of 3.8 mM. 

(8) L-Lysine, which gave a linear Lineweaver and Burk plot, had 

a quite low aff!nity for its own transport system. 

(9) Although the steady-state tissue level of GABA was extremely 

low, mediated entry was still involved. GABA inhibited the 

uptake of the neutral amine acids L-methionine. glycine,' 

AIB and ACPC. : 

(10) G,lycine, taurine, and GABA caused slightly stimulated steady­

state uptake 1evels ofL-tryptophan. 

(11) There -,;.;ras major suppression of neutral amine acid uptake by 

a sufficient level of other neutral amine acids. 

(12) There was a large reduction in basic amino acid uptake by a 

sufficient level of several neutral ~mino acids, although 

this was less than the excess neutral on neutral effect. 

(13) A sufficient concentration of a basic amine acid could, 

eliminate either a small or large portion of neutral amino 

acid uptake depending upon the substrate under consideration. 
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• (14) Taurine at a concentration of 60 mM caused reductions . . 
in the uptakes of ACPC and glycine, but not of L-1ysine. 

GABA at a concentration of 60 mM inhibited glycine and 

L-methionine uptake, but not that of L-1ysine. 
,,':'." ' 

(15) DNP at a concentration of 0.1 mMcaused approximate1y. 

the same percentagedecrease in the uptake of L-lysine ... 

and severa1 neutra1 amino acids •. · 

(16) The uptake ofL-lysine was' significantly affected by pH, 

while neutra1.aminoacid uptake was relatively insensitive 

to pH. 
'.', 
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CHAPTER 
.... 

; 

ill!CTS OF THE REIATIONSHIP BE'lWEENIONS AND AMINO AQ!!L!RANSPORT IN 

.. MOUSEPANCREAS 

. .. 
.. . 

The close association between electrolyte and non-electrolyte 

movement ·in the pancreas has recently been reported by. Milner and Hales 

(208) ~ho found an· increased insulin secretion from the ,8-cells of the 

pancreas when the normalfunctioning of the Na+-K+ pump was interl:'upted. 

This chapter will de al with the participation of Na+ and K+ in the active 
transport of amino acids, a group of compounds which are extensively 

accumulated bymouse pancreas. 

5.1 . + + The Effects of Na and K on Amino Acid Accumulation 

Many transport systems have be~n shown to be dependent upon 
the concentration of both Na + and K+ in the external medium. Using the 

model amino acid ACPC, the effects of a wide range of ion concentrations 
were examined as shownin Fig.6. The concentration of K+ required for 

optimum amino acid uptake was approximately the amount in the Krebs- . 

Ringer solution i.e. 7.2 mM. A plot of the uptake of amino acid against 
+ . 

the Na concentration also gave a saturation type of curve with an op-
. + . timum at approximately 145 mM Na ) ~.,hile an increase beyond this concentra-

tion did not have any inhibitory effect on the transport process. With 
+ + this particular amino acid, incubation in Na or K -free media did not 

completely eliminate accumulation against a concentration gradient. Thus 
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• the cation dependent portion of ACPC transport requiresthe presence 

of both Na+ and K+, ~i~ce either cation alone is ineffective~ - Moreover, -- --- - + -- --- . 
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. whereas-­

the corresponding Na+ concentration was approximately 38 mM. 

5.2 The Effects of Substitution of Other Monova~ent 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 NH4Cl 

were more effective than LiCl, RbCl or KCl. Although concentration gra-

dients were maintained in aIl cases, none of the levels were comparable 

to those obtained in the presence of NaCl. Substitution for K+ by other 

ions, except Rb+, resulted in a decreased steady-stste smino acid ac':'" 

cumulation. + 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 N~Cl, wh en used as substitutes for either Na or K 1 gave 

almost identical uptake values in both situations. This .is in contrast 

to choline ch10ride which maintained a higher amino acid concentration 

+ gradient when used as a replacement for 145 mM NaCl than for 7.2 mM K • 

5.3 The Mechanism of Action of Ions on Amino Acid Accumulation 

Crane (190) with sugars in intestine, Kipnis and Parrish (205) 
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TABLE 16 

The Effects of Substitution of Other Monovalent Cations for Na+ and K+ 

on· the Uptake of ACPC_C14 

.. Substitution Gompounds 
in the . 

Incubation Medium 

Nil 

LiCl 

RbCI 

NH
4CI 

KCI " ., .. 

Choline Chloride 

Uptake of ACPC when Compounds are used . 
to replace 

145 mM Na+ 7.2 mM K+ 

8.82 8.82 

3.23 3.45 

3.57 8.94 

5.04 4.90 

3.88 

4.91 3.11 

The incubation was carried out at 370 C for 60 minutes at an external 
ACPC concentration of 1. 0 mM as described in "Materials and Methods". 
The medium was huffered with 10 mM sodium phosphate. Substitution 
cations were used at a concentration of 145 mM replacing the NaCl of 
the Krebs-Ringer solution. The 7.2 mM K+ concentration of the Krebs-
Ringer solution was raplaceà 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 ofuptake. This is in contrast to the reports 

of Christensen and hiscollaborators, who found a change in both the 
......... ,.:- : ... .'.", ',' " :". 

maximum velocity of uptake and th~ l~ value in suchamino acid transport 
. . 

systems as Ehrlich ascites cells,pigeo~' erythrocytes and rabbit reticulo-

cytes (196). A studywas'~ndertak~nwi~h mou~e pancreas to examine the 

effects of variations in the externa1 Na+ andK+ concentrations on the 

uptake of AIB, a non-metabo1ized amino acid. 

Fig.7 shows the effects of two different concentrations of Na + 

plotted according to the method of Lineweaver and Burk (231). Each gave 

rise to an una1tered maximum concentration gradient and an increase in 

the apparentaffinity constant from 2.6 n~ to 6.7 mM at the lowest Na+ 

concentration. These observations are in direct contrast to the work of 

Christensen and his co11aborators. However, 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 thert studied since it entered the tissue by a pathtV'ay 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.Ba. The una1tered 

maximum concentration gradient and the decreased affinity constant are 

in agreement with that obtained for AIB. Furthermore; other experiments 

(not quoted) carried out in the complete absence of external Na+ similarly 

showed on1y 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 AIB-l-Cl4 • Standard medium (open circ1es); 67 mM 
Na+ (open triangles); 37 mM Na+ (c1osed circ1es). Removed 
NaC1 was replacedby an equimo1ar concentration of choline 
chloride. . 
The incubation l~as carricd out at 37°C for 90 minutes as 
described in "Materia1s and Methods". A and Af are the intra­
cellular and extracel1ular amino acid c . concentrations 
respective1y, expressed as millimolarities. 
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FIG.8: l'he effects of a decreased external (a) Na + concentration, and (b) K+ concentration on the uptake of ACPC-C14. (a) Standard medium (open circles); 
22 mM Na+ 
chloride. 
circles) ; 

62 mM Na+ (closed circles); 37 mM Na+ (open triangles); (closed triangles). Removed NaCl was replaced by choline (b) Standard medium (open circles); 1.4 ~~ K+ (closed + 0.7 mM I0- (open triangles). Removed K+ ~.,as replaced by Na • 

0.6 

The incubation was carried out at 37°C for 60 minutes as described in "Materials and Methods". Ac and. Af are the intracellular and extracellular amino acid concentrations respectively, expresscd as millimolarities. .. 
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~xterna1 K+ 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 ~ value 

(Fig. Sb). 

5.4 + The Number of Na asCo-factor in the Transport Process 

As seen in the previous section, Na+ plays a definite role in 

the entry of amino acids into the cell. However, the precise number of 

Na+ involved in this process has varied from system to system. Vidavel~ 
(193), studying glycine uptake into pigeon ~ed cells, found that 2 Na+ 

fu~ction as co-factor, while lvheeler and Christensen (19?) have calculated 
that 1 Na+ ois required for alanine uptake and 2 Na+ for glycine uptake in 

rabbit red cells.In addition, Cotl-ier and Beat y (206) have shown a 1 Na+ 

requirement for AIB uptake in the rabbit eye lens. A similar study was 

undertaken with mouse pancreas. Fig.9 shows a double reciprocal plot of 

the uptake of ACPCagainst the external Na+ concentration. The linearity 
of the plot indicates a 1:1 relationship between Na+ ions and ACPC mole-

cules 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 system or another has been strict1y 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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A doublc-reciprocal plot of ACPC uptake against the 
initial Na+ concentration of the medium. The in­
cubation was carried out at 370 C for 60 minutes in 
the presence of 2 mH ACPC-C I4 as described in "Materials 
and Methods". Ac and A f are the intrace llular and 
extraccllular amino acid concentrations respec-
tively. An isoosmotic medium was maintained by choline 
chloride replacement of the decreased sodium chloride 
content. 
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takes of the various neutral amino acids. Table l7A 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 aIl 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 l7A 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 l~ value could be an 

mlportant factor in determining the quantitative effects of an altered . 

ionic composition of the medium. In Table l7B the results obtained with 

the four 'amino acids studied at external concentrations equivalent to 

their ~ values are presented. As can be seen, the percentage inhibition 

t 1 K+ . . 1 h f Il h i id a ow concentrat~on w'as approx~mate y t e same or a t e am no ac s. 

With a reduced external Na+ concentration, AIB at its ~ value of approxi­

mately 2.5 mM,appeared to be affected to the greatest extent, although 

the percent age decrease did not vary significantly among the other amino 

acids. It is therefore quite difficult to clearly differentiate between 
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TABLE l7A 

The Effects of an Altered Ionic Composition of the Medium on the Uptake 
of Several Amino Acids at the Same External Concentration 

Amino Acid 
Normal Me- . Low Na+ ' Per Cent Low 10" Per Cent dium (C~ntrol) mediuj Decrease medirn Decrease (radioactive) (Ac - Af mM (Ac - Af mM (Ac - Af mM 

ACPC 9.50 7.10 25 6.54 31 

Glycine 12.70 8.91 30 7.93 38 

AIB 9.33 5.81 38 6.45 30 

L-Methionine 5.86 4.29 27 3.92 33 

The incubation was carried out at 370 C as described in Section 4.1 
and in "Materials and Methods". The concentration of Na+ in the 
low Na+ medium was 42 mM and choline chloride replaced the NaC1 
removed. The concentration of K+ in the low K+ medium was 1.5 mM 
and NaC1 replaced the K+ removed. Ac and Af represent the concen­
trations of amino acid in the tissue and extrace11ular medium res­
pectively. Each radioactive amino acid was present at an externa1 
concentration of 1.0 mM. 
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TABLE 17B 

The Effects of an A1tered IonicComposition of the Medium on the Uptake 

of Severa1 Arnino Acids'at Concentrations Equivalent to their K Values m 

'Normal Me- Low Na+ Me r- 10 1 

Low rrr Me-
l 

De-
70 

De-Arnino Acid Externa1 dium diurn dium tonc. (Control) (Ac -Af) mM 
creaSE crease (radioactive) (Ac -Af}mM (rnH) (Ac - Af) 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-Hethionine 3.0 10.71 9.21 14 7.48 30 

Incubation conditions were the same as 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 Na. 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+ indicat~d that in Ehrlich ascites cells L-methionine was 

still accumulated (200), while in bone, glycine and AIB. but not L-proline 

or L-hydroxyproline were concentrated (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. Pre 1 iminary 

experiments had inc1icated (Section 5.1) that ACPC could maintain a con­

+ centration gradient in the complete absence of external Na. The results 

obtained with several other rumino acids are presented in Table 18. The 

steady-state uptake levels are shown for both normal and Na+-free media. 

AlI the amino acids showed concentrative ability in the absence of Na+. 

Even though 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 U take of Several Amino Ac ds from Normal and Sodium-Frep. Incubation 

Media 

1 

Ami n 0 A cid 1 lAmino Acid Uptake (pmo1es/g tissue water) 1 j.p the presence of Na+1 in the âbse.nce of Na+ 

AIB 10.33 2.69 

ACPC 10.50 3.22 

L-Methionine 6.86. 2.34 

Glycine 13.70 3.25 

L-Proline 8.91 1.24 

L-Lysine 3.51 2.64 

The incubation was carried out at 370 C as described in Section 4.1 
and "Materials and Methods". AlI amino acids were present at an 
externa1 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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'neutra1 amine acids indicated thatthis 'latter group was much more sen-

sitive to sodium depletion than was the basic amino acid. 

5.7 The Effects of Inhibitory AmiÏ10 Acids on AminoAcid Uptake in the 
+ Presence and Absence of Na 

Finerman and Rosenberg (82) studying transport in bone, found 

that in the presence ofNa+ the amine acids glycine, AIB, L-proline and 

hydroxyproline were mutually inhibitory, whereas in the absence of Na+ 

glycine and alanine still inhibited AIB, but prolineand hydroxyprolfne 
were loTithout effect. They alsonoted that AIB, glycine and hydroxyproline 
inhibited L-proline uptake only in the presence of external Na+ and not 

when it was omitted from thé incubation medium. Similar work by Inui 

and Christensen (200) with Ehrlich ascites cells 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 resu1ts 

+ suggested possible differences between the so called "Na -dependent" and 
+ "Na -independent" transport systems. Tables 19A and 19B show a similar 

study which was undertaken with mouse pancreas. The amine acids are placed 
in either of the two tables for comparison purposes only. These tables 

show the percentage decrease caused by the inhibitory amine acids in both 
+ + ' normal Na and Na -free media. In the case of ACPC uptake (Table 19A), 

AIB and L-methionine produced simi1ar inhibitions in both media, whi1e 

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



TABLE 19A 

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

Na+-free Incubation Media 

ACPC Uptakè (Ac· - Af) L-Methionine Uptake(g - Af) L-Tryptophan Ûptake (Â. - Af) 1 C . . c Inhibitor Normal % • 
~a+ % Normal~1 % Na+ % Normal '. % Na+ ' % Na+ Idecrease ree decrease Na+ ecrease free ~ecœase Na+ ~ecrease free decœase 

Nil 6.44 - 2.23 - 5~09 - 1. 39 - 6.19 - 1.48 -
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 - - - - - - - -
ACPC - - - - 2.63 48 1.38 0 4.10 34 1.27 14 

--- ------- - ---

The incub"ation were carried out at 370
C for 60-90 minutes as described in "Materials and Methods" and 

Section 4.1. In the Na+-free experiments choline and 10 mM tris chloride buffer pH 7.4 were used. AlI 
radioactive amino acids were present at an external concentration of 1.0 mM and aIl non-radioactive amino 
acids (inhibitors) were present at an external concentration of 10.0 mM. A and A are the tissue and . c f extracellular amino acid concentrations expressed as millimolarities. 

1 .... .... 
N 
1 



!fABLE 19B 

Xhe Effects of Several Amino Acids on the Uptake of Glycine, L-Pro1ine and AIB from Normal and Na+-free . 

Incubation Media 

Inhibitor 

:% ecrease 1 

'i 

Nil 10.75 2.03 . 7.83 0.42 10.61 1.42 
AIB 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 39 1.42 30 2.53 67 0 • .14 67 3.35 69 0.85 40 

Incubation conditions were as described in Table 19A. 

1 ,... ,... 
w • 
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+ + . 
~n the Na containing medium than in the Na -free medium. Glycine up-

take (Table 19B) showed a slight1y greater sensitivity to L-methionine 

inhibition in a Na+-free medium, while L-proline accumulation was in-

hibited by glycine and ACPC tO.the same extent inboth media. L-Methionine 

caused a much greater decrease in the trarisport ofL-proline from a normal 

medium than fr~m·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 slight1y greater effect in the normal Na con-

taining medium. These resu1ts indicate that there are severa1 differen­

ces in amine acid interaction in a Na+-free medium as êompared with a 

normal Na+ medium. Most probab1y these differences, when obtained, ref-

+ 1ect an effect of Na on the affinity of the competitive inhibitor for the 

site or sites invo1ved in the transport process. 

5.8 The Effects of Temperature and a Nitrogen Atmosohere on Amino Acid 

Uptake 

Table 20 shows the resu1ts of a study of the uptake of three 

neutra1 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 neutra1 

amino acids is representative of a separate transport system as demons­

trated by the work of né'gin and Scho1efie1d (48). Incuba.tion in the pre .. 

o sence of a 100% nitrogen atmosphere at 37 C gave lower neutra1 amino 

acid accumulation leve1s in both normal and Na+-free media as compared 

to simi1ar media gassed with pure oxygen (Tables 18 ·and 20). In the 

case of the three neutra1 amine acids, gassing with nitrogen produced 

.. 
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TABLE 20 

The Effects of Decreàsed Temperature and a Nitrogen Atmosphere on Am~ 

Acid Uptake from Normal and Na+-free Media 

• Am;mo ,AClq. t UptaKe A1n1n7 ACl.'d uptaKe 
(pmoles/g tissue water) (,.11110 les g t is sue l'la ter ) 

Amino Acid :in a nitrogen atmosphere at l50 C 
Na+-free 

1 
Nor'mal Na+-free 1 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 aIl instances the incubation was 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 phosphate 

buffer was replaced by a tris chloride buffer pH 7.4. In the nitrogen 

atmosphere experiments, the flasks were gassed with pure nitrogen for 
o 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 l50 C. 



higher upta~es from the normal Na+ medium than from the Na+-free medium, 

whereas ·L-lysine uptakewas quite similar in both types of media. Re­

duction in the temperature from 370 C to l5 0 C similarly resulted in higher 
uptakes from the Na+ containing medium than from the Na+-free medium for 

the three neutral amino acids. However, L-lysine accumulation was almost 
identical in both media. This indicates basic differences between the 

transport systems for L-lysine and those for the neutral amino· acids. 

5.9 The Effects of DNP and Ouabain on Amino Acid Uptake in the Absence 
of Na+ 

Earl~er studies by B:gin 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 small amounts of DNP. The effects of DNP and 
ouabain on the accumulation of several amine acids from a Na+.free medium 

are shown in Tqble 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 Na+- K+ pump and metabolite transport might no longer· be 

functional. 
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TABLE 21 

The Effects of DNP and Ouabain on the Uetake of Several Amino Acids 
+ from a Na -free Medi~ 

ACPC . Uptake L-Lysine Uptake G~ine yptake Additions to (pmo1es/g (jImo1es/g oIes g 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 mM DNP 2.34 2.22 2.16 

1.0 mM ouabain - 2.63 3.13 

The incubation was carried out at 370 C for 60 minutes as described 
+ in "Materia1s and Methods". Removed Na was replaced as described 

in Table 18. AlI 1abe11ed amino acids were present at an external 
concentration of 1.0 mM. 
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5.10 The Effects of pH on Amino Acid Uptake in the Absence of Na+ 

+ . At a normal external Na concentration, the uptakes of the 

neutral amino à-cids were relatively insensitive to pH, while the uptake 

of L-lysine, a basic amino acid, was quite sensitive (Chapter 4). If 

Na+ only~egulated the affinities of substrates for the carrier molecule, 
and if the same carrier was învolved in both the presen.ce 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 neutral 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 "t-lith a normal Na+ me­

dium. These results therefore support the view that the "Na+-independent" 

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

(1) 

(2) 

SUMMARY OF CHAPTER 5 

Reduction in either the external Na+ or K+ concentrations 

resulted in a decreased amino acid uptake. 

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 ~vith 
+ + aIl the cations used to replace Na and K • 
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TABLE 22 

+ The Effects of pH on the Up~akes of ACPC and L-Lysine from Na -fre~ 

Media 

A~PC Uptake (L-Ltsi?e Uptake pH (pmo es/g tissue pmo es g t~ssue 
water) tolater) 

5.2 3.50 2.15 

6.0 3.51 2.52 

7.4 3.62 2.61 

8.0 2.87 

The incubatio~ 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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"(3) Reduction of either the external Na+ or K+ concentration 

resulted in an increased apparent affinity constant and 

an unaltered maximum concentration gradient. 

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

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

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. 

AlI the amino acids maintained concentration gradients 

in the absence of external Na+. 

Similar and dissimilar effeèts of inhibitory amino acids 

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

In a nitrogen atmosphere at 37oC, the neutral amino acids 

1',,;. ftave higher accumulation levels in normal Na+ than in -, 

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

equal in both media. 

o In an 100% 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-lyslne 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, whi1e neutra1 

amino acid (ACPC) uptake was re1ative1y insensitive to 

changes in pH. 
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CHA.PTER 6 

STIMULATED AMINO ACID MOVEMENT IN MOUSE PANCREAS 

6.1 Theoretical Considerations 

In addition to transport and simple diffusion as basic 

factors involved in the movement of an amino acid across the celi 

membrane, there 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 ll7hich 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 inside 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 the cell and of A outside the cclI. 

There is no reason to b,=lieve that thcse tlvO 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 aIl studies in which steady-state 

levels are involved. The work presented in this chapter i5 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. AlI fluxes reported are the mean of at least 

six determinations except where otherwise indicated. 

6.2 Stimulated Amino Acid Uptake' Into Mouse Pancreas 

In prel.iminary 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 phenomena might 

be the cause of this discrepancy. The entry of L-tryptophan into pancre­

atic tissue which l.;ras preincubated in the presence and absence of non­

radioactive L-methionine is sho~m in Table 23. As can be seen, at each 

of the tune intervals there is a 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 lSoC 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 bj.gh 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 

Uptake of L-Tryptophan ~ Time in minutes (pmo1es/g tissue water) 
(Exchange Diffusion) vlhen intracellu1ar L-

methionine is 
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
0

C for 60 minutes in the 
presence and absence of 2 mM non-radioactive L-methionine. The 

o uptake of l mM radioactive L-tryptophan at 15 C ~.,as then measured 
as described in "Materials and Methods". 

1 
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~eported 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 simply to 

a decreased efflux of L-tryptophan caused by the presence of L-methionine 

intracellularly, then a stimulation of amine 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 bot tom portion shows L-methionine exit into media 

in the presence and absence of external L-tryptophan. It is quite ap· 

parent from these re8ults that not only can the presence of methionine 

inside the tissue lead to an increased extent of tryptophan uptake (in 

this case amounting to more 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 io being measured since much smalJ.er control blanles have to be 
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IABLE 24 

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

at 15
0

C 

Amino Am5.no Acid Direction Measurement of Radioactivity 
Ac id in of ::lt-

Prepacked Medium Radioactivity 5 min. 10 min. 

Nil * L-Tryptophan In 1.45+ 1. 95 

L-Methionine * L-Tryptophan In 1.85 2.60 

* L-Methionine Nil Out 0.82 1.13 

L-Methionine * L-Tryptophan Out 1.57 2.30 

* Indicates the radioactive amino acid 

+ Expressed as pmo1es of amine acid/g tissue water 

The concentration of L-Methionine in the tissue was always 

5.4 pmo1es/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 150 C into L-methionine 
"loaded" and "ur.1oaded" tissue lITaS followed 
as described in "Materia1s and Methods". 

(b) outward - Pancreas was preincubated in the 
preGence of O. 7 mN radioactive L-methionine 
for 60 minutes at 370 C ana afflux at 150 C 
into new media was fo11owed as described in 
"Materials and Methods". 

15 min. 

2.40 

3.27 

1. 36 

2.80 
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·subtracted. The technique employed in thestudy 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 second 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 
l by the presence of tryptophan in the incubation 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 l mM methionine and of 5 mM AIB 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 ACP~ 

Addition to Externa1 Medium Movement of 5ilM LmM 
ACPC Nil AIB L-Hethionine 

Uptake, 9.35 6.35 6.02 

Exchange 

5 min at 15°C 0.73 0.73 1.28 
15 min at lSoC 1. 35 1.51 2.41 

Uptake: The uptake of.l m}! radioactive ACPC in the presence 
and absence of 5 mM AIB and 1 mM L-methionine was 
measured at 370 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 370

C for 60 minutes to 
obtaln a tissue concentration of 5.4 pmoles/g tissue 
water; Eff1ux of ACPC at lSoC lnto the various media 
was followed as described in "Materials and Hethods". 
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.the sarne 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 concentration of 1 mM produced an increased 

efflux arnounting 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-radioactive 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 Illi~ in the preincubation 

medium) this amounted to an increase of approximately 67% over the 

control. 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 ami no acid concentration. Thus this concentration 

dependent flux can occur in both directions and would assume great im­

portance in studies involving amino acid entry l.;rhen there is a large 

concentration of inhibitor. 
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TABLE 26 

The Effects of Increased Intrace11u1ar Pre10ading on the Uptake of 

L-Methionine - Methyl _ C14 

Concentration of 
L-Ethionine in the 

Preincubation 
Medium (mM) 

Nil 

2 

6 

16 

Uptake of 
L-Methionine­
Methy1-c14 . 

ùwmo1es/g tissue water) 

2.1 

2.5 

3.2 . 

3.5 

Per Cent 
Increase Over 

Control 

100 

119 

152 

167 

The preincubation was carried out at 370C for 60 minutes as 
described in "Materia1s and Methods". The uptake of 1 mM 
L-methionine-methy1-c14 was then measured at lSoC for 10 minutes 
as described a1so 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-exchange 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-methi.onine or 10 mM L-valine. 

The increased efflux due to the presence of the external amino acid is 

Sholvn 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. Therefor~ the exchange reaction does not go 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 would closely approximate an initial rate 

of movement in the e: .. œhange reaction. It should also be noted that· in­

cubatü'n 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 

Time 
(mins.) 

0 

5 

15 

30 

45 

60 

75 

90 

105 

120 

Diffusion Process 

Efflux of Efflux of Efflux of glycine glycine 
A glycine 

A into an into a medi- into a medi-amino acid um containing over um containing over 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 
1.11 1. 66 0.55 1.64 0.53 

. 1.59 2.t.l 0.82 2.47 0.38 
1.92 3.00 1.08 3.02 1.10 
2.26 3.41 1.15 3.22 0.96 
2.63 3.61 0.98 3.64 1.01 
2.82 3.91 1.09 3.90 1.08 
3.05 4.16 1.11 3.95 0.90 
3.44 4.43 0.99 - -

-

The pancreas was preincubated at 370 C in a medium conta~ning 0.4 mM 
glycine-l-c14 for 60 minutes, resulting in an initial concentration 
of 5.3 pmoles· of glycine/gtissue water. Efflux of glycine-l-c14 

into the various media was followed at l5 0 C as described in "Materials 
and Methods". 

Efflux is expressed as )lI1101es of glycine/g tissue water. 
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·diffusion process was independent of the presence of either Na+ or K+.-

In contrast, Whee1er and Christensen (197) have reported that the 

countertransport process for L-alanine in rab bit red cells was depen­
+ dent upon the presence of Na in the external medium. A similar study 

was undertaken with mouse pancreas strips as shown in Table 28. The 

tissue was preloaded with radioactive ACPC in aIl 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 of 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 indic~te 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 sanle amine 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 amine acids. This specificity is further exemplified by the results 

presented in the following tables which concern the ability of various 
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TABLE 28 

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

Diffusion Process in Mouse Pancreas 

ACPC eff1ux into a normal ACPC eff1ux into 10w Na+ Time Na+ medium containing medium containing (minutes) Nil 1 mM L-Hethionine Nil l mM L-Methionine 

2 

8 

15 

0.19 * 0.30 0.20 0.27 

0.43 0.83 0.41 0.79 

0.64 1.24 0.63 1.21 

* Eff1ux is expressed as pmo1es of ACPC/g tissue water 

Pancreas was preincubated with 0.2 mM radioactive ACPC for 
60 minutes at 37

0 c in order to obtain a tis~ue concentration 
of 2.3 pmo1es of ACPC/g tissue water. The eff1ux of ACPC at 
150

C into the various media was followed as described in 
"Materials and Hethods". The low Na+ medium ~ontained 17 mM + Na and the decreased NuCl content was repluced by an equimo1ar 
concentration of choline chloride. 
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amine acids to stimulate the efflux of certain intracellular amino 

acids from mouse pancreas. Each table shows the efflux of amino acid 

at 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 •. AlI 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 specificity of several amine acids in the ex­

change process with intracellular glycine. Taurine which was a poor 

inhibitor of glycine transport (Table 8) was also a poor exchanger. 

However, AIB and L-proline, two excellent inhibitors of glycine trans­

port (Table 8), were aiso rather pooe from the point of view of ex­

change capabilities. The physiological isomer GA.BA, although shown 

previollsly to be poorly concentrated by the pancreas, appeared to have 

a significant affinity for the system in'volved 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 

14 The Effects of Severa1 Amino Acids on the Eff1ux of G1ycine-1~C from 

Mouse Pancreas 

Amino Acid Eff1ux ÛUffio1es/g tissue water) Percentage of 

* 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 L34 106 

L-Pro1ine 0.75 1-42 1.72 136 

GABA 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-c( -Amino-n-
~utyric 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 eff1ux at the end of 15 minutes. 

Pancreas was preincubated with 0.5 mM glycine-1-c14 at 370 C for 60 minutes 
resu1ting in an initial tissue concentration of 6.6 pmo1es of glycine/g 
tissue w'ater. Efflux into media containing various amino acids was then 
followed as described in "Naterials and Methods". 
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'(B) The Effects of Amino Acids on the Efflux of Intracellular AIB 

The results of this series of experiments are presented in 

Table 30. At these concentrations, homo-exchange of AIB amounted to a 

significant 21% over the control, al~hough several other amino acids 

caused slightly greater 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-proline was 

a much more effective inhibitor of AIB transport than taurine (Table 

8), these two amino acids stimulated AIB efflux te approximately the 

same extent. The maximum stimulated effluxes observed with L-tryp­

tophan and L-leucine in the external medium, were only 34% and 39% 

respectively above the control. This represents approximately 53% of 

the maximal efflux obtained when glycine was present intracellularly 

(Table 29). The results clearly :i.ndicate 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. 

B'gin 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 glyci~e 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 

The Effects of Severa1 Amino Acids on the Eff1ux of AIB-1-c14 from 

Mouse Pancreas 

. 
. Amino Acid Eff1ux Uwmo1es/g tissue water) Percentage 
added (5 mM) 9 'min. i5 min. 

1 3 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 

Lw Threonine 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 eff1ux at the end of 15 minutes. 

Incubation conditions were as described in Table 29 except that the 
14 preincubation was carried out in the presence of 0.5 mM AIB-1-C for 

* 

. 90 minutes, resu1ting in an initial tissue concentration of 5.4 JUllo1es 
of AIB/g tissue water. 

of 
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TABLE 31 

The Effects of Severa1 Amino Acids on the Eff1ux of L-Pro1ine-U-C14 

from Mouse Pancreas 

Amino Acid Efflux (pmo1es/g tissue water) Percentage of 

* . added (5 mM) .5 min. 10 min. 15 min. Control 

Nil 1.01 1.48 1. 63 100 

L-'ijethionine 1.02 1. 34 1. 78 107 

Glycine 1.12 1.61 1.81 III 
ACPC 1.15 1.68 1.84 113 

L- 'rryptophan 1.05 1.50 1.84 113 

AIB 1.05 1.47 1.92 118 

L-,Fro1ine 1.28 1. 59 1.95 120 

L .. Leucine 1.24 1.71 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 "las carried out in the presence of 0.6 nu"\f L-proline-u-C14 

for 90 minutes, resulting in an initial tissue concentration of 5.8 pmoles 
of L-proline/g tissue water. 
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'an affinity for the system invo1ved in the exchange process leading to 

an eff1ux of L-pro1ine, it was quite small as indicated by a maximum 

stimulation of efflux with L-leucine of only 24% above the control. 

The results c1ear1y indicate that L-pro1ine when present intracellu1arly 

is a slightly poorer exchanger than AIB and a much less effective one 

than glycine. 

(D) The Effects of Amino Acids on the Eff1ux of Intrace11u1ar L-Methionine. 

The specificity of L-methionine exchange is shown in Table 32. 

Amino acids such as AIB, L-proline and glycine, although good inhibitors 

of L-methionine uptake (Table 8), were extreme1y poor participants in the 

exchange reaction. GA BA , though poor1y concentrated itself, caused a 

significant stimulation of efflux amounting to approximate1y 66% over the 

control value. The amino acids ACPC and L-va1ine, previously shown to 

migrate by a system distinct from that of L-methionine, had Si~lificant 

affinity for the system involved in the exchange process leading to an 

increased eff1ux of Methionine, as indicated by stjmulated effluxes of 

151% and 177% respectively above the control. In 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 intracel1u1ar1y,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 Severa1 Amino Acids on the Efflux of L-Hethionine-

14 Hethy1-C fromMouse Pancreas 

(pmo1és/g 
1 

Amino Acid Efflux tissue water) Percentage 
added (5 mM) 

2' min. . 8 min. '15 min. * Control 

Nil 0.57 1.00 1.41 100 

Taurine 0.53 1. 01 1.41 100 

AIB 0.53 1.11 1.57 111 

L-~ro1ine 0.61 1.18 1.62 115 

G1yci.ne 0.51 1.19 1.82 129 

GABA 0.72 1. 76 2.34 166 

DL-Of -Amino-n-
Butyric Acid 0.70 2.01 2.92 207 

. 
L-Threonine 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-I.eucine 1.21 2.98 3.81 270 

L-Va1ine 1.01 2.88 3.91 277 

L'Methionine 1.48 3.23 4.19 297 

* Based on the total eff1ux at the end of 15 minutes. 

of 

Incubation conditions lolere as descri.bed in Table 29 except that the pre-
14 incubation was carried out in the presence of 0.7 mM L-methionine-methy1-C 

for 60 minutes, resu1ting in an initial tissue concentration of 5.4 proo1es 

of L-methionine/g tissue water. 
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(E) The Effects of Amino Acids on the Efflux of Intracellular ACPC. 

The results of this series of experiments are pr~sented in 

Table 33. Just as in the'case of L-methionine, the amine acids AIB, 

L-proline and glycine had the least ability ta exchange with intra­

cellular ACPC under the present experimental conditions. L-~hreonine 

and L-leucine, good inhibitors of ACPC transport, were also excellent 

exchange partners as sho~YIl by stimulated effluxes of 85% and 82% res­

pectively above the control. Here too GABA exhibited an affinity for 

the exchange system, although the 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 174% increase over the control. Homo-exchange in this situation was 

also quite large (160% increase). This compares favourably with the 

observations made with the L-methionine exchanging system. The maximum 

possible stimulated efflux of 174% is much higher than that obtained 

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

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

The exchange specificity for L-tryptophan, an amino acid which 

enters the mouse pancreas by means of at least two distinct systems (see 

Chapter 4),was exrunined 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 

The Effects of Severa1 Amino Acids on the Efflux of ACPC_C14 from 

Mouse Pancreas 

Efflux Vwmo1es/g tissue water) 
-r-

Percentage .Amino Acid -- • 
* added (5 mM) 2 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-Pro1ine 0.70 1. 35 1.81 134 
Glycine 0.45 1.07 1.88 139 
GA BA 0.61 1. 31 1.92 142 
L-Pheny1alanine 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 2.62 3.69 274 

* Based on the total eff1ux 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 proo1es 
of ACPC/g tissue water. 

of 
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TABLE 34 

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

from Mouse Pancreas 

Amino Acid Added Efflux (pmo1es/g tissue.water) : % .of,* 
( 5 mM ) 3 mins. 1 9 mins. 1 15 mins. Control 

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-
3_C14 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 amine acid homo-exchange 
was quite good (92% increase), although several other amine 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 L­

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 amine acid L-lysine could also 

accommodate a number of neutral amine acids. The question arose as to 

whether L-lysine, when present intracellularly, would 'ue a good exchange 

participant at concentrations sjmilar to those used with the previous 

neutral amine acids. The results of these experiments are presented in 

Table 35. Although aIl of the amine 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, 'tl1hen present intra­

cellu1.arly, behaves 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 sorne previous anomalies, it was of interest tode­

termine whether the concentration effects controlling exchange differed 

in any way from those controlling transport. The system investigated first 

was that in tvhich ACPC inside the pancreas was exehanged with L-methionine 
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TABLE 35 

The Effects of Several Amino Acids on the Efflux of. t;-Lysine~U,:,.cl~" from HO!Hm 
Pancreas 

Amino Acid Added Efflux "ÛJmoles/g tissue water) % of ( 5 mM ) 4 mins. 1 8 mins. 1 16 mins. Co"ntrol* -
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 
J .. -Methionine 1.16 1.46 2.00 114 
L-Leucine 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-Pro1ine 1. 35 1.69 2.06 120 
L-Va1ine 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 
14 

preincubation was carried out in the presence of 1.7 mM t-lysine-U-C for 60 minutes, resulting in an initial tissue concentration of 6.4 prooles of L-Iysine/g tissue water. 
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~n the external jncubation medium. These results are presented in 

Fig.lO. In the first set of, experiments shown in Fig.lOA, pancreas 

was preloaded with ACPC to different levels and efflux was followed 

into external media in the presence' and absence of 1 mM L-methionine. 

That portion due to exchange (difference between efflux in the pre- . 

sence 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 

in tyhich large blank values have been substracted from the overall 

flux i.e. the rate of movement of ACPC into an amino acid free medium 

has been subtracted from the total flux observed j.n the pr:esence 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. lOB were obtained. This plot of ex­

change diffusion rate versus the concentration of external L-methionine 

indicates that the external amino acid is able to saturate the exchange 

system at quite low concentrations. Approximate estimates of an af­

finit y constant have been obtained by plotting the data according to 

the method of Lineweaver and Burk (231) i.e. a double reciprocal pl~t' 

of the efflux rate against the concentration of external amino acid 

varied. The value obtained for the affinity constant depended upon the 

period of time over which the rates lyere calculated, 'but they were al­

ways of the same order. For the other systems the experimental set-up 
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t'las similar to that shown in Fig.lOB and a summary of sorne 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 trans-

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-

finit y constant 'of 5.8 mM (48) ,which ls of the same order as the constant 

characterizing the affinity of ACPC present in the medium for the system 

responsible for exchanging it wlth the prepacked methionine. It should 

be noted that the affinity constant for exchange was of the same order 

whether the 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 intracellular 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 capabilitles. 

Such a situation could exist if the affinity constants characterizing 

exchange were much higher than thosefor transport i.e. decreased af-

finit y during exchange. Table 37 ShOl-lS the results of a series of ex-
, 14 periments wherein the tissue concentration of 'AIB-1-C 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-cl4 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 ~cid.who~e K ,( mM ) ex Amino Acid 
Externa1 concentrat'ion is IAffinity con-Inside the stant for ex-Pancreas Medium varied change 

ACPC L-Methionine ACPCin )30 

ACPC (5.4 mM) L-Methionine L-Methionine out 1.5 

ACPC (10.5 mM) L"Methionine L"Methionine out 2.2 

L-Methionine (5.5 mM) L-Methionine L-Methionine out 3.0 

, .L"Methionine (6.0 mM) ACPC ACPC out 7.1 

ACPC (5.4 mM) ACPC ACPC out 5.0 

-

Tpe incubation conditions were as described in the text and in "Materia1s 
and Methods". ACPC

i and ACPC refer to ACPC inside the cell and ACPC n out 
in the medium respective1y. L"Methionine refers to L-Methionine in the out 
external medium. In aIl 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 }louse Pancreas 

Efflux of radioactive AIB Efflux of radioactive glycine T i m e into media containing into media containing 
(minutes) 8 mM AIB 114 mM AIB 1 32 mM AIB 10.14 mM 

Glycine 120.28 mM 130.42 mM Glycine Glyd.ne 

* 3 0.68 0.68 0.68 0.68 0.79 0.74 

9 

15 

1. 22 1.16· 1.01 1.29 1.60 1.49 

1.43 1.52 1.35 1.77 2.12 2.06 

* Efflux expressed as pmoles/g tissue water. 

The pancreas was preloaded either with 5.4 pmoles of AIB/g tissue 
o ~.,ater or 6.5 pmoles of glycine/g tissue water. Efflux at 15 C 

into the various media was follOtved as described in "Materials and 
Methods". 



-152-

,present externally lvas varied. In both cases, the efflux of the radio-

active amino acid was follotved at the different time intervals indicated. 

If the affinity constant for exchange was higher (decreased affinity), 

then the efflux should progressively increase as the external amino acid 

concentration 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 

exchange which lvere quite similar to those characterizing the transport 

of these amino acids (48). This i8 in contrast to the Ehrlich cell \vhere 

"the small driviùg of the outward migration by tha short-chain neutral 

amino acids is nearly linear up to 70 mM whereas the K values for their . m 
uptake are 0.5 to 0.6 mM ••• " (67). 

6.10 The Effl~.tt~Extracellular Amino Acid Mixtures on the Exchange 

Reaction 

The similarity of the affiuity constant values strongly 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 exchangc site occurred through the 
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TABLE 38 

The Effects of Mixtures.of L-Threonine and L-Methionine in the Externa1 

Medium on the' Efflux of L-Hethionine-Methy1-C14 from House Pancreas 

.-
Additions to Externa1 Medium 

T i m e 
1.4 mM L-Methionine & 1.4 mM (minutes) 5mM L-Threonine 5 mM L-Threonine L-Methionine 

2 1.15 * 1. 58 1.23 

5 1.89 2.57 1.85 

8 2.38 3.ll 2.35 

12 2.82 3.45 2.72 

15 3.15 3.79 3.10 

* Eff1ux is. expressed as pmoles/g tissue water. 

Pancreas was preincubated with 0.75 mH 1abelled L-methionine for 

60 minutes at 370 C in order to obtain a tissue concentration of 

5.3 pmoles/g tissue water. Efflux at 150 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 1evels, then a 

significant increase in the flux of L-ntethionine 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 possibility 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 this case the concentration 

of ACPC in the medium was l"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 vèry 

marked inhibitory effect on the accumulation of ACPC from a medium con­

taining the amino acid at a concentration of 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. 

1. 

SUMMARY OF CHAPTER 6 

Not only can the presence of L-methionine inside the tissue 

1ead to an increased extent of L-tryptophan uptake, but in 

addition the presence of L-tryptophan in the Inedium can leaà 
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TABLE' 39 

The Effects of Mixtures of ACPC and AIB in the External Nedium on the 
Efflux of Radioactive ACPC from Mouse Pancrea~ 

Time Additions to ~xternal Medium' 
(~inutes) Nil 

1 
1 mM ACPC 1 1.mM ACPC & 15 mM AIB 5 mM AIB 

2 * 0.43 0.63 0.71 0.42 
5 0.73 1.26 1. 25 0.70 
8 0.93 1.64 1. 74 0.93 

12 1.19 2.10 2.22 1.15 
15 1. 35 2.52 2.48 1. 32 

* Efflux is expressed as pmoles/g tissue water. 

Pancreas loms pre loaded with an initial concentration of 5.5 )lIl1.oles of ACPC/g tissue water as described in "Materials and Nethods". Efflux at lSoC 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 pancreas. The fluxes attributable to exchange dif-
fusion (in and out) are of the same order of magnitude and 
the total fluxes (in and out) are approximately equal. 

2. The possibility of reconcentration is :-:ejected since 1 mM L­
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. 

3. Exchange diffusion increased as the extent of intracellular 
preloadj.ng increased. Similarly, there was a progressive 
increase in the efflux of intracellular amine acid as the 
concentration of extracellular amine acid was increased. 

4. Hetero-exchange (outtolard) 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. 

5. Exchange diffusion of amine acids in mouse pancreaS'was not 
+ dependent upon the external Na concentration. 

6. The relative ability of intracellular amine acids to exchange 
were (in decreasing order): L-methionine, ACPC, L-tryptophan, 
glycine, AIB, L-proline, L-lysine. 

7. When present extrucellularly, the short-chain neutral amino 
acids (glycine, AIB, L-proline, etc.) exchanged very poorly 
in all instances. Hhere there tolUS a significant stimulated 

1 
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efflux of prepacked amine acid, the long-chain neutral 

amino acids were excellent exchangers. 

8. The exchange system could only be saturated at extremely 

high levels. of amino acid inside the celle 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. 

9. 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. 

10. 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 the same result as that obtained 

with homo-exchange of ACPC Le. 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 

DISCUSSION 

The Pancreas and Amino Acid Transport 

T~e results presented in Chapter 3 confirm the fact that 

amino acids are concentrated to high intracellular levels in adult 

mouse pancreas in vitro. Amino acid accumulation in the newborn, how­

ever, was markedly decreased, while pancreas from adult mice weighing 

20-40 g accumulated amino acids to about the same extent. This would 

indicate that the important factor was the age rather than the size 

of the animal. Such differences between netvborn and adult animaIs 

have also been observed in studies with brain slices (76) and might 

be due to incomplete 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 IOlver uptake in the salivary gland than in pancreas is 

particularly interesting ~n view of the close similarity of structure 

betlveen the se 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 severai sources has not only 

shown mouse to have· the most active transport system, but 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 approximatcly proportional to the body surface area. Sincethe 

basal metabolism reflects the energy requirements for maintenance and 

conduct of fundamental cellular processes such as active transport, 

this might account for" the generally lower amino acid accumulation in 

pancreas from larger animaIs. 

Amino acid uptake was much lower in pancreas from mice bearing 

an Ehrlich ascites tumor than in pancreas from normal mice. However, 

other experiments have shown that the exchange diffusion process is un­
I 

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 mnount 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 Accumulati"Q.n in House 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 

Linel-1eaVer and Burk plot, this is not conclusive evidence in favor of 

a single system or site, since non-linearity would be observed only if 

the K values were separated by at least one order of magnitude (234). m 

1 
Clayman, S. and Scholefield, P.G., unpublished observations. 
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In addition, the affinity constant 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,K value cou1d weIl be an indication of a double m 
mode of entry. Recent work (121) has suggested that there are two routes 

for L-1ysine uptake into kidney cortex slices, a1though the second trans-

port system (with a sma1l K value) was only apparent at much lower sub­m 
strate concentrations than those used in the present experiments. 

In kidney there is a separate transport system for basic amino 

acids (42, 115, 235) lolhich overlaps that for neutra1 amino acids to a 

slight extent. Such a system may be present in the intestine (161, 169, 

236) but it is not as t.,eU defined. Mutual inhibition during transport 

occurs not on1y among the basic amino acids themse1ves, but a1so between 

the basic and neutra1 amino acids (160, 169, 236). Similar work (72) 

with,brain slices has suggested that separate systems are invo1ved in 

the transport of the short and long chain basic amino acids. A parti-

cu1ar amino acid seemed to have an affinity for more than one transport 

site - a high affinity for its primary site of transport and a 10wer af-

finit y for a secondary site of entry. The present experiments shot.,: 

(a) a significant effect of pH on L-1ysine uptake which was not observed 

+ with the neutra1 amino acids, (b) a much greater effect of Na remova1 

on neutra1 amino acid uptake than on L-1ysine uptake, Cc) approximate1y 

the same uptake'of L-lysine from normal and Na+-free me'dia t.,hen the in-

o cubation t.,as carried out in a nitrogen atmosphere at 37 C or in an oxygeu 
o 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 acids. There may be a 
separate 'transport system in mouse pancreas for the basic amino acids 

(e.g. L-lysine), though the neutral amino acids would have a large af­

finit y for this system. In addition, a sufficient concentration of the 

basic amino acids Gould eliminate either a large or smali portion of 

the neutrai 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 jn 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 

that 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 ACPC'-valine-MeACPC, glycine, methionine-ethionine, 

and proline (48). The present findings indicate that AIB entry is at a 

separate site from those previously described. Thus, in mouse pancreas, 

there are at least t~~o sites serving for the entry of short-chain neutral 

amino acids as ~li'el1 as at least two sites for long··chain neu'tral 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 suggests that 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 proposaI is 

further supported by the very extensive interaction bet\veen neutral 

amino acids during the transport process as weIl as by the similarity 

of the percentage decrease in amino acid accumulation in the complete 

absence of external Na+. 

Of the ronino acids studied thus far, GABA i3 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 GAllA is accumulated 

to extremely high intracellular levels in vitro. The inhibition of 

neutral amino acid uptake by GABA would indicate sorne affinity of GABA 

for the various sites involved in neutral amino acid transport. 

Ions and Amino Acid Transport in Mouse Pancreas 

The results presented in Chapter 5 clearly ShOlv that the ac-

cumulation of amino acids by the pancreas is influenced by changes in 

. the ion composition of the external medium. Such decr~ases 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). LineVleaver and 



-163-

'Burk analysis of amino acid uptake at low Na+ concentrations showed a 

definite increase in the K value, although the maximum concentration m 
gradient remained unaltered. This is in agreement with the results of 

Crane (189, 190) for sugar transport in the intestine, as weIl as those 

of Kipnis and Parrish (239) for AIB transport in rabbit lymphnodes and 

Cotlier and Beat y (206) for amino acid transport in the eye lens. They 

are, hOtvever, 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 external Na con-

centration resulted in both an altered K and V value. m max 

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-amino 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, lvith the ions being regarded as "competitive 

activators" of the transport sites. The statement of Curran et al. (237) 

that "the fir'st 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 Na+", could be avoided if the Na+ and 

amino acid attached to their respective sites simultaneously. Such 

binding to two separate sites on the carrier surface would be needed 

in the pancreas since the existence of complexes such as carrier-Na+­

amino acid or carrier-amino acid-Na+ would not be in agreement with 

the results obtained. If Na+ and amino acid must bind to each 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 Na+-amino acid complex for the subsequent binding to the 

carrier. Be:gin and Scholefield (47) have ShOlVIl that the entry of 

L-proline involves attachment to two sites. It is possible that Na+ 

may influence both proline sites during the transport reaction. Such 

a situation might require two cation sites on the carrier molecule, 

although the present data is insufficient toconfirm this hypothesis. 

Table 16 shows the inability of several ions to replace ex­
+ + ternal Na or K adequately. However, the steady-state amino acid ac· 

cumulation in the presence of these ions would be in agreement with 

the proposaI 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 llThen K+ is replaced by 

Rb+ is in agreement with the findings of Riggs et al. (181) for glycine 

uptake in the Ehrlich celI, suggesting basic similarities betllTeen normal 

and neoplastic transport systems. 
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Vidaver (195) is in favor of a Na+ gradient being responsible 
for amino acid movement, lV'hlle Kipnis and Parrish (239) have considered 
that it is not simply the electrochemical gradient but a1so the "abso1ute + level of Na on both the inner and outer ceU 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 leve1 of Na as weIl + as on the Na gradient. 

Several investigators have obtained an approximate value for 
+ the number of Na illvolved in the amino acid entry process. lo'or instance, + 

. + 1 Na was required for amino acid uptake in diaphragm (239), two Na for 
+ glycine uptake in rabbit red blood ce1ls (197), two Na for glycine up-

+ take in pigeon erythrocytes (193) and one Na for AlB uptake in the eye 
lens (206). The present findings are in favor of a siag1e Na+, rather + than 2 Na , functioning as co-factor in the transport process in mouse 
pancreas. This evidence is by no means conclusive. lt is possible that 
the reaction constants for 2 Na+ may be so related that on1y reaction 
with the first Na+ is kineticall; observable, as suggested recent1y by 
Wheeler and Christensen (241) with the red blood ce11. Such a requirement 
wou1d not be applicable to concentrative accwnulation by the pancreas in 
the absence of Na+. Furthermore, it is not knOiV'll lV'hether the need for 
tlV'O ions indicates that 2 Na + operate through one cation site or whether 

+ 
tlV'O different cation sites each require the presence of 1 Na in order to 
function. 

The Na+-insensitive uptakes of AlB an.d MeAlB in the Ehrlich cell 
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.were not concentrative, whi1e L-methionine uptake was concentrative 

(200). In leucocytes (198, 199), AIB, glycine, pro1ine and alanine 

required Na+ for transport, whi1e ACPC and L-methionine were not Na+-

dependent. Simi1ar work with bone (82) indicated that in the absence 
+ of Na , ~lycine and AIB were still accumu1ated while the entry of L-

proline and hydroxyproline occurred via a non-mediated process which 

was similar to diffusion. Mouse pancreas is unique since concentration 

gradients could be obtained with a11 the neutra1 amine aCids, regard1ess 

of whether they possessed a sma1I or large side-chain. In this respect, 

the various transport carrier sites in mouse pancreas wou Id be more 

ana1ogous to the L-system of the Ehrlich ascites ce1l (67, 74). L-Proline, 

the on1y possible exception, wou1d more close1y correspond to the A grouping, 

a1though its mode of entry is quite different from that of amino acids in 

the Ehrlich ce11 (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 ce1l is such as to either 

increase the rate of outward movement of free carrier across the ce11 

membrane, or increase the rate of dissociation of carrier-amino acid 

comp1ex at the inner surface o~ the membrane. Since ouabain had no effect 

on amino acid accumulation at a concentration which was sufficient to inter-

fere with the cation pump mechanism, it would appear that amino acid trans­
i- -~ port was not entire1y dependent on an active Na - K' pump. This is in 

agreement with the observationthat ouabain (1 x lC-SM) aaused a significant 
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+ • inhibition of Na transport in the intact diaphragm without affecting 

AIB transport (205). 

The presence of two independent and paraI leI pathways for 
+ + amino acid influx, one Na -dependent and the other Na -independent, 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 betlveen 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 Qllastel (214, 215) have concluded that the same amino acid carriers 

are involved in both transport and exchange diffusion in the Ehrlich 

ceU. The present findings of a relative insensitivity to pH change 

(neutral amine 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 1.2) 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 exchange reaction in mouse pancreas showed an influx to 
efflux ratio of about 1:1.6 rather than the theoretical 1:1 value. This 
can be accounted for on the fo1lowing basis: in outward exchange, the 
movement into amine acid free media is substracted from the stimulated 
efflux in the presence of an amine 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 
amine 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. 

Blgin 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" amine acids can exchange with intracellular 
amine acids which are normally transported by a different site i.e., 
there is an actual increase in the entry of the extracellular amine acid. 
It is pos:>ible that the inhibitor-.by attachment to sorne of the substrate 
sites, could be translocated during the transport reaction. This ~'lOuld 
involve amino acid entry at a secondary site as weIl as at a primary site. 
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'If such is the case, then similarly in exchange diffusion, displacement 

of the intracellular amine acid from the carrier site could result in 

the sarne type of conformational change required for inward movement of 

the extracellular amine acid. Alternatively in the transport reaction, 

the presence of the attached substrate may result in non-translocation 

'of the inhibitor as suggested by Btgin and Scholefield (48). Furthermore, 

after the exchange displacement reaction has occurred, the e=ctracellular 

amine acid would be the only metabolite attached to the carrier. Thus 

translocation could take place i.e. as opposed to transport where both 

substrate and inhibitor are present and where there is no translocation. 

Although both situations are possible, the former (inhibitor translocation 

during transport and exchange) appcars to be most likely. 

In exchange diffusion the amine acid-carrier complex may proceed 

from BC to AC (where A and B are different amine acids) via free carrier. 

The simi~arity of the affinity constants for exchange and transport sug-

gests that in exchange diffusion the amino acids may react wlth 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 allot., b~nding of the extracellular amino acid to another 

site on the molecule. In this way the carrier, with both amino acids 
~ attahced, may be non-functional. Release of the first arnino acid could 

render the carrier-amino acid complex functional again (allosteric effect) 

and subsequently able to reorientate inward. 
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An important factor iri exchange diffusion is that of lipid 

solubility. The poorly exchanging short-chain neutral amino acids are 

relatively lipid insoluble compared with the long-chain amino acids. 

Thus the effective 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 he 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 1s 

disproved in the present studies, since a linear Dixon plot was obtained. 

Although no conclusive evidence is available at present, a situation which 

invobres both "trl.le" and "partially" competitive inhibition must also be 

considered. Dl.lring transport the inhibitor W'ould bind to both the suh­

strate site and its own adjacent site. However, only that portion of 

the inhibitor which is attached to the substrate site will be capable of 

exchanging and so the stimulated efflux will he less than predicted on 

the basis of the transport studies. This type of interaction remains a 

definite possibility in view of the rccent work of Alvarado (240) with. 

sugar transport in the hamster small intestine. Here the carrier was 
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.assumed to possess two different sites i.e. a sugar and phenol biIlding 

site. It was shown that phloretin binds only to the phenol site (al­

losteric inhibitor) while phlorizin, which gave a linear Thorn plot. 

binds simultaneously to both of these sites, thus being both a "true" 

and "partially" competitive inhibitor. 

Oxender and Christensen (67, 74) have grouped glycine, AIB 

and L-proline together in the Ehrlich cell as very poor exchangers. 

Although AIB and L-proline in pancreas are in agreement with this clas­

sification, the maximum stimulation of 74% over the control obtained 

with glycine intracellularly 'l>10uld e:{c lude 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 amine 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 AIB and L-proline, aIl external amine acids 

(both normally excellent and poor exchangers) were equally poor. 

Btgin and Scholefield (48) have designated separate transport 

sites for ACPC, glycine and L""1llethionine based on kinetic studies. The 

exchange data provides additional evidence that a separate site exists 

for glycine sinee it behaves differently from ACPC or L-methionine (i.e. 

excellent exchangers). On this basis, ACPC and L-methionine could not 

be clearly differentiated. In addition, the AIB site (i.e. poor exchanger) 

could be distinguished from those servlng 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 lITaS a significant inhibitor of the transport of l mM ACPC, there 

was no inhibition by AIE of the homo-exchange of ACPC. In the transport 

situation it is very likely that this excess of AIB is not present in the 

area of the exchanging amine acid-carrier complex i.e. there is ACPC 

attached to the carrier intracellularly and extracellular ACPC diffusing 

towards the complexe Thus, at the existing inhibitor to sllbstrate ratio, 

an inhibition 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 j.dentical with competitive 

inhibition 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 

cannat 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 ls 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 wouldbe indistinguishable from a 

sHuation 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 through 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 



-173-

+ '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 betlveen the affinity constants for the transport and exchange 

processes i~ mouse pancreas are in contrast to the quite striking dif-

ferences between the se tw'O values in the red blood ceU (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 

(1) Mouse pancreas a~cunlulated amino acids to a greater ex-

tent than rat, guinea pig, dog ot human (tumor) pancreas. Prior fasting 

(72 hours) did not have any effeti: on amine acid accumulation by mouse 

pancreas. 

(2) Pancreas from adtilt mice showed a greater .,.amino acid' ac-

cumulation than pancreas from nelborn. 

(3) Kinetic analysis lof L-tryptophan uptake suggests thatat 

least t~lO 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-

finit y for its own transport system i.e. extremely high K value. m 

(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 eutry 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 ~-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 ACPC. 

(10) In addition to major suppression of neutral amino acid 
uptake by a sufficient level of other neutral amine acids, there was also 
a large reduction in basic amine acid uptake by a sufficient level of 
several neutral amine acids. A sufficient concentration of L-Iysine 
(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-pro1ine, L-tryptophan, L-methionine, 
L-1ysine, GABA. 

(12) NH!, Rb+, K+ or Li+ could not replace external Na+ in the 
+ transport process, whereas Rb cou1d function as a suitab1e replacement 

for K+. 

(13) A decrease in either the external Na+ or K+ concentration 
resulted in an increase in the apparent affinity constant, but no change 
in tl:e maximum concentration gradient. 

+ 
(14) Kinetic analysis suggested a 1:1 relationship betlveen Na 

ions and ACPC molecules transported in mouse pancreas. 

(15) AIB, ACPC, L-methionine, glycine, L-proline and L-Iysine 
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maintained concentration gradients in the complete absence of external 
+ Na • 

(16) 
~ 

+ + + In lOl., Na , lol'l K or Na -free media, the uptakes of 

ACPC, glycine, AIB and L-methionine l'lere 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. 

(18) E=~change diffusion of amino acids in mouse pancreas did 
.+ not show a dependency on the external Na concentration. 

(19) The relative ability of intracellular amine aci.ds 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 amine acids (glycine, AIB, proline, etc.) exchanged 

very poorly in aIl instances, while the long-chain neutral amino acids 

were generally excel~ent exchangers. 

(20) The exchange system could be saturated only at extremely 

high l·.:vels of amine acid inside the cel!. The external amino acid was 

able to saturate the exchange system at quite low concentrations. In 

the latter case, the affinity'constant of the exchange reaction was of 

the srume order as the affinity constant characterizing the transport of 

the amine acid into mouse pancreas. 

(21) The presence of two éJ1lino acids (each below the satura-

tion level) in the incubation medit~ produced a greater stimulation of 
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~ff1ux of prepacked amino acid than either one present a1one. Such a 

significant increase would·be se~here 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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