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SUMMARY

FFurther studies of amino acid transport by the rat liver slice have shown that
the transport of z-aminoisobutyric acid is inhibited by glvcine as well as dinitro-
phenol, Nat-free medium, and iodoacetate. Glycine itself is actively transported by
the rat liver slice, although some metabolism also takes place. Cystine is transported
by a single transport system, although reduction to cysteine occurs intracellularly
and to some extent in the medium also. Cysteine is transported faster than cvstine
and to greater concentration gradients. Kinetic studies showed that cystine was
transported by a single system that was inhibited by glycine but not by «-amino-
isobutyric acid. Two transport systems were involved in cysteine transport, each
inhibited to a certain extent by «-aminoisobutyric acid and glveine. Lysine and
valine both exist at a higher concentration intracellularly than in the plasma in vivo
but no intracellular gradients were obtained after in vitro incubations. Tt is suggested
that the intracellular gradients for these amino acids are maintained by protein
catabolism.

INTRODUCTION

Some 7n vivo studies in the cat! and in the rat? have shown concentrations of
some amino acids to be higher in the liver than in plasma. The uptake of «-amino-
isobutyric acid by rat liver in vivo has been shown to be increased by insulin but this
effect was not observed in adrenalectomised animals®. Perfusion studies with isolated
rat liver have shown that an amino acid concentration gradient can be maintained
between the tissue and the perfusate in vitro® 5. The transport of amino acids by the
liver slice has recently been investigated by several workers. It was shown that
alanine uptake was inhibited by ethanol in the rat liver slice® and glutamic acid
did not appear to enter the liver slice by an active transport system?. CRAWHALL AND
SEGAL® were unable to demonstrate an active transport system for certain synthetic
sugars but «-aminoisobutyric acid was taken up by liver slices to give a concentration
gradient. This was confirmed in a separate investigation by TEws aAxp HARPER® who
also showed that dinitrophenol and ouabain were partial inhibitors of the system.
The system was also saturable with «-aminoisobutyric acid and inhibited by anaero-
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biosis. Liver slices have also been used to study the incorporation of amino acids
into proteinl®-12,

In this paper we report further studies on xz-aminoisobutyric acid uptake by rat
liver slices and the effect of Nat-free medium, inhibition by iodoacetic acid and
competitive inhibition by glycine. The transport of glycine itself has been studied and
a comparison made between rates of transport and metabolism for that amino acid.
The transport of cystine and cysteine were also studied and kinetic constants for their
transport were determined. Lysine and valine were maintained at higher concentra-
tions in the tissue than in the plasma i vivo but in vitro no radioactive gradient was
obtained.

MATERIALS AND METHODS

Chemicals

«-Amino, 1-1#Clisobutyric acid, uniformly labeled [*C,]glycine, lysine and
valine, "33Sicystine, and [carboxy-1Clinulin were obtained from the Radiochemical
Centre (Amersham, England). Further supplies of 'carboxy-14Clinulin were obtained
from Calbiochem (Los Angeles, Calif.) and New England Nuclear Corp. (Boston,
Mass.). Purity of the radiochemical amino acids was checked by high-voltage electro-
phoresis. Unlabeled L-amino acids were obtained from Hopkins and Williams Ltd.
(Chadwell Heath, England). N-Ethylmaleimide and dithiothreitol were obtained
from Calbiochem (Los Angeles, Calif.) and 2z,4-dinitrophenol from British Drug
Houses Ltd. (Poole, England).

Preparation of tissue

Male Sprague-Dawley rats, aged 6 weeks and weighing approx. 150 g, were
used. They were fed on rat chow (Dixons Feeds 41B, Ware, England) and starved
for 24 h before the experiment when they were killed by stunning followed by decapita-
tion. The liver was removed and immersed in ice-cold 0.9% NaCl, and 0.5-mm slices
were cut on a Stadie-Riggs microtome. Slices were kept chilled in oxygenated Krebs-
Ringer bicarbonate buffer'®. Three rats were normally used in each experiment.

Incubation procedure

A slice of liver from each rat, was placed in 25-ml conical flasks, containing
0.5 uC radioactive amino acid in 2 ml of Krebs—Ringer bicarbonate buffer. Each slice
weighed approx. 20 mg. Incubations were carried out in triplicate in an atmosphere
of 0,-CO, (95:5, by vol.), unless otherwise indicated. The flasks were gased for 30
sec, sealed with rubber turnover closures (Suba-seal Works, Barnsley, England), and
incubated in a metabolic shaker (Gallenkamp) at 37°. For anaerobic experiments,
the tissue was preincubated in an atmosphere of nitrogen-CO, (g5:5, by vol.) before
addition of the radioactive amino acid. At the end of the incubation period the
slices were removed, dipped in 0.9% NaCl, blotted, and weighed on a torsion balance
(Roller Smith Precision Balances, Federal Pacific Electric Co. N.J., U.S.A)).

The amino acids were extracted by one of two procedures. In one the slices
were placed in 2 ml water in conical centrifuge tubes and heated at 100° in a water
bath for 6 min. In the other the slices were added to 2 ml of 5% trichloroacetic acid
and homogenised in a tissue grinder (Kontex Glass Co., Vineland, U.5.A.). The pre-

Biochim. Biophys. Acta, 225 (1971) 326-334



328 J. C. CRAWHALL, M. G. DAVIS

cipitate was removed by centrifugation and the trichloroacetic acid extracted by
ether (3 x 2 ml). For experiments in Na*-free medium, NaCl and NaHCO, in the
Krebs-Ringer bicarbonate bufter were replaced with Trist4,

Determination of tissue water

After incubation the slices were blotted, weighed, dried overnight in a crucible
at 110°, and reweighed. The difference between the weights of the tissue before and
after drying gave the total tissue water, which was expressed as a percentage of the
wet tissue weight.

Determination of extracellular space

_carboxy-1*C]Inulin, obtained from three different commercial sources, was
added to the incubation medium. Incubations were carried out for various periods
of time, corresponding to the incubation periods used for the various amino acids.
The calculation of extracellular space was carried as described by ROSENBERG et al.'?.

Ldentification of metabolites

Portions of the incubation medium and tissue extracts (10 ul) were submitted
to high-voltage electrophoresis (High-Voltage Electrophoresis Unit, Model 2, Miles
Hivolt Ltd, Shoreham, Sussex, England), using Whatman 3 MM paper and 6.8°,
formic acid solution as a buffer. Electrophoresis was carried out at room temperature,
and at 4kV for 30 min. The paper was then dried and cut into strips, which in turn were
cut into segments (approx. 10 segments, each 2 em long). These were immersed in
10 ml of a toluene-based phosphor (2,5-bis-2-(5-tert.-butylbenzoxazolyl)-thiophene,
Ciba, Duxford, Cambridge, England) and the radioactivity counted in an automatic
liquid scintillation counter (Nuclear Chicago). The areas of radioactivity were iden-
tified by comparison with known marker substances.

Determination of isotope distribution ratios

Portions of the incubation medium and tissue extracts (0.2 ml) were placed
in liquid scintillation vials, and ethanol (2.8 ml) and the toluene-based phosphor
(7 ml, 2,5-bis-2-(5-tert.-butylbenzoxazolyl)-thiophene) were added. The radioactive
isotope distribution ratios were calculated by the method of ROSENBERG ¢t al.l%,
substituting the values for tissue water and extracellular fluid determined for liver
slices.

Determination of the rate of transport of cvsteine and the determination of the cvstine—
cysteine oxidoreduction statc

Rat liver slices were incubated in buffer containing {33S7cystine to which di-
thiothreitol had been added (final concentration z or 4 mM depending on the cysteine
concentration and duration of incubation). After incubation the extent of cystine
reduction was determined by homogenising the tissue in a solution of N-ethylmalei-
mide (1.0 ml, 2o mM in 0.1 M phosphate buffer (pH 7.4)). This reacts instantly with
all free thiol groups and, hence, prevents any reoxidation to the disulfide. Trichloro-
acetic acid (10%, 1 ml) was added. The precipitated protein was removed by centri-
fugation and the trichloroacetic acid removed by ether extraction. Further details
of this procedure have been described by CRAWHALL AND SEGALY and by CRAWHALL
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AND Davis®®, The cysteine-N-ethylmaleimide derivative was separated from cystine
by high-voltage electrophoresis, and the extent of reduction determined by counting
the appropriate radioactive sections of the high-voltage electrophoresis strip.

RESULTS

Determinations of tissue water and extracellular space

Results of 12 determinations of total tissue water gave a value of 68.1 + 3.4%
(S.D.) comparable to previously reported values®?® 19 The results did not vary with
the duration of incubation. The results of extracellular space determinations showed
that the final equilibration of inulin with the extracellular fluid did not occur until
30 min of incubation and these results were similar using [4CJinulin from three dif-
ferent manufacturers. The mean equilibrium value of 34.3% is comparable to the
value of 359% reported by CAHILL ef 4/.2° but is higher than the mean value of 279%
reported by several other workers™® 7. The inulin space remained the same when
liver slices were incubated in Na*-free medium, but under anaerobic conditions the
inulin space became equal to the total tissue water space.

Inhibitors and Rinetics of a-aminorsobutyric acid transport

This study of inhibitors of «-aminoisobutyric acid transport showed that
dinitrophenol even at a concentration of 0.5 mM was only a partial inhibitor. Iodo-
acetic acid (0.5 mM) and anaerobiosis were more effective inhibitors, the most effective
being Na* deficiency when Na*-free incubation medium was used (Iig. 1).

The rate of transport of a-aminoisobutyric acid was measured at different
concentrations, from 0.2 to 2 mM for incubations of 60 min at 37°. The results were
expressed graphically in a double reciprocal plot which showed that «-aminoisobutyric
acid was transported by a single system over this concentration range, with a K,,
of 1.25 mM and vmax of 0.022 ymole/g wet weight of tissue per min. Similar transport
experiments carried out with «-amino|"( jisobutyric acid in the presence of glycine
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Fig. 1. Isotope distribution ratio obtained by incubation of rat liver slices in Krebs—-Ringer
bicarbonate buffer at 37" containing x-amino{¥(Clisobutyric acid (0.2 mM). @—@, control {(no
inhibitors); A -— A, incubation with dinitrophenol (0.5 mM); O—[1, incubation with iodoacetic
acid (0.5 mM); l— M, anaerobic incubation; A-— A, incubation in Nat-free medium.

I‘ig. 2. Isotope distribution ratio after incubation of rat liver slices in Krebs—Ringer bicarbonate
buffer containing [2-1*Clglycine. @—@, 0.05 mM glycine; l—M, 0.2 mM glycine; A—A,
isotope distribution ratio determined as free glycine after separation of glycine from metabolites
by high-voltage electrophoresis. (Glycine concentration in medium, o.05 mM.)
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(z0 mM) indicated that glycine was an inhibitor of «-amino-isobutyric acid transport
and obeyed the kinetics of competitive inhibition in that it increased the Ky to
2.5 mM without affecting vmax (ref. 21).

Transport and metabolism of glveine

Initial experiments on the transport of 1%Cglycine by liver slices showed that
a rapid uptake of radioactivity occurred (Fig. 2). The intracellular radioactivity was
analysed by high-voltage electrophoresis and it was found that 709, of the radioactivi-
ty in the medium and 509 in the tissue remained as glycine during incubation periods
of up to go min. The amount of glycine remaining in the tissue after each period of
incubation was then calculated and it was shown that a considerable gradient for
glveine was still achieved (lower graph lig. 2).

Auto- and hetero-exchange of glycine and a-aminorsobutvric acid

Amino acids which share the same transport system may demonstrate the
phenomenon of exchange diffusion, whereby the efflux of one preloaded amino acid
accelerates the uptake of the same amino acid carrying a radioactive label (auto-
exchange) or of a different radioactive amino acid sharing the same transport system
(hetero-exchange). This possibility was investigated, using the technique reported by
SCHWARTZMAN ef al.22. Rat liver slices were incubated in either glycine (20 mM) or
a-aminoisobutyric acid (zo mM) for 30 min. At the end of this incubation the slices
were removed and placed in new medium containing either of the [*CJamino acids
at a concentration of o.or mM for x-aminoisobutyric acid or 0.0z mM for glycine.
The rate of uptake of these amino acids was measured for increasing periods of time,
from 2 min through to 60 min. No significant difference was observed between these
results and paired normal controls, despite the fact that glycine was a competitive
inhibitor of a-aminoisobutyric acid transport and, hence might be expected to share
the same transport system.

Cystine and cysteine transport

The technique for studying cysteine transport was similar to that described
by CRAWHALL AND SEGALZ for kidney cortex slices, and was based on the use of
dithiothreitol in the incubation medium to keep cysteine in the reduced state during
aerobic incubation. Cystine transport was investigated by the method described by
CRAWHALL AND DAvIs! for the rat everted jejunal sac. The results (Fig. 3) indicated
that cysteine was transported faster and for a longer period than cystine and gave
concentration gradients greater than that observed for cystine. Anaerobic incubation
completely stopped the formation of a concentration gradient by both these amino
acids. Increasing the concentration of cysteine and cystine to 0.4 and 0.2 mM, respec-
tivelv, decreased the initial rates of uptake of both these amino acids, indicating that
saturation of the transport mechanisms was occurring.

The extent of cystine reduction and metabolism in the tissue homogenate was
determined as decribed in MATERIALS AND METHODS. When cystine was incubated with
liver slices under aerobic conditions, cystine was found to be mainly (75%) in the
reduced form intracellularly (cf. ref. 17).

Intracellular reduction to cvsteine was decreased to 44%, in anaerobic incuba-
tions compared with aerobic incubations, but the formation of other metabolites
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increased considerably during the incubation period. The electrophoretic properties
of the principal metabolite corresponded to taurine. There was some reduction of
cystine to cysteine in the incubating medium under both aerobic and anaerobic
conditions. This phenomenon was observed to a lesser extent with incubations using
everted gut sacs'® and the explanation proposed was that cysteine efflux occurs from
the tissue into the medium and then undergoes a thiol-disulfide exchange with [33S]-
cystine in the medium with the liberation of [33S]cysteine. Cysteine appeared to be
transported faster than cystine and the true rate of transport of cystine might in
fact be less than that observed because of the contribution of the transport of [35]-
cysteine derived from [3S]cystine in the medium.

Experiments to measure directly the rate of cysteine transport by rat liver slices
were carried out with dithiothreitol added to the medium. Cysteine remained in the
reduced state in both the tissue and medium for incubation periods of up to 2 h.

The possibility of dithiothreitol directly affecting other amino acid transport
systems in the rat liver slice was investigated by incubating liver slices in medium
containing either [¥Clglycine (0.2 mM) or x-amino{1*CJisobutyric acid (0.2 mM) for
60 min and in which paired flasks either did or did not contain dithiothreitol (4 mM).
The uptake of glycine and «-aminoisobutyric acid was decreased in the presence of
dithiothreitol by 19 and 169, respectively. Using kidney cortex slices, CRAWHALL
AND SEGAL2 showed that dithiothreitol did not significantly affect the rate of uptake
of x-aminoisobutyric acid and some other amino acids.
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FFig. 3. Isotope distribution ratio obtained after incubation of rat liver slices in Krebs—-Ringer
bicarbonate buffer at 37° containing either [33S]cystine or cysteine. @—@, [**Slcystine (0.01 mM)
with dithothreitol (2 mM) giving cysteine concentration of 0.02 mM; m— M, [3°S cystine (0.2 mM)
with dithiothreitol (2 mM) giving cystine concentration of 0.4 mM; A— A, [**S]cystine (0.2 mM)
with dithiothreitol {(z mM), anaerobic; O—(, 0.01 mM [3Slcystine; O—0O, o.2 mM [3S]cystine;
A—/A, 0.2 mM {358 lcystine, anaerobic.

I'ig. 4. Rate of transport of [3S]cystine by rat liver slices incubated in Krebs—Ringer bicarbonate
buffer containing [*S]cystine at different concentrations and dithiothreitol. Incubation time 30
min. Plotted as a double reciprocal plot. @—@, incubation with different concentrations of
[35S cystine with dithiothreitel (2 mM); m—M, incubation with different concentrations of
135 ]cystine with dithiothreitol (2 mM) in presence of a-aminoisobutyric acid (z0 mM); A—A.
incubation with different concentrations of [3Sicystine with dithiothreitol (z mM) in presence
of glycine (20 mM). The transport rates for the four lower concentrations of cysteine are mean
values of nine separate determinations which were in good agreement with each other. The results
of the high concentrations were the mean of triplicate determinations.
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Transport kinetics of cystine and cysteine in the rat liver were studied by
carrying out the incubations for a fixed period of time (30 min) with various concen-
trations of substrate. The possibility that a-aminoisobutyric acid and glycine inhibited
transport was investigated by adding these amino acids to the incubation medium
(20 mM). The results were expressed as a double reciprocal plot of rate of transport
(corrected for diffusion) against the reciprocal of the concentration of cystine or cysteine
in the medium. For cystine this gave a straight line indicating a single saturable
transport system having a Ky, of 0.56 mM and vmax 0.020 pmole cystine per g wet
weight of tissue per min. Glycine (20 mM) inhibited cystine transport by 60°, with
an increase of Ky, to 1.1 mM. «-Aminoisobutyric acid did not affect the rate of trans-
port of cystine except at the lowest concentration (0.01 mM) where a slight decrease was
observed.

Results for cysteine showed the presence of two transport systems (Fig. 4).
One system was observed at low concentrations of cysteine (0.2 mM or less) and had a
high affinity for cysteine (K,, = o.11 mM) and a low capacity (vmax == 0.0I12 gmole
cysteine per g wet weight of tissue per min); it was inhibited strongly by glycine and
weakly by a-aminoisobutyric acid. Inhibition appeared to be competitive in both
cases. The other transport system was for cysteine concentrations of 0.2 mM and
above. This was a high-capacity, low-affinity system (vmax = 0.14 pmole cysteine
per g wet weight of tissue per min and K,, approx. 4 mM), inhibited competitively by
glycine but not by a-aminoisobutyric acid. Cysteine transport had previously been
shown to be inhibited by a-aminoisobutyric acid in Ehrlich ascites cells?*.

Transport of lysine and valine

Incubation of rat liver slices in a medium containing - 4C]lysine (0.2 mM)
showed that the amino acid rapidly entered the tissue and equilibrium was reached
after 30 min but no concentration gradient was achieved. Amino acid analyses showed
that valine also existed at a higher concentration intracellularly in liver slices than in
the plasma, but incubation of the slices in medium containing L-{1Clvaline (0.2 mM)
againdid not give rise to a concentration gradient in vitro. Analysis of the intracellular
radicactivity by high-voltage electrophoresis after in wvitro incubation with both
amino acids showed that the radioactivity corresponded principally to the anticipated
amino acid.

DISCUSSION

Previous studies in the transport of amino acids by rat liver slices®? were
restricted to the non-metabolised amino acid, «-aminoisobutyric acid which is con-
centrated in the slice by an energy-dependent, Nat-dependent mechanism. The
present studies showed that «-aminoisobutyric acid transport was also inhibited by
the —~SH reacting substance, iodoacetic acid. Incubation under anaerobic conditions
also inhibited the uptake of this amino acid but the permeability of the tissue was
affected by this procedure as shown by the increase of the inulin space. Glycine was
shown to be a competitive inhibitor of a-aminoisobutyric acid transport, a phenomenon
which has been observed in other tissues such as the fetal and adult calvaria of the
rat®. More definite kinetic studies of glycine transport were rendered difficult by the
extent of metabolism of glycine in the liver slice but the evidence shown in Fig. 2
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indicated that a true intracellular gradient for glycine uptake by the slice readily
occurred. This would necessarily underestimate the true rate of transport because
much of the radioactivity within the tissue must have entered as glycine before con-
version to other metabolites

Two other amino acids, cystine and cysteine were also shown to be taken up
from the incubating medium by the liver slice to form an intracellular concentration
gradient. The kinetic analysis of this transport process is relatively uncomplicated
in the case of cysteine, where the intracellular and extracellular forms are the same
and two separate transport systems were observed with different affinity constants
for cysteine. This phenomenon has previously been observed for cysteine in human
kidney cortex slices® but not in rat kidney cortex slices?”. The kinetics of cystine
transport is more difficult to analyse because of its rapid reduction to cysteine in
various tissues. Glycine was apparently an inhibitor of both cysteine and cystine
transport. The latter result was unexpected because glycine had not previously been
shown to be an inhibitor of the cystine-basic amino acid transport system but it was
also shown that under these experimental conditions, some of the cystine in the me-
dium was reduced to cysteine and it is possible that glycine was inhibiting the trans-
port of this amino acid which was transported faster than cystine if glycine was not
present.

These experiments also showed that although the liver slice was able to form a
concentration gradient for several amino acids, it was apparently unable to do so for
lysine and valine. It has been shown that various amino acids, including lysine
and valine exist at a higher concentration in the intracellular fluid of the rat liver
in vivo than in the plasma%?® and it is known that protein degradation can make a
significant contribution to the concentrations of free amino acids in the liver42.
Our own preliminary investigations have suggested that ¢n vivo lysine may be con-
centrated in rat liver by incorporation into protein followed by intracellular release
during protein catabolism®. This possibility has been discussed in relation to the
release of amino acids from perfused rat liver®. Further experiments are being carried
out to try to define the circumstances under which some amino acids appear to be
readily transported into the liver slice against a concentration gradient whilst others
do not and to extend our studies with other naturally occurring amino acids.
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