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In the cultured hepatoma cell HTC, amino acid star-
vation stimulated both influx and efflux of 2-(meth-
ylamino)isobutyric acid (MeAIB) across the plasma
membrane with little effect on the ultimate cellular
accumulation of this amino acid. In agreement, prior
amino acid starvation had little effect on the cellular
steady state levels reached for various natural amino
acids during subsequent incubation in an amino acid-
rich medium containing cycloheximide. Furthermore,
efflux of ['“C]MeAIB was markedly increased by
amino acid starvation. These findings do not mean that
adaptive regulation of neutral amino acid transport is
pointless. If membrane transport rather than metabo-
lism is the rate-limiting step for net amino acid pro-
duction or consumption, or becomes so during times of
elevated formation or catabolism of an amino acid, then
proportionate changes of both the opposed fluxes
should enhance its net generation or consumption.

Amino acid starvation enhances MeAIB-dependent
Na* influx. Alteration of the external [Na*] changes
the K., not the V..., for MeAIB influx when the degree
of System A derepression is stabilized with cyclohexi-
mide. In both starved and unstarved cells, K,,,/Vay for
MeAIB entry yields a linear function with the recip-
rocal of the external [Na*], supporting at least for
influx a rapid equilibrium-ordered kinetic model in
which Na* binds to the carrier site before the amino
acid. Elevated cellular [Na*] obtained by ouabain treat-
ment increased MeAIB efflux in parallel. Trans-inhi-
bition of MeAIB influx by accumulated MeAIB, and as
a related phenomenon by cellular Na*, was as effective
in unstarved as in starved cells, showing independence
of this kinetic phenomenon from adaptive regulation.
The decreased MeAIB accumulation resulting from de-
creased influx and increased efflux occurring at high
internal [Na*] applies both to unstarved and starved
cells. We conclude that cellular Na* accumulations,
produced by increasing levels of ouabain, reversibly
reduce the ability of MeAIB to repress System A be-
cause its interior concentration is prevented from ris-
ing, although transport in both directions continues;
accordingly, the repressive signal appears to come
from the internal amino acid levels rather than from
occupation of the carrier site for System A flux.
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Adaptive regulation is a plasma membrane transport-regu-
latory phenomenon whereby certain amino acids repress the
function of a membrane transport system for the same or
similar amino acids, whereas amino acid deprivation stimu-
lates the activity of the same transport system (see summaries
in Refs. 1 and 2). This phenomenon applies to a variety of
cells of mesenchymal and epithelial origins (1) including
cultured hepatocytes (3, 4) and a variety of hepatoma cell
lines (5, 6). Either aspect of the phenomenon requires synthe-
sis of both mRNA and protein (2). The molecular signals that
initiate the macromolecular synthesis required for expression
of adaptive regulation are unknown. A model has been pro-
posed in which the degree of occupation of the transport
system receptor site by substrates provides the signal for the
synthesis of mRNA (2). In the case of amino acid starvation-
induced derepression, this mRNA ultimately yields a protein
that activates amino acid transport, whereas in the case of
repression during amino acid excess, the messenger is trans-
lated presumably into a protein that causes breakdown or
inactivation of membrane transport proteins (2). For several
cell types, System A has been identified as the neutral amino
acid transport system under adaptive regulation, although in
the rat hepatocyte maintained in primary culture another
Na*-dependent system called N is under similar regulation
(7). Although the repressive amino acids have usually been
substrates of the regulated system, conspicuous exceptions
bearing on the question of how the repressive signal is elicited
have been reported in the case of hepatocyte System N (8).

We show in this report that adaptive regulation is entirely
a kinetic phenomenon, and does not enhance directly, that is
without intervening metabolic reactions, the steady state cel-
lular concentration of amino acids during nutritional changes.
A substantial portion of amino acid exodus can occur through
the reversibility of a transport system usually characterized
for mediated entry (9, 10). In the case reported here, the
reversal of System A contributes an additional site for meta-
bolic regulation.

MATERIALS AND METHODS

The hepatoma cell line HT'C' was cultured routinely in Medium
199 (GIBCO) supplemented with 10% dFBS? and antibiotics as
described previously (11, 12). These cells were prepared for transport
assays by dispersing confluent monolayers attached to 150-cm? flasks

UHTC, hepatoma tissue culture cell line established by E. Brad
Thompson from a Buffalo rat hepatoma, Morris 7288C, and supplied
to us by Dr. Thomas Gelehrter of this University.

2 The abbreviations used are: dFBS, dialyzed fetal bovine serum;
EBS, modified Earle’s balanced salts solution; FBS, fetal bovine
serum; KRB, Krebs-Ringer bicarbonate; MeAIB, 2-(methylami-
no)isobutyric acid; PBS, phosphate-buffered saline (NaCl, 140 mM;
sodium phosphate, 25 mM; pH 7.4).
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(Corning) with 2.5 ml of 0.25% trypsin solution prepared in PBS.
This cell suspension was diluted to 250 ml with culture medium. One
milliliter of this cell suspension was distributed into each well of eight
Costar cluster trays (Costar No. 3524) and the remaining 50 ml were
added to a fresh Corning flask to continue the cell line. After 96 h of
culture at 37 °C in an atmosphere of 5% CO;, the confluent HTC
cells were washed with sterile PBS and the medium was replaced
with either Medium 199 or KRB, both supplemented with 10% dIFBS.
The cells were incubated in these media for 12 to 24 h before the
transport assay was carried out. Specific details of this general pro-
tocol are explained in the corresponding figure or table legend.

Prior to each MeAIB flux experiment, the monolayers in Costar
cluster trays were washed and incubated for 3 h in serum-free and
amino acid-free EBS, pH 7.4, 37 °C, and usually containing 20 uM
cycloheximide. The use of cycloheximide in human fibroblasts has
been shown to halt adaptive regulation in System A activity resulting
from changes of the amino acid concentration in the culture medium
(2). If amino acid loading was required in an experimental protocol,
the desired amino acid was added to this culture medium. After
quickly washing the cells at 37 °C, influx of MeAIB was estimated by
20- to 60-s incubations of the prepared cells with various concentra-
tions of [1-*C]MeAIB (960 mCi/mmol, New England Nuclear) in
EBRS. These time intervals proved adequate to measure the initial
rate of uptake of MeAIB in starved and nonstarved HTC cells,
respectively, as will be illustrated below. Efflux of MeAIB from HTC
cells was approximated by loading the monolayers cultured in Costar
trays with ["*C]MeAIB and then measuring the initial rate of solute
excape into 2 ml of EBS. Initial amino acid exit was estimated in
each case during time intervals yielding less than 20% loss of the
initial cellular amount of the [*C]MeAIB. This method was used
successfully to measure arginine efflux from HTC cells (10). When-
ever necessary, choline chloride was used as an equimolar replacement
for NaCl in the incubation buffers. All experimental incubations were
terminated by washing the cells twice with ice-cold PBS, pH 74,
extracting the monolayers with 220 ul of 5% trichloroacetic acid, and
counting the radioactivity in 200-ul aliquots of this extract in 2 ml of
the 3a70B complete counting mixture (Research Products Interna-
tional Corp.). The protein precipitated in each well of the cluster tray
was measured with a modified Lowry assay (11). Complete details of
all of these manipulations have been published previously (10-13).

The influx and accumulation of Na*, or loss of cellular Na*, were
studied by measuring ?Na* (carrier-free ¥*NaCl, New England Nu-
clear) initial or net fluxes. Isosmotic mixtures of choline chloride and
sodium chloride were used to establish the desired extracellular
[Na;*]. Ouabain (Sigma) was used to alter the cellular [Na,*].

The cellular water volume was estimated under a variety of incu-
bation conditions by the method of Kletzien et al. (14). The water
volume measured after a 3-h incubation of the cell monolayers in
EBS containing 20 uM cycloheximide and 1 mM 3-O-methyl-D-[U-
“C)glucose (300 mCi/mmol, New England Nuclear) was 4.5 + 0.1 pl
of H,O/mg of protein in cells incubated previously in Medium 199
and 4.0 + 0.3 ul of H:0/mg of protein in cells derepressed by previous
incubation in KRB. The presence of MeAIB during these measure-
ments caused a slight concentration-dependent increase in the ap-
parent cellular water volume as shown by the results in Fig. 1. For
our purposes in this report, we take the average value of 4.9 + 0.5 as
a nominal value for the intracellular water volume in all calculations
of the cellular amino acid concentrations.

Amino acid analysis of cellular extracts were obtained with a
Beckman model 120C amino acid analyzer as described elsewhere
(13).

Kinetic data describing [“C]MeAIB or #Na* influx were fitted to
the Michaelis-Menten equation modified to include a first order term
to account for the nonsaturable flux (15).

Ve [S]

log v = log [m + Kd-[S]} (1)

In this equation, V. and K., have their usual meanings, and Kj is
the slope for the nonsaturable flux component measured within the
substrate concentration interval studied. In some experiments involv-
ing #Na* influx, a straight line was sufficient.

v = Ki[S] (2)

The nomenclature adopted for the case of a single substrate de-
scribed previously in detail (10) has been modified for the case of co-
transport as shown in Equations 3-5. Briefly, an arabic 1 or 2
indicates arbitrarily that the kinetic parameter corresponds to the
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extracellular or intracellular compartment, respectively. The addition
of subscript A or B to the kinetic parameter indicates an association
with the first or second substrate to interact with the transport
binding site, respectively.

Our kinetic data describing inward co-transport of Na," and
MeAIB,, v,_.;, were fitted to an equation describing the rapid equilib-
rium-ordered bireactant kinetic mechanism (16).

annax - [SIA] . [SlB]
Kiy-Kng + Knp-[S1a] + (Sl [Sual]

This mechanism is based on the assumption that the first substrate
to add, S\, is at equilibrium with the free carrier; the second substrate,
S15 can bind only to this equilibrium complex. K}, is an extracellular
zero-trans® dissociation constant for the binding of the first substrate
to the free carrier, and K%, is an extracellular zero-trans Michaelis
constant for influx of the second substrate. A distinctive character-
istic of this mechanism is the insensitivity of the ordinate intercepts
of a 1/vi; versus 1/[S15] double reciprocal plot to changes in [S,,].
V1., measured by the influx of S;;, is insensitive to [S,), as long as
some S, is present, whereas V1i,,, measured by the influx of S,,,
varies hyperbolically with [S;;). The substrate binding events presum-
ably occur much faster than translocation of the complex across the
membrane, a scheme which is a special case of the more general
ordered bireactant mechanism obtained with steady state assump-
tions (16). Owing to the slow translocation event relative to the
equilibrium-ordered binding of substrates, the true value of K},
measured in the presence of an infinite concentration of S, reduces
to zero and K} (= K} -K}.»/K%,) is infinite in this scheme; that is,
S, cannot bind in the absence of Sy, but a saturating [Si] can drive
the binding of S;, to completion. True zero-trans kinetic parameters
are difficult to measure in the intact cell because the complete absence
of cellular Na;* and cellular amino acids is difficult to achieve.
Therefore, we caution the reader that apparent values of these kinetic
parameters obtained under the conditions described are reported in
all cases.

Data obtained from MeAIB influx countertransport experiments
were analyzed approximately by using the Iso Uni Uni velocity
equation which describes exactly the flux of a single substrate by a
mobile carrier (10, 16-18). Although not an exact solution to the
problem of countertransport of co-substrates, Equation 4 is useful in
this context under the constraint of near constant {S,J] and [S.,],
that is, constant extracellular [Na,*] and intracellular [Nas*], respec-

tively.
Vi s |1+ 2]
V12 = T = ] (4)
. [S2] S
wre e[ ]

(3)

Vi =

K%, K2, and K2 are apparent intracellular zero-trans, infinite-
trans,® and countertransport Michaelis constants, respectively, which
refer to cellular concentrations of the amino acid, [Sy,;]). By analogy
to influx, the amino acid is assumed to bind secondly at the intracel-
lular face of the membrane following equilibrium binding of Na*.
For the case of countertransport measured between Na,* and
MeAIB,, Equation 4 has been rewritten empirically as follows:

Ve [Su] [1 + ITS(,—]}

CB (5)

This expression relates the influx of Na,* to a variable cellular
concentration of MeAIB at constant cellular Na,* and extracellular
MeAIB,.

FORTRAN programs described by Cleland have been used to apply
the Gauss-Newton nonlinear least squares analysis to the data de-
scribed by Equations 1-5 (19).

RESULTS AND DISCUSSION

Amino Acid Starvation Stimulates Amino Acid Influx and

Efflux but Hps No Effect on Steady State Distribution Ratios

Viag =

8 Zero-trans and infinite-trans flux are idealized experimental sit-
uations in which the initial velocity of substrate flux is measured in
the absence or presence of transport-reactive compounds, respec-
tively, on the side of the membrane opposite to the measured flux.
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When Transport is Not Rate-limiting to Metabolism—Incu-
bation of cultured mammalian cells in amino acid-free me-
dium results in a net loss of cellular amino acids (20). The
time course of this response in the HTC cell for many of the
naturally occurring amino acids is shown by the data of Table
I. During an 8-h time interval, the total cellular amino acid
pool decreases nearly to %o of its original value. Amino acid
starvation in a number of cell types (21) including HTC (5,
6) and liver (3, 4), causes a 5- to 10-fold increase in neutral
amino acid influx through System A. This response is re-
flected entirely by an increase in the maximum influx, Vi,,,
with no significant effect on the Michaelis constant, K.,,, or
on the flux constant for the nonsaturable component, K},
(Table II). Therefore, as illustrated by the data in Table II, a
change in V,,,,/K},, is a valid quantitative measure of adaptive
regulation in HTC cells. This observation suggests that influx

TaBLE I
The effect of amino acid starvation on the cellular amino acid pools

Confluent monolayers of HTC cells grown in 75-cm?® Corning flasks
were washed three times at room temperature with 10-ml portions of
PBS and then incubated at 37 °C with 10 ml of KRB containing 10%
dialyzed fetal bovine serum. After the indicated time intervals, the
cells were washed 5 times with ice-cold PBS and extracted overnight
with 75% ethanol. The amino acid composition of this extract was
determined with an amino acid analyzer as described under “Mate-

rials and Methods.” ND, not detected.

Hours of incubation with KRB

Amino acid

0.25 0.50 1.0 2.0 4.0 6.0 8.0

nmol-mg™! protein
Thr, Asn, 494 381 257 122 40 27 22 23
Gln
Ser 51.0 456 413 217 104 86 53 45
Glu 835 779 916 639 773 392 451 34.7
Gly 183 133 102 545 436 185 16.0 119
Ala 296 17.1 9.6 4.5 39 24 47 25
Val 7.3 24 14 0.7 03 ND ND ND
Met 73 40 ND ND ND ND ND ND
Ile 9.8 7.5 53 3.6 25 15 ND ND
Leu 26.1 5.6 3.2 1.5 ND ND ND ND
Tyr 9.6 7.1 55 ND ND ND ND ND
Phe 14.2 9.8 57 ND ND ND 23 25
Lys 5.9 1.6 1.2 0.9 0.7 1.1 ND ND
His 3.8 1.7 14 0.7 05 ND ND ND
Arg 2.3 0.3 ND ND ND ND ND ND
Total 483 3562 294 164 143 74 76 58
TaBLE 1I

Stimulation of MeAIB influx following amino acid starvation
The kinetic parameters for [“C]MeAIB influx between 0.01 and
20 mM were determined in conftuent HTC cells during a 30-s incu-
bation. Prior to the kinetic measurements, the cells were incubated
in KRB supplemented with 10% dialyzed fetal bovine serum for the

Two-way Regulation of Amino Acid Transport

of reactive amino acids is stimulated proportionally over the
entire range of substrate concentrations tested. Furthermore,
the measurement of amino acid efflux through System A, or
more specifically, V32,.,/K%,, obtained by measuring MeAIB
efflux from HTC cells loaded to concentrations well below
the value of the intracellular Michaelis constant, should pro-
vide an additional index for adaptive regulation of System A.

Our data shown in Table III indicate that amino acid
starvation has no detectable effect on the accumulation of
some naturally occurring amino acids into HTC cells. Fig. 24
shows that amino acid starvation of HTC cells in KRB for 18
h had the expected stimulatory effect on the initial rate of
MeAIB uptake but little effect on the steady state distribution
of MeAIB measured during 3 h of incubation (Fig. 2B). In
Fig. 24, the steady state for the repressed cells had in 3 h
reached 79% of the level attained somewhat earlier in dere-
pressed cells, and appears headed for the same ultimate level
as the latter. When we limit our attention to the four or five
highest MeAIB concentrations in Fig. 2B, the effect of de-
repression on the approach to steady state appears significant.

The contradiction suggested by an accelerated influx and
an unchanged steady state can be resolved only if efflux of
reactive neutral amino acids from starved HTC cells increases
proportionally with influx during amino acid starvation. The
results presented in Fig. 3 show that loss of cellular MeAIB
was indeed markedly increased following a 12-h incubation of
the cells in amino acid-free KRB. Cycloheximide included
during the 12-h period of amino acid starvation inhibited the
adaptive stimulation of MeAIB efflux. This result is analogous
to the inhibition of adaptive stimulation of influx by cyclo-
heximide (1-8) and is consistent with the conclusion that
both influx and efflux through System A are stimulated during
prolonged amino acid starvation. Since the effect on influx is
also seen as a difference in AIB influx between fed and fasted
rats (4), both effects are probably present in freshly isolated
hepatocytes. The exodus recorded in Fig. 3 obviously includes
a small component of recapture, but changes in efflux domi-
nate.

In human fibroblasts, cycloheximide inhibits the repression

TaBLE III

The effect of amino acid starvation on the accumulation of some
amino acids into HTC cells

HTC cells grown in 75-cm? Corning flasks were washed three times
at room temperature with 10-ml portions of PBS and then incubated
with 10 ml of KRB containing 10% dialyzed fetal bovine serum for
the indicated time intervals. Following these treatments, the mono-
layers were incubated for 3 h with 10 ml of EBS containing 20 xM
cycloheximide and the indicated amino acids at 0.1 mM. The cellular
amino acid content was extracted with ethanol and analyzed as
described under “Materials and Methods.”

Hours of amino acid starvation

indicated time intervais. The kinetic parameters + S.E. were deter- Amino acid
mined by fitting the data to Equation 1. The nomenclature is de- i 4 1 12 24 40
scribed under “Materials and Methods.” nmol-mg* protein
Incuba- Thr, Asn, Gin 10 9 9 11 9 10
tion Ser 8 11 11 13 12 8
with Kns Vou Vour/Kna Kia Pro 4 5 5 5 5 5
KRB Gly 60 61 57 70 60 51
_ nmol-mg— nmol.mg™ pro- Ala 7 ki 7 8 7 7
h mM "";"’.‘ me " Pro~ " protein. tein. mins. Val 1 2 3 3 2 2
ST i mM? ! Met 3 3 4 4 4 3
0 0.13 £ 0.04 093 +0.16 T+x1 0.34 + 0.07 Ile 2 1 2 2 2 2
0.5 0.19 % 0.04 1.1+0.2 6.1 £0.7 0.39 = 0.08 Leu 2 2 2 3 2 2
1 0.09 = 0.02 1.3+0.2 15+1 0.29 + 0.06 Tyr 4 5 6 7 6 5
3 0.18 + 0.02 28 +0.2 15+1 0.29 + 0.06 Phe 2 3 4 4 3 3
5 0.24 + 0.03 43+0.3 18+1 0.36 + 0.07 His 2 3 3 4 3 3
8 0.19 £ 0.02 53+0.3 30+2 0.38 + 0.08 Arg 1 1 1 1 1 1
12 0.23 £ 0.03 79+ 06 4 +2 04 +0.1
24 0.15 = 0.02 8.7+0.7 55+ 5 04 +£02 Total 106 113 114 135 116 102
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FI1G. 1 (left). The intracellular water volume of HTC cells estimated with 3-O-methyl-D-glucose.
HTC cells were washed and incubated in Medium 199 (®) or KRB (CJ) supplemented with 10% dFBS for 15 h.
After this time interval, the monolayers were washed with EBS and incubated for 3 h in EBS containing 20 gM
cycloheximide, 1.0 mM 3-O-methyl-p-[**C]glucose, and the concentrations of MeAIB indicated on the abscissa.
The cell-associated 3-O-methyl-D-glucose, nanomoles/mg of protein, was determined in triplicate, and the cell
water volume, microliters/mg of protein, was calculated from these values and plotted on the ordinate by assuming
that the concentration of 3-O-methyl-D-glucose at equilibrium is equal inside and outside of the cell (14).

FIG. 2 (center and right). The effect of time and external amino acid concentration on the accumulation
of cellular MeAIB. In both experiments, the cells were washed and incubated for 18 h with amino acid-free KRB
(O, W) or Medium 199 (O, ®). Following this incubation, the cells in A were washed and incubated for 3 h in EBS
containing 20 uM cycloheximide and then incubated with 0.2 mM [C]MeAIB for the time intervals indicated on
the abscissa; each point represents an average of three measurements. The HTC cells in B were washed and
incubated for 3 h in EBS containing 20 uM cycloheximide and the indicated extracellular concentrations of [*C]
MeAIB. After this incubation, the apparent distribution ratios of [MeAIB;]/[MeAIB,] in the amino acid-starved

(W) and -rich (@) cells were calculated.
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FiG. 3. Time courses of ['*C]MeAIB efflux from HTC cells.
The cells were incubated for 12 h with amino acid-free KRB supple-
mented with 10% dFBS and 20 uM cycloheximide (O) or no cyclohex-
imide ((0) Medium 199 supplemented with 10% dFBS, and 20 uM
cycloheximide (+) or no cycloheximide (A). Then all the cells were
washed and incubated for 3 h with 20 uM cycloheximide and 0.008
mM [“C]MeAIB. After this procedure, the cellular MeAIB level in
each case was about 0.45 nmol-mg™! protein (0.09 mM). Finally, these
cells were quickly washed and incubated in 2 ml of cycloheximide-
and MeAIB-free EBS medium for the time intervals indicated on the
abscissa. The ratio of cellular [**C]MeAIB remaining after this incu-
bation interval to the initial cellular [**C]MeAIB concentration,
[MeAIB;]:/[MeAIB:],, is plotted on the ordinate.

by amino acids of System A uptake, an observation which
suggests that protein synthesis is necessary for reversal of
adaptive regulation (2). We find that cycloheximide inhibits
amino acid repression of System A when assayed by MeAIB
exodus. Fig. 4 shows that starvation of HTC cells by incuba-
tion in KRB for 12 h, followed by incubation of these cells
for 10 h in Medium 199 with or without cycloheximide, and
finally loading all the cells with ["*C]MeAIB yields an en-
hanced rate of MeAIB exodus from cells treated for the 10-h
time interval with Medium 199 containing cycloheximide.
Therefore, as measured by the difference of the curves, cyclo-
heximide antagonizes the repression of System A in HTC
cells exposed to a normal in vitro extracellular amino acid
nutrition. These results obtained by measuring MeAIB release
establish for the HTC cell that cycloheximide inhibits, as in
fibroblasts (2), both the derepression of System A (Fig. 3) and
the repression of System A (Fig. 4).
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FiG. 4. The effect of cycloheximide on the repression of
MeAIB exodus. Confluent HTC cells were incubated in KRB sup-
plemented with 10% dFBS for 12 h. Then the cells were incubated
for 10 h with Medium 199 containing 10% dFBS and 20 uM cyclohex-
imide ((0) or no cycloheximide (O). After this time interval, the
monolayers were incubated for 3 h in EBS containing 20 uM cyclo-
heximide and various concentrations of ['*C]MeAIB ranging from
0.025 to 10 mM. Finally, the cells were washed with EBS at 37 °C and
incubated in amino acid-free EBS for 2 min. The MeAIB lost from
the HTC cells during this final 2-min incubation, [MeAIB;].— —
[MeAIB;],-,, is plotted on the ordinate as a function of the initial
cellular [MeAIB;].

This section of the paper has shown that System A activity
in HTC cells as measured by the unidirectional flux of MeAIB
is stimulated in both directions after amino acid starvation.
The net fluxes of amino acids appear scarcely affected by
adaptive regulation as inferred from the insensitivity of the
steady state distribution ratios observed following amino acid
starvation (Fig. 2 and Table III). Note the use here of cyclo-
heximide for “freezing” the activity of System A in HTC cells
during experimental changes in culture conditions. This tech-
nique for controlling the level of repression will be used often
in the remaining experiments.

Sodium Ion Dependence of System A Flux—The data of
Fig. 5 show that extracellular [Na,*] alters exclusively the
observed value of the Michaelis constant, K%, for MeAIB
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FiG. 5. The effect of [Na,*] on the influx of ['*C]MeAIB into amino acid-starved and -nonstarved
HTC cells. HTC cells were incubated for 12 h in Medium 199 (4) or KRB (B), both supplemented with 10%
dFBS. After this time interval, the monolayers were incubated in fresh EBS containing 20 uM cycloheximide for 2
h and then in Na*-free EBS containing 20 uM cycloheximide for 1 h. The influx (v,_s) of [**C]MeAIB was estimated
from 1-min (A) or 20-s (B) incubations between 0.025 and 20 mM MeAIB at the following millimolar concentrations
of extracellular [Na,*]: 150 (CJ), 100 (O), 50 (A), 25 (<), 10 (™), 5.0 (B), and 2.5 (@). The nonsaturable component
(nanomoles/mg of protein-min~.mM™"), had a value of 1.0 in A and 2.70 in B and has been subtracted from the
plotted data in each case. A replot of the slopes of the lines shown in A (0) and B (O) against the [Na,*]™! is
provided in C. See Table IV for a numerical evaluation of the data in B.

influx into both repressed (Fig. 54 ) and derepressed (Fig. 5B)
HTC cells. The data in Fig. 5B are presented numerically in
Table IV and show that V2., and K3, for MeAIB influx are
independent of the extracellular [Na,*]. A replot of these data
presented in Fig. 5C shows that K}.,/ Vi 15 a linear function
of 1/[Na,*]. The kinetic data for co-transport of MeAIB
shown in Fig. 5, A and B, were well described by Equation 3
and the derived kinetic parameters are listed in Table V. In
repressed and derepressed HTC cells, the measured dissocia-
tion constant for Na,*, K},, and the Michaelis constant for
MeAIB, influx, K}, were not significantly altered. The max-
imum influx, Vi, and the ratios, Vi../K} and Vi../K:..,
displayed 8- to 10-fold increases after starvation. These re-
sults indicate provisionally that a rapid equilibrium-ordered
bireactant kinetic mechanism (16) operates for MeAIB co-
transport into starved and unstarved HTC cells. Presumably,
the mechanism also occurs for efflux. Restricting our atten-
tion to System A of the HTC cell, Na* and MeAIB combine
with the transport receptor in an obligate order; that is,
MeAIB adds only to the carrier-Na* complex. Na,* is the
first substrate (S;,) and MeAIB, is the second substrate
(S1p). Na,* affects only the Vi, for AIB influx into freshly
isolated hepatocytes (4), and both V1. and K} for AIB influx
into the Ehrlich cell (22, 23); however, the flux of AIB is not
necessarily restricted to System A (24). In the Ehrlich cell,
only the values of K., and K% for glycine flux (25) which is
restricted largely to System A in that cell (26, 27) were altered
by Na*.

The kinetic plots of Na,* influx in the presence of 20 mM
extracellular MeAIB, shown in Fig. 6, A and B, and the kinetic
parameters listed in Table VI obtained by fitting these data
to Equation 1, indicate that amino acid starvation caused a
significant stimulation of Vi,.x, but no change in the apparent
value of K%,,. In the absence of MeAIB, and under the con-
ditions used in our assay, the amino acid-independent flux of
Na,* into HTC cells was not saturable between 0 and 50 mm
and well described by a straight line (Equation 2). The value
of K%, the parameter describing the linear and amino acid-
independent portion of Na;*-influx, was only increased
slightly after amino acid starvation whether or not MeAIB,
was present in the incubation solution (Table VI).

MeAIB exodus is sodium-dependent as expected for the
reverse operation of System A (9). The time courses in Fig. 7
show that MeAIB; is lost faster from HTC cells with relatively
high cellular [Na,*] than from cells containing low [Naz*].
This difference is striking in derepressed cells. Apparently, as

TABLE IV

The effect of extracellular Na* on the observed kinetic parameters for
MeAIB influx into starved HTC cells

HTC cells were incubated in amino acid-free KRB containing 10%
dialyzed fetal bovine serum for 12 h and then incubated for an
additional 3 h in EBS containing 20 uM cycloheximide. The mono-
layers were washed twice with choline-EBS and the influx of ['*C]
MeAIB was estimated from 20-s incubations between 0.025 and 20
mM MeAIB at the indicated extracellular concentration of Na*.
Choline was used as an equimolar replacement for Na*. The kinetic
parameters *+ S.E. were obtained by fitting the influx curves measured
at each [Na,*] to Equation 1.

[Na,*] Krp Vina Viar/Khng Kap
_ nmol-mg™! nmol-mg™*
mM mM nmol-mg l_l prote’i"rﬁ prote’irrlzg-
profemn-min= il min = mt
150 0.19 + 0.02 7.3+05 39+2 3.2+02
100 0.21 % 0.02 7.7+05 36+2 3.1+£02
50 0.26 % 0.03 8.7+ 0.6 33+6 28 +0.2
25 0.31 + 0.08 82+14 27+£3 24 +04
10 0.44 £ 0.12 64+13 14+2 26+03
5.0 0.72 £ 0.12 78+1.1 11+1 2.1+0.2
2.5 1.4 +03 79+1.7 55+ 0.3 2.7+0.2

in other cells, ouabain has no direct effect on the operation
of System A; rather, the alterations it produces in the Na*
gradient increase efflux via System A, presumably by lowering
the apparent value of K2, in a way analogous to that shown
for influx in Table IV.

The Effect of Amino Acid Starvation, Sodium Ion Concen-
tration, and Cellular MeAIB on the Countertransport Proper-
ties of System A—Accelerative countertransport is observed
for a number of transport systems in most mammalian cells
(10, 26). Cellular System A substrates, however, tend to
inhibit influx, a phenomena known as decelerative counter-
transport or trans-inhibition (26). Our results presented in
this section show that trans-inhibition and adaptive regula-
tion of System A are entirely independent regulatory phenom-
ena. Line-weaver-Burk plots can be constructed for the influx
of [*C]MeAIB into HTC cells that have been loaded with
various concentrations of unlabeled MeAIB. These primary
kinetic plots (not shown) are similar to those constructed in
Fig. 5. The apparent values of the kinetic parameters V3.
and V%../KL, obtained for [“*C]MeAIB influx by fitting the
primary influx data to Equation 1 are, however, plotted in
Fig. 8, A and B, respectively. These results show that cellular
[MeAIB;] has a clear trans-inhibitory effect on ["*C]MeAIB
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TABLE V
Kinetic parameters describing the equilibrium-ordered influx of MeAIB into HTC cells

HTC cells were prepared for assay as described in Fig. 5. The kinetic parameters + S.E. were determined by
fitting the influx data to Equation 3. K, represents the observed dissociation constant and K3, represents the
observed Michaelis constant for the binding of Na* and the influx of MeAIB, respectively. The average nonsaturable
component (K}, nanomoles/mg of protein-min-mM) 1.11 + 0.23 (Medium 199) or 2.7 = 0.4 (KRB) determined by
fitting the data obtained at each [Na;*] concentration to Equation 1, was subtracted from original data prior to

the numerical analysis with Equation 3.

Kinetic parameter Description Medium 199, 12 h KRB, 12 h
Viex Maximum influx 1.1+ 0.03 7.50 £ 0.08
K, Dissociation constant for Na,* 27+6 19+1
K. Michaelis constant for MeAIB, 0.179 + 0.02 0.165 + 0.008
Viar/ Kl 0.045 + 0.009 0.40 = 0.02
Viax/Khg 6.7+ 0.7 45+ 2
200 e . . 12—
T £ | B R
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F1G. 6 (left and center). MeAIB-stimulated influx of **Na* into amino acid-starved or -nonstarved
HTC cells. HTC cells in A were incubated in Medium 199 (H) or KRB (@) supplemented with 10% dFBS for 12
h. After this time interval, the monolayers were incubated in fresh EBS containing 20 uM cycloheximide for 2 h
and then in Na*-free EBS containing cycloheximide for 1 h. The influx of Na*, v)_,, was estimated from 20-s
incubations of these monolayers with the indicated concentrations of [!Na,;*]. After subtraction of the nonsaturable
components, about 2.7 nmol-mg™! protein-min~'-mM™ in both experiments, the corresponding Lineweaver-Burk
plots for derepressed cells (O) or repressed (O) cells were constructed in B.

FIG. 7 (right). The effect of intracellular [Na.*] on the release of ['“C]MeAIB from HTC cells. The
cells were incubated for 20 h with amino acid-free KRB (open symbols) or with Medium 199 (closed symbols). Then
the cells were incubated for 3 h with 0.1 mM [*C]MeAIB, 1 mM ouabain, 20 uM cycloheximide, and the following
concentrations of extracellular Na;*: 1 mum (M, ), 80 mM (A), and 160 mM (A). The initial cellular concentration
(nanomoles/mg of protein) of MeAIB and Na* corresponding to each time course are indicated. After this
incubation, the monolayers were incubated in amino acid-free EBS for the time intervals indicated on the abscissa.
The ratio of cellular MeAIB remaining after this time interval (¢) to the initial (0) cellular MeAIB concentration,

[MeAIB,],/[MeAIB;),, is plotted on the ordinate.

TABLE VI
Na* influx into HTC cells incubated with Medium 199 or KRB

HTC cells were incubated in Medium 199 or KRB both containing
10% dialyzed fetal bovine serum followed by a 3-h incubation in EBS
containing 20 uM cycloheximide. During the final hour, some of the
monolayers were incubated with 10 mM MeAIB in EBS with cyclo-
heximide to obtain a high cellular concentration of this amino acid.
The monolayers were quickly (<5 s) washed with choline-EBS fol-
lowed immediately by a 20-s incubation of these monolayers with
2Na* between 0.2 and 160 mM. The kinetic parameters + S.E. shown
here were obtained by fitting the ??Na* influx measured between 0.2
and 50 mM to Equation 2 in the absence of external MeAIB or to
Equation 1 in the presence of 10 mM external [MeAIB,].

[MeAIB,] [MeAIB,] Ka Vias Kia
nmol.mg™! nmol.mg™
mM mM mM protein- protein-min™'.
min™! mM
Incubation with
Medium
199
0 0 20x+01
0 >10 28 £0.1
10 0 24+09 6.5 +£22 25+0.1
Incubation with
KRB
0 0 3.6 £0.1
0 >10 3.3+0.1
10 0 14+03 24 £ 4 29+0.2

influx. The observed values of V.., and V}../K},, measured
in the presence of 143 mM Na*' decreased hyperbolically,
whereas the apparent values of K1, increased slightly. Trans-
inhibition was observed to the same relative extent in both
repressed and derepressed HTC cells, although as expected
the absolute values of the apparent maximum velocity for
[**C]MeAIB influx measured at all intracellular MeAIB con-
centrations were about one-eighth as high in repressed cells.

The apparent kinetic parameters describing MeAIB coun-
tertransport experiments were obtained by fitting the primary
influx data to Equation 4 which describes the unidirectional
influx of a single substrate by a mobile carrier. We have
described the parameters for this Iso Uni Uni velocity equa-
tion elsewhere (10). In the present experiments, unlike those
for cationic amino acid transport (10), each kinetic parameter
for MeAlIB countertransport is a complex function of the
[Na,*] and [Na;*]. Therefore, these parameters are apparent
values applying for a fixed extracellular {Na;*], namely 143
mM, and a somewhat lower cellular [Na,*] fixed mostly by
the action of the ouabain-sensitive (Na*-K*)-ATPase. MeAIB
countertransport behaves like a single-substrate transport
system under these experimental conditions. This result oc-
curs presumably because the presence of inhibitory counter-
transport is due to the slow translocation of the loaded carrier
across the membrane and is entirely independent of the rapid
equilibrium-ordered binding of the Na* followed by MeAIB
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Fi6. 8. The effect of [MeAIB:] on the kinetic parameters for ['*C)MeAIB influx countertransport
into HTC cells. The cells were incubated in Medium 199 ((0) or KRB (O) for 12 h. Then the cells were incubated
for 3 h in EBS containing 20 uM cycloheximide and various concentrations (0, 0.02, 0.04, 0.10, 0.20, 0.50, 1.0, or
2.5 mM) of unlabeled MeAIB. The apparent internal [MeAIB;] plotted on the abscissa was estimated radiochemi-
cally from parallel experiments. Prior to the influx experiments, the monolayers were quickly washed (<5 s) with
EBS at 37 °C and then incubated for 1 min (O} or 20 s (O) with [“C]MeAIB within a concentration range of
0.025-20 mM. The apparent values of Vi, and Vi, /K, plotted on the ordinate were determined by fitting the
influx data to Equation 1. The insets in A and B are linear transformations of these hyperbolic curves (10). A
quantitative representation of the data shown is provided in Table VII.

which occurs at the receptor site before translocation.

The zero-trans Michaelis constant for celiular MeAIB,
obtained by these countertransport measurements, K2, is
about 10-fold larger than the corresponding extracellular
value, K.;, in both repressed and derepressed cells. This
difference of measured kinetic parameters is similar to the
findings for several neutral amino acids in the Ehrlich cell (9,
25), cationic amino acids in the HT'C cell and human fibro-
blast (10), and 2-aminobicyclo(2,2,1)heptane-2-carboxylic
acid (BCH) in human fibroblasts where the value for K./K?2,
is about 60 (28). The high absolute values for all the intracel-
lular Michaelis constants measured in starved cells (Table
VII) relative to unstarved cells may result from the roughly
77% higher cellular [Na,*] found in these cells after amino
acid starvation (data not shown); compare, for example,
K2,, K?,, and K2 in repressed and derepressed cells. The
ratios of these intracellular Michaelis constants provide an
index of trans-stimulation if the value is greater than 1 and
an index of trans-inhibition if the value is less than 1 (16).
The ratios K%,/K?2, and K%,/K?2, indicate that the observed
trans-inhibitions of the values of V.. and V.../K., for
MeAIB, respectively, in both repressed and derepressed HTC
cells are the same, about 10-fold. This result establishes
clearly that adaptive regulation is independent of trans-inhi-
bition, and that at least kinetically, System A has similar
countertransport properties before derepression and when
derepressed. The apparent zero-trans, K., and infinite-trans,
K}, Michaelis constants for MeAIB influx countertransport
are similar in repressed and derepressed cells, that is,
K2, /K2, = 1. The values of V5., measured in parallel exper-
iments with derepressed cells by MeAIB influx and by Na,*
influx are very similar, the result expected for a 1:1 co-
transport stoichiometry.

Recalling that the subscripts A and B identify parameters
for Na* and MeAIB, respectively, the final column of data
in Table VII shows that MeAlB-stimulated Na,* influx
into starved HTC cells is also trans-inhibited by cellular
[MeAIB,}. Unlike the case for MeAIB, the apparent infinite-
trans Michaelis constant for Na* influx, K},, is 7-fold larger
than the apparent zero-trans parameter, K}, that is,
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TaBLE VII
Kinetic parameters for MeAIB and Na* countertransport in HTC
cells

The HTC cells were prepared as described in Fig. 8. The internal
[*C]MeAIB concentration, [MeAIB;], was estimated radiochemically
in parallel experiments. Prior to the influx experiment, the monolay-
ers were quickly washed (<5 s) with EBS (for MeAIB influx) or with
Na*-free EBS (for 2Na* influx) at 37 °C and then incubated for 1
min (Medium 199) or 20 s (KRB) with [*“C]MeAIB or **Na*. The
concentration of [“C]MeAIB used ranged from 0.025 to 20.0 mM and
the concentrations of 2?Na* used ranged from 0.1 and 100 mM. These
kinetic parameters + S.E. were determined by fitting the data to
Equation 4 (for MeAIB) or 5 (for Na*). The average nonsaturable
component for MeAIB influx (K}, nanomoles/mg of protein-min™-
mM™Y), 1.0 £ 0.3 (Medium 199) or 5.85 + 1.5 (KRB), or for *?Na*
influx 1.70 + 0.18 was subtracted from the primary data before this
numerical analysis.

Medium 199, KRB, 14 h
Apparent kinetic parame- 14 h, MeAIB
ter influx MeAIB influx ~ Na* influx
(Substrate B)  (Substrate B)  (Substrate A)
Vi, nmol-mg™ pro- 2.27+0.05 15405 13.7 £ 04
tein. min™*
Viaxr/Khg of Vias/Khs 14.2 £ 0.9 86+ 9 23.3+18
K, or K}, mM 0.16+£0.01 0.18+002 059 =0.07
K%, mM 2.9+ 04 1.0+0.2 0.7+0.1
K%, mM 4505 1.4 0.2 5.0+ 1.0
K%, mM 38 +£11 10+ 1.6 8.0+10
K2 /K%, 0.12+0.03 0.14#+0.02 0.69+0.08
K2,/K% 0.12 = 0.03 0.14 £0.02 0.10 £ 0.01
K%/K2, 1.556 £ 0.27 1.40 % 0.34 7.1+ 18
K2,/K.sor K3, /KL, 179 + 2.7 57+ 13 1.2 +£0.2

K2,/K?%, = 7 when [MeAIB;] was raised to high levels. Cellular
[MeAIB,] decreases, however, the apparent V%.,/K%, for Na,*
influx to %o of the uninhibited value, that is, K%,/K%, =~ 0.10.
This latter finding parallels exactly the result for trans-
inhibition of ["C]MeATB influx by cellular MeAIB.
Contrary to our finding for influx, MeAIB efflux is not
trans-inhibited significantly by extracellular MeAIB in either
repressed or derepressed HTC cells (Fig. 9). The values
of v,_1/[MeAIB,] shown on the ordinate of Fig. 9 are approx-
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FiG. 9. The effect of extracellular MeAIB on the efflux of
cellular ['*C]MeAIB. HTC cells were incubated with KRB (@) or
Medium 199 (B) for 15 h and then incubated for 3 h with EBS
containing 20 uM cycloheximide and 0.1 mM [*C]MeAIB. The cells
were washed and incubated for 90 (ll) or 20 s (@) with EBS containing
the extracellular MeAIB concentrations indicated on the abscissa.
The ordinate represents the ratio of efflux, vs_,;, to the average cellular
[MeAIB;]. This value approximates the magnitude of VZ../KZ; be-
cause [MeAIB,], << K2, (see Table VII).

imations of the apparent values of the kinetic parameter,
V2./K%, because the initial cellular concentration of
[MeAIB,] in this experiment is somewhat lower than K2, (see
Table VII). This correspondence allows a direct comparison
between the data of Figs. 8B and 9. Recall our results in Table
II which show that the ratio Via/Ki, provides a measure of
System A derepression. Therefore the quotient calculated
from the value of V,../K,, measured in derepressed cells to
the corresponding value of this parameter measured in re-
pressed cells provides a quantitative index of adaptive regu-
lation. In the absence of trans substrates, this quotient is 6
for MeAIB influx (Fig. 8B) and 7 for MeAlIB efflux (Fig. 9).
These results suggest that the adaptive increase of System A
flux by amino acid starvation occurs to an equal extent in
both directions.

The Effect of Ouabain on the Flux and Steady State Distri-
bution of MeAIB and Adaptive Regulation of System A—When
ouabain and MeAIB were added simultaneously to monolay-
ers of cultured HTC cells, no change in MeAIB influx meas-
ured during 30 s was observed (data not shown). When
ouabain was added to the culture medium for 3 h prior to the
transport measurements, however, an apparent trans-inhibi-
tion of MeAIB influx was detected (Table VIII); that is,
ouabain caused the observed values of V5., to decrease and
of K}, to increase. The result of these changes was a 10-fold
decrease in the apparent value of V5../KL, The cellular
[Na,*] measured by the accumulation of **Na* increased
significantly in response to the rising ouabain concentration.
The results in Fig. 7 suggest that ouabain does not inactivate
System A; rather, the cellular [Na,*] is the important param-
eter for accelerating MeAIB efflux. High cellular [Na,*]
caused by 10 mM ouabain masks almost entirely the trans-
inhibition of MeAIB influx induced by cellular [MeAIB;]
(Table IX). This result is shown best in Fig. 10 where the
hyperbolic inhibition curve of the observed values of
Viax/Kny against the varying cellular [MeAIB;] is perturbed
by ouabain. The high [Na,*] caused by ouabain probably
saturates the System A carrier at the inner face of the plasma
membrane. As for the fully loaded carrier, the mobility of this
partially loaded carrier, System A.Na*, is lower than that of
the empty carrier. Therefore, in the presence of ouabain,
cellular [Na,*] is high and System A functions slowly as
determined by influx because it is trans-inhibited. MeAIB,
efflux shows no further trans-inhibition by extracellular
MeAIB, when measured in medium containing 160 mM [Na,*]
(Fig. 9). Consistent with the ouabain-induced inhibition of
MeAIB, influx, high extracellular sodium slows the reorien-
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TasLE VIII
Inhibition of MeAIB influx by ouabain

HTC cells were incubated in KRB containing 10% dFBS for 14 h
and then incubated with EBS containing the indicated concentrations
of ouabain for an additional 3 h. The intracellular sodium concentra-
tion was estimated radiochemically with ?Na* in parallel experiments
by assuming a constant specific activity of ?Na* inside and outside
of the cell. Finally the cells were quickly washed (<5 s) with EBS at
37 °C and incubated for 20 s with [**C]MeAIB between 0.025 and 20
mM. The kinetic parameters + S.E. which represent the observed
influx of MeAIB into HTC cells under these experimental conditions
were determined by fitting the data to Equation 1.

l[Jgilrl:i (®Na*]  Kbhs Vha  Via/Khs i
nmol-mg™ nmolt-errzg“ nmol.-mg™
mM mMm mM protein.- protein- protein -
min™ mn_ min™'.mm*
mM
0.0 25 0.16 = 0.01 15+ 0.5 87+4 5.6+ 0.3
0.025 70 0.21 = 0.03 10+ 1.0 50 + 4 3.8+0.2
0.184 108 0.25 £ 0.02 71+£0.3 29+ 2 4.8 +£0.1
0.50 175 0.42 + 0.2 64 +20 14+ 2 6.1 £0.7
1.36 182 0.34 £ 0.1 3410 10+1 58 +04
3.68 216 0.56 + 0.2 44+1.0 8+08 5504
TABLE [X
The effect of ouabain and internal MeAIB on [*C]MeAIB influx into
HTC cells

The HTC cells had been incubated in KRB supplemented with
10% dFBS for 12 h, washed with EBS, and incubated with various
concentrations of unlabeled MeAlIB in the absence of ouabain (0 mM
MeAIB and 0.02, 0.04, 0.10, 0.20, 0.50, 1.0, and 2.5 mM) or in the
presence of 10 mM ouabain (0 mM MeAIB and 0.025, 0.06, 0.16, 0.40,
1.0, 2.5, and 10.0 mM). The quantity of MeAIB loaded into the cells
was estimated by measuring the accumulation of [“C]MeAIB in
parallel experiments. These kinetic parameters + S.E. were deter-
mined by fitting the data to Equation 1. The average nonsaturable
influx component (K3, nanomoles/mg of protein-min™'-mM™") in the
absence of ouabain was 5.8 + 1.5 and in the presence of ouabain was
4.8 +1.1.

[Ouabain;] = 0 mM

[Ouabain,] = 10 mM

[Me-

[Me-
AIB,] Knp Vo AIB,) Kns Vioas
nmol-mg™ nmol-mg™*
mM mM protein- mM mM protein-
min™! min™!
0.0 0.17+0.02 146038 0.0 0.59 £0.08 7.0+0.7
0.36 0.24+£0.03 15110 0.07 0.32+0.06 45x0.7
081 022x003 11.1zx11 016 024012 32zx1.1
1.9 0.19 + 0.02 7.1+06 0.47 0.26+0.07 35x07
4.0 031+£008 7216 1.0 027+0.09 38x1.0
12.6 022+004 36+04 4.0 0.22+0.06 35%086
28.0 036 +0.19 35x16 15 0.32+£0.08 3.0x£0.5
54.4 0524020 38x1.3 50 050025 27x1.2
-
i
80
(@) [Ougbcin] = 0
60 (0) [Ouabein] = 1.0 mM

o 5‘110'1‘5‘2'0‘2‘5 30

[MeAIB2], mM
FiG. 10. The effect of ouabain on the observed value of
Via/Kks for ['*C]MeAIB influx into starved HTC cells. The

cells were prepared for this experiment and the influx of [*C]MeAIB
was measured as described in Table IX.
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tation of System A to the inner face of the plasma membrane,
a situation that causes trans-inhibition of MeAIB, efflux.
Additional [MeAIB] augments trans-inhibition in either di-
rection only slightly in the presence of high sodium concen-
trations because the relative mobilities of the fully loaded and
partially loaded carrier appear similarly sluggish.

Our results in Fig. 11A suggest that ouabain decreases
cellular accumulation of MeAIB in both starved and non-
starved HTC cells. The data in Fig. 11B show for starved
HTC cells that ouabain collapses the MeAIB distribution
ratio in parallel with an increase of the cellular [Na,*]. The
inset to Fig. 11B shows that this apparent amino acid star-
vation caused by ouabain occurs over a wide extracellular
concentration range.

At sufficient extracellular concentrations, MeAIB is known
to repress the activity of System A. MeAlIB is not detectably
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metabolized so that this effect is exerted exclusively through
the presence of MeAIB in the culture system. As noted earlier,
a regulatory model to explain this effect involves the occupa-
tion of the membrane-binding site by substrates (2). Our
results in Fig. 124 show that ouabain can prevent MeAIB
from repressing System A activity as measured by MeAIB
influx. As the ouabain level in the culture medium was in-
creased, the ability of increasing extracellular [MeAIB,] to
repress the transport activity decreased. In another similar
experiment shown in Fig. 12B, an increasing concentration of
ouabain in Medium 199 led to derepression of System A
activity measured by influx within the concentration interval
chosen for ouabain. This effect was reversible by the removal
of ouabain and subsequent incubation of the HTC cells in
ouabain-free Medium 199 (Fig. 12B). The kinetic results
presented in previous sections of this report suggest that
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Fic. 11. The effect of ouabain on the accumulation of MeAIB into HTC cells. In A, HTC cells were
incubated in Medium 199 () or KRB (O) for 12 h followed by a 3-h incubation in EBS containing 20 uM
cycloheximide, 0.1 mM [“C]MeAlIB, and the concentrations of extracellular ouabain indicated on the abscissa.
After this time interval, the cellular MeAIB was determined in triplicate and plotted against [ouabain]. In B,
HTC cells were incubated for 12 h with KRB and then incubated for 3 h in EBS containing 20 uM cycloheximide,
160 mM 2Na*, 0.1 mM [“C]MeAIB, and the indicated concentrations of ouabain. Following this incubation, the
distribution ratio, [MeAIB,]/[MeAIB,], and the corresponding [Na,*] + S.D. (apparent millimolar concentration)
indicated were determined in triplicate. Under identical conditions, the inset shows the concentration dependence
of the MeAIB distribution ratio in the presence or absence of 1 mM ouabain.
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FIG. 12. Ouabain derepresses MeAIB influx into HTC cells. In 4, HTC cells were incubated for 14 h in
KRB containing MeAIB at the concentrations indicated on the abscissa. Ouabain was also included in this
incubation medium at the concentrations indicated. After this 14-h interval, the cells were washed and incubated
in sodium-free and amino acid-free EBS containing 20 uM cycloheximide for 3 h. Finally, the influx of 0.1 mM
[“C]MeAIB was measured and plotted as a ratio of the influx into repressed cells incubated with the indicated
MeAIB concentrations, viM$B), to derepressed cells incubated without MeAIB, v,_2. In B, HTC cells were incubated
for 14 h in KRB (A) or Medium 199 (O, 00), both containing dFBS and the concentration of ouabain indicated on
the abscissa. Before the influx measurements, all of the cell samples were incubated with amino acid- and Na*-free
EBS containing 20 uM cycloheximide for 3 h. The influx, vz, of 0.1 mM [“C]MeAIB was measured in triplicate
during a 30-s time interval into the cells incubated with KRB (A) or half of the cell sample incubated with Medium
199 (O). The remaining HTC cells (O) incubated previously in Medium 199 containing ouabain were incubated for
an additional 8 h in Medium 199 without ouabain before the influx measurements.
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ouabain does not inhibit the occupation of System A by
MeAIB, although it does perturb the typical balance observed
between influx and efflux by altering the distribution of Na*.
We suggest that the derepression of System A activity during
incubation in Medium 199 containing ouabain results from
an apparent amino acid starvation of the cell owing to the
collapsed Na* gradient (Fig. 11) and not from decrease in the
level of occupation of this plasma membrane carrier. Our
results show that under defined experimental conditions oua-
bain increases the apparent cellular [Na,*] (Table VIII, Fig.
11), decreases the influx of MeAIB through System A (Table
IX, Fig. 10), increases the efflux of MeAIB through System
A (Fig. 7), and, as a result of these perturbations of the
directional asymmetry between the influx and efflux, collapses
the distribution ratic normally maintained by System A.
Therefore, at least in the HTC cell, the signal for derepression
of System A is likely to come from sensing of the intracellular
amino acid levels and not from the degree of substrate satu-
ration of the System A membrane site or from the extracel-
lular amino acid concentration.

FURTHER DISCUSSION

Adaptive regulation of System A alone cannot maintain the
cellular concentration of reactive amino acids at a constant
level during fluctuations of the concentrations of these mol-
ecules in the extracellular space; that is, adaptive regulation
does not seem to enhance the concentrative behavior of trans-
port system A. The distribution ratio is determined to a large
degree by the chemiosmotic forces acting on the transport
system (30). However, the equal and parallel change in trans-
membrane influx and efflux arising presumably from a change
in the number of functional membrane transport proteins
does not mean that adaptive regulation is futile. Even given
that the steady state distribution ratio is not changed by
adaptive regulation, the steady state due exclusively to trans-
port in many real situations will not be even approximately
attained. If we look at Fig. 24, we can see that after 3 h the
steady state for MeAIB distribution in repressed cells is still
many hours away. If the hypothetical natural amino acids to
which MeAIB corresponds are at the same time consumed
even at a modest rate within the cell, a different steady state
constructed in part from the net metabolic flux will be ob-
served. A high rate of cellular amino acid consumption would
cause an apparent intracellular starvation of the relevant
amino acids leading in turn to derepression of System A much
as ouabain caused cellular amino acid starvation and derepres-
sion (Fig. 12). Therefore, we suggest that adaptive regulation
may find its primary physiological role as a regulator of amino
acid metabolism through a control of the inward and outward
flows, rather than as a direct response to extracellular amino
acid deprivation.

If instead a free amino acid were produced within the cell
to feed the organism, efflux may well dominate over influx,
allowing a net outward flow to the degree determined by
repression and derepression. Initially, exodus may be faster
than de novo synthesis; however, as extracellular amino acid
levels rise, cellular amino acids will also accumulate to a level
that represses transport activity. Repression would be ex-
pected to slow efflux. The decisive consideration will be
whether membrane transport is rate-determining for metab-
olism. Two recent reports consider how alanine transport
limits hepatic alanine consumption (31, 32). Of course, the
amino acid flows are further complicated by the involvement
of overlapping transport agencies which operate in the plasma
membrane of all cells (2, 7, 26, 33-35) and of hepatocytes
specifically (36) to provide a balanced interorgan nutrition
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(37).

The usefulness of ouabain in manipulating the cellular
[Na;*] in the presence of cycloheximide to freeze the cells at
a given degree of transport repression depends on the obser-
vation, confirming the experience of others, that the ouabain
treatment does not directly influence the amino acid fluxes.
Ouabain has served to separate to a degree the occupation of
site A for amino acid transport and the internal levels of an
amino acids as possible factors, signaling adaptive regulation
of System A; this method supports the latter as the effective
factor.
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