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The Nat-dependent accumulation of @-aminoisobutyric acid (AIB), measured in
normal growing and quiescent (serum-deprived) HSWP cells (human diploid fibro-
blast), was found to be twofold higher (AIBj,/AIBoy; = 20—25) under the normal
growing conditions. Serum stimulation of quiescent cells increases their AIB con-
centrating capacity by approximately 70% within ! hr. These observations suggest
that the driving forces for AIB accumulation may be reversibly influenced by the
serum concentration of the growth medium. Addition of valinomycin (Val) to cells
preequilibrated with AIB causes an enhanced accumulation of AIB, suggesting that
the membrane potential can serve as a driving force for AIB accumulation. After pre-
equilibration with AIB in 6 mM K%, transfer to 94 mM K* with Val results in a
marked and rapid net loss of AIB. The effect of Val on the accumulation of AIB is
greatest in quiescent cells, with the intracellular AIB concentrations reaching those
seen both in Val-stimulated normal cells and in Val-stimulated serum-stimulated cells.
By adjusting [K*]o,. in the presence of Val, the membrane potential of growing cells
can be matched to that of quiescent cells or vice versa. When this is done, the two
accumulate AIB to the same extent. Hence the AIB accumulating capacity is charac-
teristic of the membrane potential rather than of the growth state. In summary,
these data suggest that the accumulation of AIB in HSWP cells is influenced by
changes in membrane potential and that a serum-associated membrane hyperpolariza-
tion could be responsible for the increased capacity for AIB accumulation in serum-
stimulated cells.
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In recent years, many investigators have sought to determine whether alterations in
membrane permeability can be correlated with changes in cell growth state. Several studies
have demonstrated that a decrease in the transport of several low-molecular-weight
nutrients (inorganic phosphate, uridine, amino acids) occurs when cells go from a state of
growth to one of quiescence. These observations have led to speculation that alterations
in membrane permeability to metabolites may, by controlling their intracellular concen-
trations, play a role in regulating cell growth and transformation (1, 2).

The transport of amino acids, in particular, has been extensively studied as a possible
growth regulatory mechanism. The well-documented dependence of cell growth on amino
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acid supply (3), as well as the small margin of safety observed in some cells between maxi-
mal transport rate of and metabolic demands for amino acids (4), suggest that this path-
way is well suited for such a regulatory function. Investigations of amino acid transport
indicate that the rate of amino acid uptake in logarithmically growing, nontransformed
cells is substantially higher than in either confluent [3T3 cells (1)], hyperconfluent [chick
embryo cells (5)] or serum-deprived, quiescent cells [chick embryo cells (5), human
diploid cells (6)] . The enhanced amino acid uptake seen in growing cells suggests the
presence of an increased number of transport sites in the cell membrane. However, in
some cases, changes in transport are too rapid to be due to the synthesis and incorporation
of new transport sites into the membrane. Also, observations indicate that the level of
amino acid accumulation is elevated in growing cells (1, 5). Although an increase in the
number of transporters could increase the rate of transport, it would not increase the
steady-state level of amino acid concentrating capacity of the cell. It therefore appears that
when quiescent cells enter a growth state there must be either an increase in the driving
force for amino acid uptake or a more efficient coupling to existing forces.

The present study attempts to identify the source of energy for the elevated capacity
for accumulation of amino acids in growing cells. Amino acid transport is studied in a
skin-derived, human diploid fibroblast strain (HSWP), using the nonmetabolizable amino
acid analog a-aminoisobutyric acid (AIB) as a model substrate for the Na*-dependent
amino acid transport system. We show that AIB accumulation is greater in growing cells
than in serum-deprived, quiescent cells and that the effect is partially reversed within 1 hr
after serum-stimulation of quiescent cells. The possible role of the membrane potential in
driving the enhanced amino acid accumulation in growing ceils is tested by using valino-
mycin to alter the membrane potential. Evidence is presented which suggests that the
enhanced level of AIB accumulation in growing cells is the result of a growth-related mem-
brane hyperpolarization.

MATERIALS AND METHODS

Cells and Growth

HSWP cells, human diploid fibroblasts, were derived from human foreskin by J. D.
Regan (ORNL). They were cultured in Eagle’s minimum essential media (KC Biological
Inc.) containing 10% fetal calf serum (KC Biological Inc.), and 25 ug/ml gentamicin
(Schering Corp.). Stock cultures were maintained at confluence in the same medium with
1% fetal calf serum. Cells were grown at 37°C in a 95% air-5% CQO, atmosphere, and were
used between the 10th and 25th passage. Cells were removed from stock flasks by trypsin-
ization and were seeded onto individual coverslips (11 X 25 mm) in petri dishes as originally
described by Foster and Pardee (1) and modified by Salter and Cook (7). Twenty-four hours
after plating, the cells were fed with growth media containing either 10% fetal calf serum
(growing cells) or 0.1% fetal calf serum (serum-deprived cells). Transport measurements
were performed on growing cells at subconfluent densities and on serum-deprived cells
following 2—4 days on 0.1% fetal calf serum. Serum-deprived cells are considered to be
quiescent when [*H]thymidine incorporation into the acid insoluble fraction drops below
10% of growing controls. Approximately 18—22 hr after serum stimulation (20% fetal
calf serum) of serum-deprived cells, there is a burst of incorporation of [*H]thymidine
into acid-soluble material.
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Transport Studies

Amino acid transport was measured using a-aminoisobutyric acid (AIB), a non-
metabolizable substrate of the Na*t-dependent, amino acid concentrating, transport system
[A system (8)] . The assay medium consisted of amino acid-free Eagle’s minimum essential
medium (EMEM) with Hanks’ salts, 20 mM HEPES (N-2-hydroxyethylpiperazine-N"-2-
ethanesulfonic acid), 0.1 mM AIB, and ~ 1 uCi/ml *H-AIB (ICN). In some experiments
the Na* and K* concentrations of the assay media were altered by equimolar substitution
of either potassium chloride or choline chloride for sodium chloride in the Hanks’ salts.

In all media [NaCl + KCl+ ChCl] = 144 mM. Valinomycin (Val; Sigma Chemical Co.)
was added to some assay media as an ethanol solution with the appropriate amount of
ethanol also being added to control media (< 0.25% final concentration).

Four-milliliter aliquots of assay medium were placed in 15 X 45-mm shell vials
(Kimble-Products) and equilibrated at 37°C. Coverslips were removed from their growth
media, drained by touching to an absorbent paper towel and placed in shell vials for the
required times. To terminate AIB uptake, the coverslips were removed from the assay
media, and rapidly washed 3 times in cold Tris-buffered saline (pH 7.4). They were then
drained and placed in a glass scintillation vial containing 1 ml of 0.1 N NaOH to lyse the
cells. Following lysis, 0.1 ml of 1 N HCl and 10 ml of Triton X-100/toluene counting
solution, containing 5.5 g/liter Permablend I (Packard), were added. Radioactivity was
determined in a Nuclear-Chicago Mark II Spectrometer.

Protein Measurement

Protein was measured by the intrinsic fluorescence of tryptophan residues (9).
Protein was solubilized by placing each coverslip in a shell vial containing 4 ml of 0.2%
sodium dodecyl sulfate (SDS). The emission of the SDS extract was measured at 338 nm,
using an excitation wavelength of 286 nm (Perkin Elmer model 204 fluorescence spectro-
photometer). Bovine serum albumin dissolved in 0.2% SDS was utilized as a standard.

Water and Electrolyte Measurements

Cell water content was measured as the distribution volume of *H-3-O-methyl
glucose, which is passively distributed in HSWP cells (10). The distribution of L-glucose,
which is not transported in these cells, was used to measure extracellular medium not re-
moved by washing. The water-to-protein ratio (ug H, O/ug protein) was 4.4 £ 0.10 (n = 5)
for growing cells in the 6 mM K*, 138 mM Na* assay medium. This ratio was not appre-
ciably altered by any of the experimental manipulations (i.e., serum deprivation, valino-
myecin addition, decrease in [Na* ], increase in [K*],).

Na* and K* concentrations were determined flame photometrically using Li* as an
internal standard.

RESULTS

HSWP cells cultured in 10% fetal calf serum grow to confluent densities of 120 + 15
pg protein per coverslip within 68 days after plating. In contrast, cells which are de-
prived of serum 24 hours after plating, become quiescent within 3—5 days. The serum-deprived
cells grow to densities of 30 = S ug protein per coverslip and can achieve confluent densi-
ties only upon restoration of serum to the growth medium.
AIB uptake was measured in both growing and serum-deprived cells 3—5 days sub-
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sequent to plating on coverslips, which corresponds to a time of logarithmic growth for

the serum-sufficient cells and of quiescence for the serum-deprived cells. Although AIB
uptake in growing cells is relatively slow, reaching steady state in about 60 min, the AIB
concentration ratios (AIB;/AIB,) which can be maintained are 20—25 (Fig. 1). The AIB
accumulation in quiescent, serum-deprived cells is considerably lower than that in growing
cells, with AIB ratios of only 8—10. However, the AIB concentrating capacity of the
quiescent cells can be at least partially restored by serum stimulation (20% fetal calf serum
for 1 hour) prior to measurement of AIB uptake. Serum-stimulated cells can accumulate AIB
to concentration ratios of 12—15.
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Fig. 1. Effect of serum deprivation and serum stimulation on AIB uptake in subconfluent HSWP cells.
For assay, cells were removed from the indicated growth medium and placed in a serum-free, amino
acid-free, Eagle’s minimum essential medium (6 K*, 138 Na*) containing 0.1 mM AIB. AIB uptake is
plotted vs time of accumulation for data compiled from 4 experiments. Mean * SE of at least 3 de-
terminations at each time point is shown.

The data in Fig. 2 demonstrate that the uptake of AIB in growing HSWP cells is
Na*-dependent. When extracellular sodium concentrations are decreased by equimolar
replacement with choline, the accumulation of AIB is also decreased. For example, when
the environmental sodium concentration is lowered from 138 mM to 10 mM, the accumu-
lation ratio drops from 20 to 4.

The capacity for concentrating amino acids in growing cells is dependent on the
membrane potential as well as on the Na* concentration gradient. If cells are equilibrated
with 0.1 mM AIB for 75 min, in a control medium of 6 mM K* and 50 mM Na*, and then
transferred to a 50 mM Na*, 0.1 mM AIB environment containing the K*-ionophore vali-
nomycin (Val), the final level of AIB accumulation is markedly influenced by the external
concentration of K*. In the absence of Val, growing cells incubated in this control environ-
ment can achieve an AIB accumulation ratio of 8 (Fig. 3). Membrane hyperpolarization
by the addition of Val to cells in this medium enables an accumulation ratio of at least 10
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Fig. 2. Na* sensitivity of AIB uptake in subconfluent, growing HSWP cells. Cells were removed from
their normal growth medium and placed in a serum-free, amino acid-free medium containing 0.1 mM
AIB, 6 mM K%, and Na* + Ch* = 138 mM. AIB uptake vs time of accumulation is plotted for a
representative experiment. Mean  SE of at least 3 determinations is shown.
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Fig. 3. Modification of AIB accumulation by valinomycin and its dependence on the K* diffusion
gradient. Cells were removed from their normal growth medium and incubated in a serum-free, amino
acid-free, 6 mM K*, 50 mM Nat medium for 75 min. They were then transferred to either i) the same
medium, ii)a 6 K*, 50 mM Na* medium containing Val (10 ug/ml), or iii) a 94 mM K, 50 mM

Na* medium containing Val. The intracellular AIB concentration is plotted vs time of accumulation
for data from 3 experiments. Mean  SE of 9 determinations is shown.
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to be achieved. However, if cells preequilibrated in the control environment are transferred
to a Val-containing medium with 94 mM K+, causing a membrane depolarization, there is
a marked and rapid net loss of intracellular AIB.

The experiments depicted in Fig. 4 were designed to compare the effects of mem-
brane hyperpolarization on the AlB-accumulating capacity of cells in 3 different
growth states. Either growing, quiescent, or serum-stimulated cells were incubated in a
medium containing 0.1 mM AIB, 138 mM Na*, and 6 mM K* for 90 min, at which time
they were transferred to an identical medium containing Val (10 ug/ml). The presence of
Val enabled growing cells to increase their accumulation ratio of AIB from 25 to 34 (Fig.
4). The effect of Val stimulation is more dramatic in quiescent cells, causing a three- to four-
fold increase in the previously depressed intracellular AIB concentration, to an AIB
accumulation ratio of 34. This corresponds to the same concentrating capacity observed
in Val-stimulated, growing cells. It is important to emphasize that the effects of serum
stimulation and Val stimulation on AIB accumulation in quiescent cells are not additive.
The combined treatment with Val and serum drives the internal AIB concentration to
the same value observed in quiescent cells treated with Val alone. Thus, Val stimulation
overrides the differences in AIB accumulation associated with the growing, quiescent,
and serum-stimulated growth states.

Since a membrane hyperpolarization was observed to negate the growth associated
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Fig. 4. Effect of valinomycin on AIB accumulation by HSWP cells in 3 growth states. Cells were
removed from their growth medium and incubated in a serum-free, amino acid-free EMEM (6 K*, 138
Nat) containing 0.1 mM AIB for 90 min. Valinomycin (10 ug/ml) was added to half the population of
cells at 90 min, while the other half served as controls. AIB uptake is plotted vs time of accumula-
tion for data compiled from 3 experiments. Mean  SE of at least 3 determinations is shown.
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differences in AIB accumulation, the next series of experiments investigated whether the
increased concentrating capacity in growing cells might indeed be due to a higher mem-
brane potential. In this series of experiments, the Nat concentration of the assay medium
was maintained at 50 mM to allow flexibility in manipulating K+ concentration. Membrane
potentials were estimated by varying the external K*concentration in the presence of Val,
and determining at what value of [K*], the AIB accumulation equaled the accumulation
in the control medium (6 mM K*, no Val). This method is based on the “null point”
technique used with the fluorescent dyes (11). After AIB accumulation has reached steady
state in the controls (6 mM K*, no Val), [K*], is adjusted to a series of values in the
presence of Val and the change in AIB is determined for each value of [K*],. The value
of [K*], in the presence of Val at which there is no change in AIB concentration ratio is
determined and the membrane potential calculated from the equation for a K* electrode
_ RT [K*]q
(Em = ? In ﬁ(T]i )
Since cells lose about 10% of their internal Kt content after 60 min in the presence of Val,
the potential was calculated based on the value of [K]; measured at the end of the experi-
ment. This potential is taken to be the same as the preexisting potential of the control
cells in 6 mM K* without Val. The complete data for the determination of the “null point”
are presented elsewhere (12).
The data in Fig. 5 demonstrate that in the control environment (6 mM K*, no Val) the
cells accumulate AIB to about an eightfold concentration ratio, and experience little or
no change of AIB when cells are transferred to a 21 mM K* environment containing Val.

Thus, the “null point” value for [K*], is approximately 21 mM, when [K*]; =125 mM
(measured at the end of the experiment). This corresponds to a membrane potential of
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Fig. 5. AIB accumulation in quiescent and growing cells: the effect of matching their membrane
potentials. Cells were removed from their growth medium and incubated in a serum-free, amino acid-
free, 6 mM K*, 50 mM Na*, 0.1 mM AIB medium for 75 min. They were then transferred to either a
21 mM K*, 50 mM Nat, Val-containing medium or a 50 mM K™, Val-containing medium.
Intracellular AIB concentration is plotted vs time of accumulation for a representative experiment.
Mean of at least 3 determinations is shown.
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—47 mV. On the other hand, in the control environment quiescent cells accumnulate AIB
to a concentration ratio of approximately 5 and undergo no change in internal AIB con-
centration when transferred to a 50 mM K* environment containing Val (Fig. 5). Thus,
quiescent cells have a “null point” of 50 mM K*, again with [K*]; = 125 mM (measured
at the end of the experiment), which corresponds to a membrane potential of —24 mV.

Quiescent cellsin a 21 mM K+ + Val medium, where their membrane potential is
matched to that determined for growing cells, accumulate AIB to the same level as do
growing cells in a control environment (Fig. 5). Conversely, growing cells in a 50 mM K+
+ Val medium, where their membrane potential is matched to that determined for quiescent
cells, decrease their AIB concentration ratio to the same level found in control quiescent
cells,

DISCUSSION

Studies of growth-related alterations in amino acid transport have dealt primarily
with the kinetics of initial transport rates. The observation that in some cells the maximum
amino acid transport rate is higher during growth than quiescence suggests a larger num-
ber of transport sites in growing cells. However, since the Vy,,4 for AIB uptake can be a
function of more than the number of transport sites, and under some conditions may even
reflect primarily a change in the membrane potential (13), then the growth-associated
alterations in transport may be more complex than a simple increase in the number of
transport sites. Steady state transport experiments can help clarify this point by determin-
ing whether increased transport rates during growth are accompanied by an increased
amino acid accumulating capacity. An increase in concentrating capacity would be indepen-
dent of the number of transport sites, but would instead be dependent on an additional
source of energy.

The observations that AIB accumulation in confluent 3T3 cells is 30% lower than in
nonconfluent cells (1) and that valine equilibrium uptake (expressed only as cpm/mg
protein) into the acid-soluble fraction of chick embryo cells is about fourfold higher in
growing than in hyperconfluent cells (5) suggest that more than an increase in the number
of transport sites is required to explain growth-associated alterations in amino acid trans-
port. The above mentioned findings, coupled to the observations that growing HSWP cells
can accumulate AIB to a twofold higher concentration ratio than can quiescent cells
(Fig. 1) indicate that in growing cells there is either an increase in the driving force for
amino acid transport or a more efficient coupling to existing forces.

One possible source of energy for an enhanced amino acid-concentrating capacity in
growing cells, is the electrochemical potential energy stored in the cation gradients. A

growth-related increase in the Na* electrochemical potential could provide an increased
driving force for the accumulation of Na*-dependent amino acids. The response of AIB
uptake in growing cells to alterations in the Na* concentration gradient (Fig. 2) is consis-
tent with this idea. However, not only a change in the Nat concentration gradient, but
also an alteration in the membrane potential affects the Na* electrochemical gradient.
Thus, a growth-associated increase in the membrane potential could provide the necessary
energy for the enhanced AIB accumulation observed in growing cells.

Experiments to test this hypothesis were based on the assumption that in the
presence of Val the cell membrane behaves like a K* electrode so that

+
g lﬂ [K ]0

SO
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It has been determined that Val specifically increases the K* conductance of Amphiuma
red cell membranes (11), artificial lipid membranes (14, 15), and many other systems.
Although no comparable electrical measurements are available in HSWP cells, we have
found that Val induces a fourfold increase in K* exchange (measured with ® Rb) when

the normal K* exchange components are inhibited by ouabain and furosemide (unpublished
observations). This occurs presumably by electrical coupling of influx and efflux through

a conductive pathway.

The accumulation of AIB in growing cells was demonstrated to be sensitive to Val-
mediated alterations in the membrane potential (Fig. 3). When the membrane is hyper-
polarized by adding Val to cells in 6 mM K* medium there is a 36% increase in the AIB
concentrating capacity. In contrast, a dramatic decrease in AIB accumulation is observed
when the membrane is depolarized by transferring cells to a 94 mM K* medium containing
Val. Thus, the response of AIB accumulation to changes in membrane potential indicates
that a growth-associated alteration in membrane potential could provide the energy re-
quired for an enhanced AIB accumulation in growing HSWP cells.

If the enhanced AIB concentrating capacity in growing cells is due solely to an
increase in membrane potential, then one would predict that AIB accumulation could be
driven to the same level in quiescent and growing cells by hyperpolarizing both to the
same membrane potential. However, if the energy were provided by some other source (ie.,
an increase in the Na* concentration gradient) or if the enhancement were due to tighter
coupling to existing energy sources, then one would expect that a hyperpolarization would
increase the concentrating capacity in both quiescent and growing cells, but that accumula-
tion would still be higher in the growing cell. Therefore, the observation that a membrane
hyperpolarization drives the AIB accumulation ratio to 34 in both quiescent and growing
cells suggests that a growth-associated difference in membrane potential does exist and is
responsible for the higher AIB accumulation observed in growing cells (Fig. 4). Also, the
observation that Val stimulation of serum-stimulated cells again drives the AIB accumula-
tion ratio to 34 is consistent with this hypothesis, and suggests that the membrane po-
tential in serum-stimulated cells is somewhere intermediate between that of growing and
quiescent cells.

An attempt was made to measure indirectly the membrane potential of growing and
quiescent cells by varying the external K* concentration in the presence of Val, and
determining at what value of [K*], the AIB accumulation corresponded to control accu-
mulation (6 mM K+ environment, without Val). The “null point” value of [K* ], for
growing cells is approximately 21 mM which predicts a membrane potential of —47 mV
(Fig. 5). In contrast, the “null point” value of [K*], for quiescent cells is about 50 mM,
which corresponds to a membrane potential of —24 mV.

It must be pointed out that, although this method is adequate for measuring dif-
ferences in membrane potential between the two growth states, the actual values of the
potentials measured in a 50 mM Na* medium may deviate from those that exist in a
normal growth environment. Since we have no data on how the actual cytoplasmic Na*t
concentrations (16, 17) vary with the reduction of extracellular Na* concentration, we
cannot estimate the contribution of the Nat gradient to the potential. However, since the
membrane potentials of both growing and quiescent cells were measured in the same en-
vironment it appears that a real difference in potential does exist. If anything, the dif-
ference in potentials may be underestimated in a SO mM Na* medium. In a 138 mM Na*
environment, growing cells accumulate more than twice as much AIB as do quiescent cells
(Fig. 1), while in a 50 mM Na* environment, AIB accumulation is only 1.5 times higher
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in growing cells (Fig. 5). A lower potential in quiescent cells implies that the Goldman
equation (18), describing the potential in quiescent cells, may be weighted more in favor
of the Na* potential than in growing cells. Thus, reducing the external Na* concentration
might cause a larger increase in the potential in quiescent cells than in growing cells, there-
by decreasing the difference between them.

The most convincing evidence that an increased membrane potential is responsible
for the enhanced AIB accumulation in growing cells is the observation that accumulation
in quiescent cells can be matched to that of growing cells by increasing the membrane
potential of the quiescent cells to —47 mV. Conversely, the accumulation of AIB in grow-
ing cells can be matched to that in quiescent cells by decreasing the membrane potential
of growing cells to —24 mV. Thus, by adjusting their membrane potentials one can mimic
the growth-associated alterations of AIB accumulation seen in HSWP cells.

It is of interest to note that cell cycle-dependent variations in AIB accumulation
ratios have been observed in Ehrlich ascites tumor cells (19). Minimum AIB accumulation
is seen in early M phase with maximum AIB ratios, representing a threefold increase,
occurring in S phase. Since it has been demonstrated that Na*-dependent amino acid
accumulation in ascites cells responds to Val-mediated alterations in membrane potential
(20, 21), one can speculate that cell cycle-dependent variations in membrane potential
could be responsible for the observed changes in AIB accumulation ratios. Although no
measurements of membrane potential throughout the ascites cell cycle have been reported,
comparable measurements in cultured Chinese hamster cells indicate that their membrane
potential is low after collection of the cells in mitosis, reaches a maximum in S, and falls
off again in G2 (22). In general, these measurements roughly parallel the rates of AIB
uptake (allowing for an increasing cell surface area throughout the cycle) observed in
synchronized CHO cells by Sander and Pardee (23). Also, the ouabain-insensitive, furose-
mide-insensitive component of K* flux, presumably the diffusional K* flux, in the ascites
cell approximately triples during S phase (24). This finding is consistent with a hyperpolari-
zation during S phase in the ascites cell.

One can speculate that changes in amino acid accumulation capacity in response to
growth-associated alterations in membrane potential could serve to regulate cell growth.
Others have proposed a role for the membrane potential in the regulation of mitotic acti-
vity (25—27). At present we have no information concerning the mechanism for growth-
associated alterations of membrane potential in the HSWP cell. The possibility that changes
in ionic fluxes, comparable to those seen in the ascites cell and in serum-stimulated 3T3
cells (28) may occur is currently being investigated. Also under investigation is the possi-
bility that alterations in membrane potential are responsible for the differences in amino
acid transport observed between transformed and nontransformed cells.
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