THE JOURNAL OF BloioGicaL CHEMISTRY
Vol. 257, No. 17, Issue of September 10, pp. 10069-10080, 1982
Printed in U.S.A.

The Two-way Flux of Cationic Amino Acids across the Plasma
Membrane of Mammalian Cells Is Largely Explained by a Single

Transport System*

Morris F. Whitef and Halvor N. Christensen§

(Received for publication, January 18, 1982)

From the Department of Biological Chemistry, The University of Michigan Medical School, Ann Arbor, Michigan 48109

We show in this report that the inward and outward
transport of cationic amino acids through the plasma
membrane of cultured fibroblasts and HTC cells is me-
diated mostly by a single saturable transport system,
here designated y*. The kinetic behavior of System y™*
can be accounted for by the alternating generation of
at least two conformational states, one on each side of
the plasma membrane. No predictions are made as to
the mechanism of these carrier oscillations. The satur-
able flux of cationic amino acids in both directions is
strongly increased by the presence of competing sub-
strates on the side of the membrane opposite to the
measured flux. The kinetic parameters describing these
interactions vary as predicted by the classical mobile
carrier hypothesis. These observations support the ho-
mogeneity of mediated cationic amino acid transport.
Our results do not exclude other small flux contribu-
tions by a minor, apparently passive nonsaturable mi-
gration in each direction. The mediated arginine influx
is half-maximally saturated at an external substrate
concentration Yo to Y20 as high as the apparent intra-
cellular concentration that half-maximally saturates
efflux. The maximum flux through System y* attained
by raising the substrate concentration to a saturating
level is about equal in the two directions. The test
amino acids accumulate 5- to 20-fold into HTC cells and
human skin fibroblasts, findings which are consistent
with the kinetic asymmetry of System y"*.

Membrane transport systems in higher animals serve phys-
iologically for exodus of nutrients from as well as for entry of
nutrients into a particular tissue (1, 2). This two-way service
may alternate during the diurnal cycle, as for amino acids
flowing to and from the liver in proceeding from the postpran-
dial to the postabsorptive phase (3). For some tissues, a given
amino acid may show a continuous net outward flow which is
balanced presumably by a net inward flow of precursor mol-
ecules (4). The net flow of branched chain amino acids to
muscle and of glutamine and alanine away from muscle pro-
vides examples. Arginine flows illustrate the complexities that
may arise; rat muscle (5) and kidney (6) release net quantities
of arginine into the bloodstream, whereas, in man, the
splanchnic tissues in the aggregate take up only relatively
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small amounts of arginine {4). Rats grow, albeit slowly, when
fed an arginine-free diet (7), suggesting that adequate arginine
nutrition can occur through the interorgan flows. Studies of
amino acid transport have tended to give only minor attention
to the routes of amino acid exodus from cells because of a
misconception that efflux usually represents physical leakage
(8). In addition to influx, mediated efflux should prove to be
an important site of metabolic regulation.

We use the occurrence of trans-stimulation of the arginine
fluxes across the plasma membrane of cultured fibroblasts (9)
and a hepatoma cell line, HTC (10), to show that the major
part of the inward and outward movements of cationic amino
acids occurs by System y*. The two fluxes of arginine and its
analogs are well characterized by the iso uni uni velocity
equation (11) which describes the operation of the classical
mobile carrier (12) for a single substrate, as diagrammed in
Fig. 1. The correspondence of our results to this classical
model does not yet necessarily exclude other kinetic expla-
nations (13, 14). Our analysis attributes the phenomenon of
trans-stimulation to accelerative counterflow (15) which re-
sults from the direct mass action between substrates and
transport components at each membrane surface rather than
from an indirect modulation, for example, by allosteric phe-
nomena. System y* catalyzes the asymmetric partition of
substrates by introducing an apparent directional asymmetry
between their inward and outward flows.

In the ordinary situation encountered with neutral amino
acids where two or more parallel membrane systems mediate
the flows of a nutrient (16), it is unlikely that a single system
participates to exactly the same degree for entry and exodus
(1, 17). Each system operates in two directions, but to varying
degrees under physiologic conditions. Here we show that the
two-way flux of cationic amino acids via System y* serves for
the major portion of uptake and release of reactive solutes by
the test cells. For the physiologic context, participation by
other agencies, including the so-called nonsaturable routes,
has not been wholly excluded, but may be insignificant. Trans-
port satisfactorily described in one direction by a single set of
kinetic parameters may prove heterogeneous given that a
second transport agency shows kinetic constants similar to
the first (18). However, when the set of curves and parameters
serve to describe consistently the bidirectional flow and trans-
stimulation observed for a series of analogs, the support for
homogeneity is greatly strengthened.

MATERIALS AND METHODS'
Human fibroblasts (19) and HTC cells (Morris 7288C, supplied by

! Portions of this paper (including part of “Materials and Methods,”
Equations 4-17, and additional references) are presented in miniprint
at the end of this paper. Miniprint is easily read with the aid of a
standard magnifying glass. Full size photocopies are available from
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Fic. 1. A schematic representation of the mobile carrier.
The iso uni uni reaction describes membrane transport of the extra-
cellular (S)) and intracellular (S:) substrates. Radioactively labeled
solute is indicated with an asterisk. The membrane component of
System y*, namely ;, interacts with the substrate outside the cell and
inside the cell. Even-numbered subscripts describe a cycle of efflux
and odd-numbered subscripts describe a cycle of influx,

Dr. Thomas D. Gelehrter, Department of Human Genetics, Univer-
sity of Michigan) (20) were cultured in Medium 199 (GIBCO) supple-
mented with 10% fetal calf serum and were prepared for transport
assay as described previously (9, 10, 21). Prior to the kinetic measure-
ments, the confluent monolayers of fibroblasts or HTC cells were
washed twice and incubated for at least 2 h in aminoacid-free modi-
fied Earle’s balanced salt solution to deplete the endogenous
amino acids (9). Then the cells were exposed to unlabeled or radio-
active amino acids for selected time intervals. n-[U-'*C]3-O-Methyl-
glucose (300 mCi/mmol), L-[2,3-"*Clarginine (333 mCi/mmol), L-['C]
lysine (343 mCi/mmol), and L-[2,3-*H]ornithine (15.4 Ci/mmol) were
obtained from New England Nuclear. 4-Amino-1-{1-"“Clguanylpiper-
idine-4-carboxylic acid (22) and L-[2,3-°H]homoarginine (23) were
synthesized in our laboratory. All other materials used were as de-
scribed previously (9, 10). Details of particular experimental manip-
ulations are provided in the table or figure legends. Initial amino acid
uptake was estimated by 20- to 30-s incubations with radioactively
labeled substrates using previously described techniques (21). These
time intervals were short enough to approximate the initial rate of
uptake. The intracellular contents of rapidly metabolizable amino
acids obtained after incubations of 30 to 60 min were determined
chromatographically with an amino acid analyzer as previously de-
scribed (9). The accumulation of slowly metabolized substrates, such
as arginine and homoarginine, or of substrates incubated in the
presence of 2 mM aminooxyacetate (Sigma), a compound that inhibits
certain steps in amino acid metabolism (24), were assayed radiochem-
ically. Efflux was approximated by loading the monolayers to a
selected intracellular steady state concentration with a labeled amino
acid and by subsequently measuring the initial rate of escape into
EBS.? Initial exit was always measured during time intervals yielding
less than 20% loss of the initial cellular content of the test amino acid.

The intracellular water volume used to estimate the intracellular
substrate concentration was approximated by the method of Kletzien
et al. (25) to be 4.0 ul of H20-mg™" of protein for fibroblasts (9) and
4.6 p} of H:0.mg™' of protein for HTC cells {10).

Numerical analysis of initial velocity kinetic curves was carried out
using FORTRAN programs described by Cleland (26) which apply
the nonlinear Gauss-Newton least squares method to data described
by the following general equations:

Vinax+[S]
log v = log (Km 81 + Ky [S]) (1)
Venax+[S]- (1 + [P]/Kip)

YT Ea(L+ [Pl/Ks) + [S1(1 + [Pl/ K

— constant (&tﬂ@)
v=co 1+ S/Kw)

(2)

(3)

the Journal of Biological Chemistry, 9650 Rockville Pike, Bethesda,
MD 20814. Request Document No. 82M-104, cite the authors, and
include a check or money order fer $3.20 per set of photocopies. Full
size photocopies are also included in the microfilm edition of the
Journal that is available from Waverly Press.

2 The abbreviations used are: EBS, Earle’s balanced salt solution;
AOQOA, aminooxyacetate; GPA, 4-amino-1-guanylpiperidine-4-carbox-
ylic acid; BCH, the racemic 2-aminoendobicyclo[2.2.1]heptane-2-car-
boxylic acid.

Kinetic Studies of Cationic Amino Acid Transport

The specific equations describing the kinetic model shown in Fig. 1
are developed in miniprint. The corresponding kinetic parameters are
defined in Table 1.

RESULTS

Arginine Countertransport in Human Fibroblasts and
HTC Cells—Human fibroblasts were incubated with various
concentrations of unlabeled arginine for 40 min. The range of
intracellular concentrations obtained by this treatment was
determined from parallel experiments using labeled arginine.
Arginine metabolism was not detectable during this time
interval (9); the accumulated arginine measured chemically
with the amino acid analyzer agreed within 10% with the
value determined radiochemically. Influx of [*H]arginine be-
tween 0.005 and 1.0 mM was estimated from 30-s incubations,
and the kinetic parameters derived by fitting the data obtained
at each apparent intracellular arginine concentration to Equa-
tion 1 are provided in Table II. The values of Vi, increased
significantly as the apparent intracellular arginine concentra-
tion, [Arg,], increased. Small increases were noted inK},; the
nonsaturable component for entry, K,', displayed small fluc-
tuations. The Lineweaver-Burk plots describing these data
are shown in Fig. 24, and similar results obtained from an
identical experiment with HTC cells are shown in Fig. 2B.

Typical replots of 1/ V%, (Fig. 3A) and K.,/ Vi (Fig. 3B)
are shown for arginine influx into fibroblasts. These kinetic
parameters are hyperbolically related to the intracellular ar-
ginine concentration as predicted from Equations 8a and 9a.
A double reciprocal plot of these data shown in the insets to
Fig. 38, A and B, yields the linear relations expected for
catalysis by a single agency. In this example, the hyperbolic
dependence of 1/ V3, and Kly./ Vs for [PH]arginine entry on
the intracellular arginine concentration, [Arg,], can be used
to estimate the apparent values of the intracellular Michaelis
constants, K,.., K.5, and K. (see Table I). Two possible
approaches for analyzing these results involve fitting the
measured kinetic curves shown in Fig. 3, A and B, to Equation
3 or interpreting graphically the linear plots of the data shown
in the insets to Fig. 3. We chose a more direct route by fitting
the measured influx data, after deducting the nonsaturable
component, into the complete iso uni uni velocity equation
for influx (Equation 6). This method calculates all the kinetic
parameters directly from a least squares analysis (Equation 2)
and also provides estimates of precision. The kinetic param-
eters obtained after fitting the data to Equation 2 for two
separate experiments with human fibroblasts and a single
experiment with HT'C cells are provided in Table III.

A similar experiment in which [*H]Jarginine influx into
fibroblasts was measured after loading fibroblasts with unla-
beled homoarginine is shown in Table IV. The calculated
kinetic constants are very similar to those listed in Table III
for experiments with arginine. The apparent ratio of the zero-
trans® Michaelis constants, K.*/K,.!, from the three experi-
ments with fibroblasts is about 24, whereas this value is near
7 in HTC cells. These observations emphasize the apparent
kinetic asymmetry of System y* operation and are consistent
with the accumulation of arginine and homoarginine observed
for fibroblasts (Fig. 4 and Ref. 9) and for HTC cells (10).
Similar results have been reported for the Ehrlich cell (27).
The distribution ratio for cationic amino acids is probably
determined to a large extent by this asymmetry. The question
that remains unresolved is by what mechanism this asym-
metry is produced. The influence of the membrane potential
will be discussed later.

* gero-trans mflux (K,', Vi) and efflux (K.’ Vi) are ideal
experimental situations in which the initial velocity of substrate flux
is measured in the absence of transport-reactive compounds inside or
outside of the cell, respectively.
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TABLE 1
Kinetic parameters and molecular rate constants for the iso uni uni velocity equation

Kinetic pefinition #Hoiecular Rate Kinetic Stein's
Parameters? 2 2 Constants |dentities Nomenclature
1 .
v Maximum zero-trans k. k s
max influx 35 VR e k22 1R,
+
k3tks
2 .
v Maximum zero-trgns kyk
276 ss [
max efflux L Vo oKk, /Ry,
k2+k6
S5 . Coea e l 2 2
v Maximum infinite-tpraps or k. k K°/K
max 23 Vmax®v/¥e /R
steady-state flux 2 _— e
k2+k3 m v/Kc
voo Maximum empty carrier k k 1 ]/K]
max axim mpty 5°6 Vmax Ke/%a /R
flux
K +k 2 2/K2 o0
576 ¢’ 'm
i . . | 2 2
K Michaelis constant (k2+k ) (kotk,) K°/K
m X 3 576 Ko®¥m/ %y
zero-tprans influx —_— ] W22 K]Z.Roo/Rlz
k, (k,+k,.) KT/K
177375 s [
2 s . 2 l
K Michaelis constant (k+k,) (kovk,) /K
m 2 73 V56 v m
zero-trans efflux —_—— 2 (! KZI.Roo/RZI
K, (k. +k,) /K
LY 2776 s
k! Michaelis constant (k5+k6)k2 1 2.2
s steady-state influx —_— KmOK /K IZ.R /R
v'i'c
k. k
175
k2 Michaelis constant (k5+k6)k3 2 11
s steady-state efflux ——:—;———— KmOKV/KC KZ].Roo/Ree
L6
Ki Michaelis constant k2+k6 1 .2 2
infinite~tpans influx " Kn®Ko/%m  K12%R21/Ree
1
K\Z/ Michaelis constant k3+k5 2 1.1
infinite~traps efflux . KmoKv/Km K2I.R12/Ree
N
Kl Michaelis constant k6 k +k ) 2 1
countertransport L2 3 \ K /Vss K
Yk max v’ max 12
173
Ki Michaelis constant 5(k +k3) ] 2
countertransport B ———— v K /Vss K
K.k max v’ max 21
274
K Distribution
€9 ratio _]_35__ KZ/K' K../K
K.k K c’ e 217712
—_— 2746
L K;bs and Kibs are the observed Michaelis constants for influx and effiux,

respectively.

1 2 R s e .
2 Vobs anad VObs are the observed kinetic parameters describing the maximum

saturable influx and efflux, respectively.
1 . . -
Kd and Kg are the observed kinetic parameters describing the nonsaturable

components for influx and efflux, respectively.

At saturating internal solute concentrations, the value of by the ratio, K,?/K.% which for arginine transport is about 7
Vibs for influx should equal Vi, or, equivalently, in fibroblasts and 10 in HTC cells (Table III).
Vinax - K7/K.2. This relation of kinetic parameters indicates Intracellular arginine or homoarginine increased the appar-
that the maximum frans-stimulation of influx is determined ent values of K., for uptake of arginine although not as
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Tt 1.0 — T Fic. 2. Lineweaver-Burk plots of
_sol _os} arginine influx into fibroblasts (A)
£ A E 08 B 1 and HTC cells (B). Following amino
& £ » acid depletion, the cells were incubated
£a0l 507 0.00 for 40 min with the indicated concentra-
a 30.6 A tions (millimolar) of unlabeled arginine.
g I €, 003 | After this incubation period, the mono-
20t [ e _~ layers were quickly washed (<4 s) with
£ | g0 0.1 1 amino acid-free EBS at 37 °C. Influx
- _-03 _ (Vi_2) was estimated from 30-s (fibro-
‘? 10} Fozl .07 o blasts) or 20-s (HTC cells) incubations
S s orl /"“‘(( with [*H]arginine between 0.005 to 1.0
: % mMm. The nonsaturable component for
00 L T G S 0.0 e R fibroblasts (4.0 nmol.-mg™' of protein-
50 -3 o ci‘ © Lo %0 -0 -6 _? _O . 6_‘ oo min~'-mm~") and for HTC cells {0.3) has
[Arginine ] ™", mM [Arginine ], mM been subtracted from these data.
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| A 3 B ~
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0.00
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[Argininez], mM

Fic. 3. Replots of the intercepts (A) and slopes (B) from the
Lineweaver-Burk plots in Fig. 24 for arginine influx into
fibroblasts. The apparent intracellular arginine concentration,
[Arg.], was estimated by incubating a parallel population of cells with
the labeled amino acid. The internal water volume of 4 pl/mg of

dramatically as the detected stimulation of V4. This phenom-
ena, most apparent in HT'C cells (Fig. 2B), has been empha-
sized by Heinz (15). The ratio of K,' to K.’ is a measure of the
maximum increase of Ki,, and has a value of about 2 for
fibroblasts and 3.5 for HTC cells. This ratio of infinite-trans*
to zero-trans Michaelis constants for entry is equal to the
analogous relation for efflux, K,’/K,.’, indicating that propor-
tional increases in K., for uptake and K2, for exit are
produced by substrates on the opposite side of the membrane
(11). The values of the observed Michaelis constants for influx
and efflux depend upon the substrate distribution at the twe
faces of the membrane in a way that is predictable from the
carrier hypothesis.

Countertransport of Diamino Acids by System y™ in Fibro-
blasts—Studies of lysine and ornithine countertransport are
complicated by the occurrence of considerable intracellular
metabolism of these solutes during the incubation intervals.
This problem was minimized in either of two ways. First, the
amino acid analyzer was used to estimate chemically the
cellular steady state concentration of lysine or ornithine, and
second, for the case of lysine, AOA was used to inhibit Be-
dependent metabolism (24). AOA eliminated observable ca-
tabolism of lysine and ornithine during a 40-min incubation
interval (Fig. 5). The kinetic parameters for lysine and orni-
thine influx obtained from experiments analogous to those

* Infinite-trans influx (K,', V%.) and efflux (K2, V¥..) are ideal
experimental situations in which the initial velocity of substrate flux
is measured in the presence of saturating concentrations of transport
reactive compounds inside or outside of the cell, respectively.

[Argininez], mMm

protein was used to calculate the intracellular amino acid concentra-
tions. The data presented in A and B are plotted according to
Equations 8a and 9a, respectively, whereas the insets show the linear
transformations of the same data described by Equations 8b and 9b,
respectively.

outlined for arginine are shown in Table V. The behavior of
these amino acids is similar to that seen for the metabolism-
resistant guanidino analogs (Tables III and IV). The apparent
value of Vi, for entry is increased maximally about 6-fold
(K,2/K.? = 6) by intracellular substrates. The ratios of the
opposed zero-trans Michaelis constants, K,,’/K,,', are smaller
(Lys, 6; Orn, 12) than the values observed with arginine and
homoarginine although an apparent asymmetry is observed.
Fig. 6 shows that intracellular BCH has no effect on lysine
uptake, whereas internal arginine stimulates lysine influx.
These results re-emphasize the earlier conclusions that Sys-
tem v mediates the flux of both diamino acids and arginine
analogs (9, 10) and that this sodium-independent mediation is
separate from any contribution by sodium-independent Sys-
tem L. [PH]BCH influx into fibroblasts is Na*-independent
and is stimulated by previously accumulated unlabeled BCH
(data not shown). The flux of BCH is well described by the
iso uni uni velocity equation which demonstrates a homoge-
neity owing to a specific interaction of BCH with System L in
fibroblasts (28, 29).

Lysine, ornithine, and particularly their lower homologs
show tendencies to be transported into cells to some extent as
zwitterionic forms through interactions with neutral amino
acid transport systems (28, 30, 31). This complicating circum-
stance together with the rather higher nonsaturable compo-
nent of uptake shown by lysine and ornithine have led us to
emphasize the more unequivocally cationic guanidino amino
acids in our appraisal of the two-way role of System y* for
transport. Nevertheless, results reported here and previously
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TABLE 1I

The effect of intracellular arginine on the kinetic parameters for
arginine influx into fibroblasts

The kinetic constants for [*H]arginine uptake were determined in
human fibroblasts during a 30-s time interval over a concentration
range of 0.005 to 1.0 mM. Prior to the kinetic experiment, the cells
were incubated in aminoacid-free EBS for 2 h to deplete endogenous
amino acids. The quantity of arginine loaded into the cells was
estimated by measuring the accumulation of [''CJarginine in parallel
experiments. The near absence of endogenous lysine and ornithine
was verified with the amino acid analyzer. Concentrations of arginine
were calculated radiochemically assuming an intracellular water vol-
ume of 4 ul-mg"' of protein. The kinetic parameters + S.E. were
determined by fitting the data to Equation 1.

[Al‘gz] K(l)ha V(l)hs K(l)hs/vll)h.\ Kd]
_ ~ lomg™!
nmol-mg™" nmol™'-mg nmot-mg
mM mM protein-min”' protein.min-mm g:?tf’,:: !
0.00 0041 +0.008 0.73+0.09 0.056 +0.006 4.0=*02
006 00360008 090010 0.041 £0.004 5.0=x02
0.15  0.035 = 0.007 1.0 £ 0.1 0.033 £0.004 50=x03
0.31  0.026 = 0.004 1.4 £ 0.1 0.019 £ 0.002 3.7+03
0.56  0.031 £ 0.007 1.8+ 02 0.017 20002 38x04
1.0 0.025 + 0.014 22x06 0.011 £ 0004 48=x14
2.0 0.057 £ 0.013 3906 0.014 £0.002 49+09
4.7 0.060 + 0.009 4.6 =05 0.011 £0.001 43 £0.7
Average 4.4 05
TasLE III

Kinetic parameters for inward arginine countertransport into
fibroblasts and HTC cells

Human fibroblasts or HTC cells were incubated in aminoacid-free
medium for 90 min and then incubated for 45 min with various
concentrations (0.01, 0.03, 0.06, 0.10, 0.20, 0.40, and 1.0 mMm) of unla-
beled arginine. The internal arginine concentration was estimated
radiochemically in separate experiments. The monolayers were
quickly washed with EBS (<5 s) at 37 °C and were incubated for 30
s with [*H]arginine between 0.005 and 1.0 mM. The kinetic parameters
+ S.E. were determined by fitting the data to Equation 2. The
nonsaturable component, 4.0 nmol.mg ' of protein-min~'-mM™" (fi-
broblasts) or 0.3 nmol-mg™' of protein-min™' mm ' (HTC cells), was
subtracted from the data prior to the numerical analysis.

Fibroblasts
HTC cells
Experiment 1 Experiment 2
Viax (nmol-mg™! 0.75 = 0.06 1.56+0.2 3302

protein-min ')

K..' (mmM) 0.043 + 0.007 0.031 = 0.009 0.13 = 0.02
K2 (mm) 12+ 0.3 0.8 + 0.2 09 +02
K,! (mm) 0.06 + 0.01 0.07 + 0.01 05+ 02
K.” (mm) 1.9 %03 19+ 04 3.1+06
K.? (mm) 0.22 + 0.03 0.35 + 0.07  0.28 + 0.03
K /K2 Vinax/ Vinax 85+ 09 53+ 0.8 11+2
K. /K> 6+ 1 22+ 0.7 3.1+08
K*/K.* 1.7+ 0.3 24+ 04 35+0.8
K.’ /K. 28 + 8 25+ 9 7+1

(9, 10) indicate that the influx and efflux of lysine and orni-
thine are primarily mediated by System y* in these cells.
Steady State Influx of Cationic Amino Acids—System y*,
like other biological catalysts, mediates the unidirectional
fluxes of substrates even after a steady state distribution has
been reached and when there is no net flux. The steady state
influx® of arginine, ornithine, and homoarginine can be char-
acterized in each case as the sum of a saturable and a nonsat-
urable component. Accordingly, the steady state influx of
these substrates was fitted to Equation 1. Table VI lists the
steady state kinetic parameters obtained and compares them

? Steady state influx (K,', Vi) and efflux (K%, V.,) are essentially
isotope-exchange experiments in which the flow of labeled substrate
is measured after the distribution of unlabeled substrates has reached
a steady state at the same concentrations.
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with the expected values calculated from the kinetic constants
measured from the inward countertransport experiments re-
ported in Tables III-V. Agreement of the values for K,' and
V= measured by the steady state experiment with the ratios
K,.'-K2/K.2 and Vie-K2/K?2, respectively, measured by a
countertransport experiment indicates the consistency of our
kinetic analysis and the validity of the iso uni uni reaction in
this context. A comparison of the arginine influx curves ob-
tained in the absence of intracellular arginine (approximately
zero-trans influx), in the presence of a high concentration of
intracellular arginine (approximately infinite-trans influx),
and at the steady state is shown in Fig. 7. The chapes of these
curves depend upon the distribution of substrate at the mo-
ment of the influx measurement. The apparent maximum
influx for both the infinite-trans and steady state experiments,
Vi, 1s nearly identical as predicted from the iso uni uni
velocity equation (31). The shapes of these two curves are

different, however, owing to the inequality of Kiys under these

TABLE IV

Kinetic constants determined for homoarginine-stimulated
arginine influx into human fibroblasts

Human fibroblasts were incubated in aminoacid-free medium for
90 min and then incubated for 45 min with various concentrations
(0.01, 0.03, 0.06, 0.10, 0.20, 0.40, and 1.0 mM) of unlabeled homoargi-
nine. The monolayers were quickly washed with EBS (<5 s) at 37 °C
and were incubated with [*H]arginine between 0.005 and 1.0 mM for
30 s. The kinetic parameters = S.E. were determined by fitting the
data to Equation 2. The average values of the nonsaturable compo-
nent, 3.72 + 0.7 nmol-mg~' of protein-min'-mM™', were deducted
from the data before the numerical analysis.

Kinetic parameter Value
Ve (nmol. mg ™ 'protein. min™) 0.52 = 0.07
K.' (mm) 0.04 + 0.01
K.’ (mm) 0.8 + 0.2
K.! (mm) 0.08 = 0.01
K. (mm) 14+02
K. (mm) 0.17 + 0.02
Kl>2/K¢-2; Vinax/ Vrlnax 9+1
K.' /K’ 5+ 1
KJ/K.! 1.7+ 0.3
K.*/Ky' 19+7

16 —

Mys + AOA

Distribution Ratio

~0rn

[Amino Acidj], mM

Fi1c. 4. The effect of the concentration of extracellular cati-
onic amino acids on their distribution ratios in human fibro-
blasts. Fibroblasts were incubated with the indicated concentrations
of unlabeled lysine (<) or ornithine (A) in 75-cm® Corning flasks or
[“Cllysine (+), [’H]arginine (O), or [*H]homoarginine ((0) in Costar
cluster trays for 40 min. The experiment with ['*C]lysine also con-
tained 2 mM AOA. The nonradioactive compounds were extracted
with 75% ethanol and quantitated with an amino acid analyzer. The
labeled compounds were extracted with 10% trichloroacetic acid and
determined radiochemically. The intracellular water volume used to
calculate the distribution ratios was assumed to be 4 ul-mg™' of
protein.
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50

A Li/s L

40 1 40t + AOA
z + RDA (0) ) ‘E Fic. 5. Thin layer chromatogra-
°© 30 o 0 phy of ornithine and lysine. Cellulose
< £ ~ ACA@) thin layer chromatography of L-[U-"*C]
Ja} £ 20 lysine (A) and L-[U-"H)ornithine (B) was
e e obtained from ethanol extracts of fibro-

ol - A0A (D) ol blasts incubated for 40 min in the pres-

orn ence (O) or absence (J) of 2 mm AOA.
J 4
0 L T S TSV o PSS SN SR S—h - i,
00 0.2 0.4 06 08 10 0.0 02 0.4 0.6 08 10
Ry Ry
TABLE V 6.0 T T T
Some kinetic parameters determined for inward lysine and
ornithine countertransport in fibroblasts £s50t

Human fibroblasts were incubated in aminoacid-free medium for § Control (®)
120 min and then incubated for 40 min with various concentrations 40} BCH ()
(0.01, 0.03, 0.06, 0.10, 0.20, 0.40, and 1.0 mM) of unlabeled lysine or 5
ornithine. No AOA was used in the first experiment, in which the o
intracellular lysine concentration was measured in parallel experi- Esof 1
ments with the amino acid analyzer. In the second experiment, the 'S
cells were exposed to 2 mM AOA for 5 min before and also during Eao0} - 1
incubation of the cells with [*C]lysine. The internal lysine concentra- _- Lysine (&)
tion was estimated radiochemically in this latter experiment. No AOA = ok . Arginine (x) |
was used during incubation of the cells with ornithine. The internal 20
ornithine level in the third experiment was estimated with data e
obtained from amino acid analysis. After these incubations, the mono- 0.0 ' y y

=25 v} 25 50 75 100

layers were quickly washed with EBS (<5 s) at 37 °C and were
incubated with ["*CJlysine or with [*H]ornithine between 0.005 and
1.0 mM for 30 s. The kinetic parameters + S.E. were determined by
fitting the data to Equation 2. The nonsaturable component had an
average value of 7.0 nmol.mg ™' of protein. min~'.mM™' for both trials
of lysine uptake and 3.7 = 0.7 for the experiment with ornithine.

Lysine

Kineti Ornithine
etic parameter _AOA AOA (—AOA)
Vhax (nmol.mg~'pro- 051 + 0.06 04004 1.09 004
tein.min"'}

K,.' (mM) 0.017 £ 0.006 0.06 + 0.01 0.071 + 0.006
K.’ (mm) 0.11+£0.04 0.31 £0.06 0.9 + 0.2
K,' (mm) 012+ 006 007+002 027+ 0.08
K.? (mm) 0.76 £ 0.09  0.41 +0.05 3.4 +0.7
K2 (mm) 0.11+003 008x001 052+0.06
K2/K2 Vi Visax 70+ 08 50x 0.5 6.5+ 0.8
K.2/K? 1.0+ 0.3 3.7+07 1.7+£02
K}2/K.? 7022 14 +£04 3.8 +0.7
K.2/K,! 73 5+1 12+ 2

conditions, namely, K,' > K,'. This result should always occur
for a transport system displaying accelerative countertrans-
port. Furthermore, the ratios of kinetic parameters measured
during steady state (V%.,/K,') and zero-trans (V j../K»')
influx were equal, whereas the values determined from the
infinite-trans (V%,,/K,') influx experiment were significantly
larger. These relations, shown also for a number of hepatoma
cell lines (10), are predicted from the iso uni uni velocity
equation and support the argument that System y™ operates
as a mobile carrier in two directions.

In the intact organism, solute flux would normally occur at
an apparent steady state so that the observed Michaelis .
constants governing the influx (K. and efflux (K2,) are
equal to K,' and K., respectively, rather than to the corre-
sponding zero-trans parameters, X, and K,,>. K,.' for cationic
amino acid entry is roughly one-sixth to one-seventh of the
value of K, in human fibroblasts (Table VI) and in a number
of hepatoma cell lines (see Table VI in Ref. 10). This distinc-
tion between K,.' and K,' is important because the aggregate
physiologic concentration of arginine, lysine, and ornithine is
about 0.26 mM, implying that System y™ is ordinarily operating

-1

[Lysine )", mM

Fi16. 6. Trans-stimulation of lysine influx into fibroblasts.
Lineweaver-Burk plots are shown for 30-s lysine influx (V,_.) after
30-min incubations of fibroblasts in aminoacid-free EBS (@) or in
EBS containing 10 mM levels of arginine (*), lysine (A), or BCH ().
The monolayers were washed briefly (<4 s} with EBS at 37 °C
immediately before the uptake. The average nonsaturable component
of lysine influx (K;' = 7.0 nmol.mg™' of protein-min™'.mm™") was
determined by fitting the data to Equation 1. This value was insen-
sitive to the presence of intracellular amino acid and has been
subtracted from the data shown in this figure.

well below saturation at the physiologic steady state (33).
However, at low cellular levels possibly resulting from rapid
metabolism, the system may be largely saturated (Fig. 7).
Efflux of Arginine from Human Fibroblasts and HTC
Cells—The loss of [°’H]arginine into EBS containing 10 mm
arginine (Fig. 8B) is accelerated over the loss into initially
aminoacid-free EBS (Fig. 84). Standard kinetic plots and the
corresponding kinetic parameters for arginine efflux from
fibroblasts and HTC cells are shown in Fig. 9, A and B,
respectively. Within the apparent internal concentration in-
terval of 0.02 to 20 mmM, the efflux of arginine corresponds to
the sum of a saturable and a nonsaturable component, an
observation which is analogous to the findings for influx (9).
The initial velocity of exodus (the efflux) measured during a
1-min incubation of fibroblasts in aminoacid-free medium was
fitted to Equation 1. The apparent value obtained for K., 0.9
+ 0.3 mM, agreed remarkably well with the values determined
from the influx countertransport experiments (Table III). A
similar correspondence was seen for HT'C cells (compare Fig.
9B and Table III). These results indicate that the carrier
hypothesis applied to System y* can explain consistently the
two-way flux of cationic amino acids in human fibroblasts and
HTC cells. In both cell types tested, V2., is slightly larger
than V], but this difference may not be significant and may
arise from the greater technical difficulty in measuring efflux.
From the results presented in this section and in Table III,
the magnitude of the theoretical distribution ratio for arginine,
K.,, resulting from the asymmetry of System y* can be cal-
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culated from Equation 11 to have a value of about 20 in
fibroblasts and 10 in HTC cells. These values arise primarily
from an asymmetry in K.

Measurement of efflux at internal solute concentrations
much lower than K,,> permits direct estimation of the extra-
cellular kinetic parameters K.' and K,,' and also of the effect
of external substrate on the value of V2,./Kays. These variables
are related by Equation 17a. We will call this a measurement
of first-order efflux because the apparent initial rate of exodus
after deducting the nonsaturable flux is proportional to
VZ2a/ Kyl Fig. 10 shows that the value of VZ./ Ko estimated
from the ratio of intracellular [*H]arginine ([Argz] < K..") to
the efflux of [*H]arginine ([Arg,]/V»_,) decreased hyperboli-
cally as the external arginine concentration increased. The
linear replot of these data according to Equation 17b shown
in the inset to Fig. 10 verifies this conclusion. The efflux of
[*H]arginine, V_1, has been corrected in this case for the

TABLE VI

Kinetic parameters describing cationic amino acid influx at steady
state

The apparent kinetic constants (K,', Vi) for the steady state
influx of labeled amino acids were measured after 45-min incubations
of fibroblasts with various concentrations of the unlabeled cognate
amino acid. At this point, net flux presumably approaches zero and
the solutions were replaced with buffer containing labeled amino
acids at the same concentrations. Influx of [*H)arginine was measured
for 30 s and the resulting data were fitted to Equation 1. The
nonsaturable components were identical with those values observed
previously. For comparison, the ratios of the kinetic parameters
determined by the countertransport experiment, K,,'- K.*/K.* (=K,")
and Vi K.2/K.? (=V3.), were computed from the values listed in
Tables IH-V.

Substrate K} Vie Ko -K/KZ Vi K2/KZ
‘nmol-mg~! nmol-mg-!
. . g
mum p::;nef'%' mu protein-min™'
Arginine 0.31 £ 0.08 51 0.26 7.6
Homoarginine  0.33 = 0.03 71
Lysine 0.24 2.8
Ornithine 0.31 £0.09 5=x1 0.35 71
5.0 T 7 T T T L ama— T
L [Arg2] = 411 mM
l.g 40+t
3
£ I
2
030F a
_a
[ [Arg;]mSteady—State
.§ 2.0 L
<)
E
E -
10 [arg2] = 0 ]
> O —
OO ] i W i L e
0.0 0.2 0.4 0.6 0.8 1.0

[Arginine ], mM

Fig. 7. The effect of substrate distribution on the influx of
(*Hlarginine. After incubation of fibroblasts in EBS for 90 min, the
cells were incubated for an additional 45 min with EBS (CJ) to obtain
the zero-trans condition, with EBS containing 1 mm arginine (A) to
approximate the infinite-trans condition, or with various concentra-
tions of arginine corresponding exactly to those used for the influx
measurements (O) to establish a steady state condition. The mono-
layers were quickly washed (<4 s) and influx of [°’H]arginine (V._z)
was estimated with 30-s uptakes. The nonsaturable components (ap-
proximately 3.5 nmol-mg™' of protein-min~'-mMm ' in each case) have
been subtracted from the data shown in this figure.
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Fic. 8. Time courses of arginine exodus into aminoacid-free
and arginine-containing medium. Fibroblasts were washed once
and incubated in EBS for 60 min to deplete endogenous amino acid
pools. The monolayers were then incubated with various concentra-
tions (1.0, 0.75, 0.20, and 0.06 mMm) of [*H]arginine for 30 min to load
the cells to different intracellular concentrations. Exodus was initiated
by quickly washing the monolayers with EBS at 37 °C and then
incubating the cells with 2 ml of fresh amino acid-free EBS (A) or
EBS containing 10 mM arginine (B) for the indicated time intervals.
The data points {O) represent averages of duplicate measurements
of the [*H]arginine remaining associated with the cells.

nonsaturable component assuming that the value of K,* for
efflux measured from the experiment in Fig. 94, 0.3 nmol-
mg~' of protein-min~'-mM™~', was unaffected by the external
arginine concentration. This assumption is plausible because
at no time was the value of K, for influx affected by trans-
substrates (Table II). The data were fitted to Equation 3 and
yielded a value of VZ,,/K.>, which was close to that deter-
mined directly from the efflux experiments (Fig. 94). At
infinite arginine concentration outside the cell, VZ,./ K2, (spe-
cifically, V. /K.Y was4.1 = 0.2 nmol-mg ™’ of protein- min~"-
mM . From the value of K,? measured by the countertrans-
port experiment (Table III), V3., was calculated to be 7.8
nmol-mg™" of protein-min~’, a value consistent with the other
estimates obtained from influx experiments (Table VI).

The assessment of K,,' obtained by the first-order efflux
experiment, 0.030 £ 0.005 mu, is close to the value measured
directly from the influx experiments shown in Table III and
in previous reports (9). The value of K.' was 0.013 mm (Fig.
10), from which a theoretical distribution ratio, K.>/K., is
calculated to be about 21 at infinite dilution and in the absence
of other transport pathways. This value of K., is identical
with that calculated from estimates of Vi and K., for influx
and efflux discussed above. This correspondence summarized
by Equation 1la is predicted from the iso uni uni velocity
equation (11).

Analysis of lysine and ornithine efflux at very low intracel-
lular concentrations has not been possible owing to the rapid
metabolism of these substrates.

The Asymmetric Flux of 4-Amino-1-guanidinopiperidine-
4-carboxylic Acid by System y*—The failure of GPA to trans-
stimulate arginine influx (Fig. 114 and Refs. 8 and 9) and the
corresponding absence of arginine-stimulated GPA exodus
can be interpreted by the kinetic analysis presented in this
report. Because K.' for GPA uptake into fibroblasts is near 1
mM (9), the value of K,.> must be at least 10-fold higher and
is probably larger. The low concentration of GPA relative to
K.,.” would cause GPA to react weakly at the inner surface of
the membrane; Vi../K.* could be less than 0.1 nmol-mg™ of
protein-min~'.mm ™', assuming a Vi.x of the same order as
for arginine. Therefore, a measurable acceleration of carrier
reorientation would probably not be observed. Fig. 11B con-
firms that external concentrations of GPA near X,,' stimulate
arginine and homoarginine exodus but not the exit of GPA.
Corresponding asymmetry in the trans-effects of this and
other paired amino acids have been noted in the Ehrlich cell
(33), providing earlier support for System y* asymmetry.



10076

o
. [ Vie/Ki = 17402 A A
£ o} . g
£ L vl = 151204 1
S0}
8| Ki =09203 ]
a 2 T
2 80F Ki = 0302006 {
's 60} 1
£ L
E ]
- a0} :
;
3 i )
> 20+ E
L
00 L ey
~506 00 S0 100 150 200

[Arginines] ™", mM™'

Fic. 9. Kinetic curves describing the efflux of arginine from
fibroblasts (A) and HTC cells (B). Cells were incubated for 30 min
with various concentrations (0.01 to 20 mM) of [°H]arginine to attain
apparent internal concentrations between 0.1 and 20 mm. Efflux
(Va_.1) was estimated as the difference between the initial concentra-
tion and the concentration of arginine remaining after a I-min incu-
bation {fibroblasts) or a 30-s incubation {HTC cells) in 1 ml of amino-
acid-free EBS. The internal [*H]arginine concentrations were taken
as the average between these two values. Less than 25% of the initial
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F1a. 10. The effect of external arginine on the so-called me-
diated first-order efflux of [*H]arginine. Fibroblasts were incu-
bated with 0.01 mm [*H]arginine for 30 min to obtain an apparent
internal concentration of 0.25 mm. Efflux (V,_,1) was calculated from
the difference between the [*Hlarginine initially present and the
amount remaining after a 30-s incubation of the cells in EBS contain-
ing various concentrations of unlabeled arginine. The nonsaturable
component determined for the efflux of arginine from fibroblasts (Fig.
9A) was subtracted from the measured efflux. The kinetic parameters
K.! (mm), K,,' (mM), and V%,../K,.® (nmol-mg™" of protein-min~'-
mM ') were obtained by fitting the data to Equation 3. [S,] was taken
as 0.25 mm. These data are plotted according to Equations 17a and
17b (inset).

These results provide qualitative support for the quantitative
kinetic asymmetry of System y”.

DISCUSSION

These studies demonstrate that the flow of cationic amino
acids occurs predominantly by System y* and to lesser extents
by nonsaturable components. Under physiologic conditions,
the flux of cationic amino acids probably occurs at the steady
state at which System y* is not even half-saturated ([Arg:]
+ [Lysi] + [Orm} < K."). Thus, the portion of transport
occurring through the mediated route relative to the nonsat-
urable routes can be calculated from the ratio
(VEia/ Ko )/ ((Viao/Kn') + Ki% for influx or the ratio
(VZae/Kn2)/ (Via/Kn?) + K4 for efflux. These calculations
indicate that about 87 and 99% of arginine influx occurs by
System y* in fibroblasts and HTC cells, respectively. Simi-
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amount of arginine was lost from the cells during the incubation
interval. For clarity, all the data are not plotted in the figures although
all data were fitted to Equation 1 to produce the lines. The nonsatu-
rable component has been subtracted from the data in A. The
corresponding kinetic parameters K.’ (mMm), V.. (nmol-mg ' of
protein-min~"), K, (nmol-mg™' of protein-min”'-mM""), and
Vis/ K. (nmol-mg™" of protein.-min~'-mm '} are shown in the fig-
ures.
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Fic. 11. The asymmetry of GPA transport in fibroblasts. 4,
[*Hlarginine influx ((Vi.2)"") into fibroblasts estimated from 30-s
uptakes following 30 min of incubation with EBS (&) or with EBS
containing 10 mm GPA (). Also shown in this figure is the stimulated
efflux of 3 mm [*C]JGPA ((AV....)?"*) by extracellular arginine (#).
B, the effect of external GPA on the stimulation of efflux (AV,_,;) of
[*H]arginine (M), [*H]Jhomoarginine (A), or [*C]JGPA (®). The ap-
proximate internal concentration of the labeled amino acids was 3
mM.

larly, System y* mediates 85 and 87% of the arginine efflux
measured from fibroblasts and HTC cells, respectively, Of
course, as the arginine concentration rises to saturating levels,
the relative contribution of System y* decreases because the
nonsaturable uptake continues to increase linearly with con-
centration. Normally, System y* is significantly involved in
the influx and efflux of cationic amino acids. However, kinetic
data obtained with cultured rat hepatocytes suggests that
System y* uptake is so small that most cationic amino acid
uptake in these cells occurs by nonsaturable routes (10).
Many kinetic studies of solute transport have focused on
the facilitated hexose transport system in human red blood
cells. Wilbrandt (34) showed long ago that the nonaccumulat-
ing glucose transport system was asymmetric with respect to
the plasma membrane. Karlish et al. (35) found the value of
K,.? to be an order of magnitude larger than K,', an observa-
tion which is consistent with the existence of an asymmetric
transport system. Baker and Widdas (36) and Baker et al. (37)
demonstrated with nontransportable inhibitors of glucose up-
take that the asymmetry across the red blood cell membrane
may be as high as 60-fold. These investigators extended the
initial proposal of Geck (38) and suggested that nonaccumu-
lating transport can occur through an asymmetric system
without violating the second law of thermodynamics, given
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only that Vi./Kn' = Viu/K.'. Equal and opposite asym-
metry of Vi, will counter differences in K., across the mem-
brane. Bloch (39) verified this relation in human red blood
cells and Whitesell et al. (40) showed the same situation in
rat thymocytes. Glucose transport has been shown to be
directionally symmetric (K,' = K%, Viax = Viuax) In rabbit
erythrocytes (41), rat hepatocytes (42), Novikoff rat hepatoma
cells (43, 44), and adipocytes (45). Asymmetric transport
kinetics have been shown also for leucine and glycine flux
in human (46) and pigeon (47) erythrocytes, respectively,
whereas tryptophan flux in human red blood cells by System
T was shown to be directionally symmetric (48). To conclude,
the ratio Vinax/Km for translocation of neutral substrates must
be equal in both directions for a passive transport system, but
the individual kinetic parameters need not be equal across the
membrane.

Our studies with System y* in fibroblasts and HTC cells
have shown that, unlike the passive glucose transport system,
ViK' is 10- to 20-fold greater than V2,,/K,’. This asym-
metry apparently results from differences between K,.' and
K., whereas Vi. and VZ,, are approximately equal (see
Table III and Fig. 9, A and B). This asymmetry may represent
the electrochemical equilibrium which occurs for cationic
substrates when influenced by a membrane potential, inside
negative. The theoretical distribution ratio, K., calculated
from the measured kinetic parameters is related to Ay by
Equation 11b. The values of 10 to 20 for K., are equivalent to
—61 mV and —80 mV in HTC cells and fibroblasts, respec-
tively. Villereal and Cook (50) measured values for the mem-
brane potential of —47 to —24 mV in growing and confluent
human fibroblasts, respectively. Others have shown that ma-
nipulation of the amino acid pool may cause the membrane
potential of Ehrlich cells to reach —63 mV (51, 52). The
observed distribution ratios of arginine, lysine, and ornithine
shown in Fig. 4 could be explained by the membrane potential.
Given the present state of knowledge, quantitative relations
between the membrane potential and transport kinetic param-
eters are tentative (53). No direct evidence exists to indicate
whether accumulation of solutes by System y” in fibroblasts
or HTC cells occurs by primary or secondary active transport.
Christensen and Handlogten (27) have suggested that intra-
membrane proton gradients may be coupled to the accumu-
lation of diamino acids by Ehrlich cells.

The nonsaturable component of arginine efflux from fibro-
blasts, K%, was about %z of the corresponding parameter for
influx, K,'. Under the usual assumption that this mode of
migration is passive (54-56), this ratio would correspond to a
transmembrane potential of —66 mV. In the HTC cells, the
two opposed nonsaturable fluxes were not clearly different
because the value of K,;' was Yo of the value measured in
fibroblasts, whereas K,* was about equal in both cell types.
We cannot explain this behavior but only restate that the
nonsaturable component does not necessarily refer to a single
homogeneous mode of migration or to one that is the same
for the two cell types.

GPA reacted poorly at the outer face of the plasma mem-
brane of fibroblasts (9) and HTC cells (10) and reacted im-
perceptibly at the inner face of these cells. This behavior
apparently results from a lower reactivity of the substrate
with System y*. The value of K,,' for GPA is at least 10-fold
larger than comparable measurements for the naturally oc-
curring cationic amino acids. It is likely that K,> for GPA
efflux is so high because of the directional asymmetry of
System y* that it would only sluggishly stimulate arginine
influx at reasonable concentration intervals. These observa-
tions with GPA support our claim that System y* operates
asymmetrically.
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TasLE VII

The relative flux of the System y* receptor site under certain
limiting conditions of substrate saturation
The values of V%, were calculated from Equation 10a using the
data presented in Tables II-V and a previous report (see Table VIl in
Ref. 10). We assumed that V%, = VZ,, for all the substrates tested,
in which case Equation 10a simplifies to Equation 10b.

I/Vgax = 2(1/V:nz|x — 1/2V 3ax)

V® _ is the maximum flux of the unloaded carrier; V5. is the
maximum flux of the carrier loaded only during influx; and Vi is
the maximum flux of the carrier saturated with substrate during
influx and efflux. The data reported for the hepatoma lines McA-
RH777 and McA-RH8994 were calculated from measurements re-
ported elsewhere (10).

Substrate
(outside/ Cell type Vi Vi Vo VEa/ Vi
inside)
nmol-mg™!
protein-
min~!

Arg/Arg Fibroblasts 0.59 1.7 13
Arg/HArg* Fibroblasts 0.28 1.8 16
Lys/Lys Fibroblasts 0.25 1.8 11
Orn/Orn Fibroblasts 0.59 1.8 12
Arg/Arg HTC 1.7 1.9 21
Arg/Arg McA-RH7777 0.15 1.9 61
Arg/Arg McA-RH8994 0.13 1.9 18

“ HArg, L-homoarginine.

In addition to the directional asymmetry, System y* dis-
played differential mobility of complexed and uncomplexed
carriers. This characteristic is observed for transport by a
number of systems although not detected for the fluxes of
system L of pigeon red blood cells (49). V%,., the maximum
flux of the carrier empty during influx and efflux, can be
calculated from Equation 10b for cationic amino acid trans-
port in fibroblasts and a number of hepatoma cells. This
calculation is valid only if Viax and Vi, are equal for the test
substrates, as specifically found for arginine flux in HTC cells
and fibroblasts. Table VII lists the calculated values of Vi
and the corresponding ratios, Via/Ves: and Via./Vie
These calculations indicate for all substrates and cell types
tested that the complete cycle of the carrier with a substrate
bound only during influx (Vi) or efflux (Vi) is twice as
fast as a cycle of the carrier empty in both directions (V ).
The flux of the carrier saturated with amino acid during influx
and efflux {V max) is 10- to 60-fold faster than that of the empty
carrier (V3.,/V %.). This magnitude of stimulation has been
reported for other transport systems (44). System y* is not an
obligatory exchanging system because flux of the empty car-
rier can occur (Ve > 0). However, movement of the empty
carrier is the rate-limiting step in transport by System y*.

Graff et al. (43) suggested that the directional mobilities of
the loaded and unloaded carrier may provide a site of regu-
lation for glucose transport in Novikoff hepatoma cells. They
found the value of Vinu/Viax (Roo/R.. in terms of Lieb and
Stein’s nomenclature (32)) to vary from 7 to 1.5 although they
did not understand why. This ratio was constant for cationic
amino acids studied here (Table VII). Only the McA-RH7777
cell line showed a 3-fold larger value, an observation which
may prove significant only after further study.

Finally, a note of caution must be added. The values of the
intracellular kinetic parameters, K,.>, K.%, and K., may be in
error, a circumstance that would yield erroneous conclusions
concerning directional asymmetry. These values would be
under- or overestimated depending on whether the actual
intracellular water volume was larger or smaller than the
estimated value, respectively. Significant binding of cationic
amino acids to cellular material or compartmentation could
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lead to erroneous estimates of the free amino acid levels
accessible to the intracellular receptor sites.
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Supplementary Material to

The Two-Way Flux of Cationic Amino Acids
Across the Plasma Membrane of Mammalian Cells is Lergely
Explained by a Single Transport System

by

Morris F. White and Halvor N. Christensen

In general, nonmechanistic terms, membrane transport of a single sub-
strate such as arginine, by a trensport system apparently composed of a
single substrate binding site, ¥, can be described by steady-state kinetics
as the Jso uni uni reaction sequence (11) diagrammed in Fig. 1, The iso
wni unl reaction applied to the simple carrier (32) requires that the bind-
ing site alternate between two aqueous compartments so that it is available
to a substrate in only one compartment at a time. Conversion of the
substrate-mediator complex, 5-§, into intermediate orientations has been
disregarded here because the steady-state approach cannot resolve these
hypothetical complexes (57,58). Although a single binding site exposed
simultaneously at both sufaces will not yield iso un! un! kinetics {59) an
arrangement of successive identical binding sites could under certain cir-

cumstances do so (60,61). The term "carrier” is used broadly to designate
the membrane components which react according to the iso un{ un/ kinetic
pathway {(Fig. 1), forming an intermolecular complex with a substrate

separately at each interface but coupled through conformational or orien-
tational changes. Hence this term does not necessarily imply that a single
carrier molecule makes a transmembrane excursion all the way across the
plasma membrane to move the bound substrate.

Standard methods (62) or computer assisted analysis (63) for deriving
steady-state rate eguations applied to the pathway of substrate in Pig. 1
shows that the net influx, N, , of S, from side 1 (outside) to side 2 (in-
side} is described by

Voar®1S110018,] - [S1/R )
Kot + [S,1/K0) + (5,001 + [S,1/K0)

N {4)

1+2

In the absence of intracellular substrate, Sz, this equation reduces to the
familiar Michaelis-Menten expression. The analogous relation shown in
Eq. 5 describes solute efflux and is obtained by interchanging the numeri-
cal subscripts in Eg. 4 s0 as to describe the net outward movement of in-
tracellular substrate instead:

. ] vZapt18,10U0s,] - 51K )
[t K201+ [5,1/K0) + (8,100 + [5,1/8,)

(s)

The experimental significance of these kinetic constants, the corresponding
ratios of the moleculer rate constants from the scheme in Fig. !, some use-
ful kinetic identities, and the equivalent terms using Stein’'s nomenclature
(32) are provided in Table 1. Schachter (64) and Segel {11,65) obtained
equations identical to Eg. 4 and 5 for a model formally including the
interconversion step  between the two substrate-carrier complexes,
s.¥,=6,8,. Leib and Stein demonstrated that the only difference between
the composition of the kinetic parameters for the one- and two-complex
representation of the fso uni unf reaction lies in the inclusion of two ad-
ditional molecular rate constants (32).

Measurement of the unidirectional fiuxes, V, of radioactively labeled
substrates S| and §), rather than the net fluxes, N, is a sensitive method
usually used for the discrimination of multiple transport systems. The
equations describing influx, Vl‘z, of S: in the presence of unlabeled Sz,
or efflux, Vo.gr of 5; in the presence of unlabeled 5, are obtained by

analyzing the complete reaction scheme (Fig. 1) including the path of
radioactively labeled (#) and unlabeled substrates as outlined by Schachter
(64). Modification of Eq. 4 and 5 using Cleland's rules for isotope ex-

change yields the same results (62,66). The expressions for the unidirec-
tional fluxes of labeled substrate, the influx {(Eg. 6) and the efflux
{Eg. 7}, are provided below:

Vaax®S 1801 + 15,1/8%)

(6)

12 T K Z
K1+ [S,1/K) + (8,101 + [S,1/K3)
V2 els,le(1 + [s,1/R])

v . max 2 1 < (7

2+ T i

Ko (1 15,1/K) + 15,000 + [5,)/Kky)
According to the model in Fig. 1, the observed kinetic parameters for
influx, v/v;bs and chs/v;bs' are dependent hyperbolically on the intracel-

lular substrate concentration. The relative values of the intracellular
Michaelis Constants, K;, Kf, and Ks, predict the shape of the observed in-
flux curves according to the following relations:

2
) 1 01+ Is,1/8D)

1
(v (Ba)
obs i Z
Vmax \ 1+ 18,1/%0)
-1 1 2
1 v K
max <
Av B 0 - k2/x2) [ . el
obs /Ky s,]
1 2
. K (1 + [s,1/k0)
1 1 . n 2" m
xobs/vobs h VT ) '__[S ]/_Z_K ) (5a)
max 2 <
1 -1 1 2
A Kobs . Vmax Ke P (90}
IS P I
Vobs Kl - KC/KD) Is,)

EQ. Bb and 9b are linear transformations of Eq. 8a and 9a, respectively.

1 -1 1 1 1 .
The values of {A1/V 1" and (AK, /v, ) are the absolute differences
between the values measured in the absence and presence of intracellular
N . 1 1 1 2 2 2
sgbstrate. stimulation of V - and V,, /K. occurs w?en Re < K, and éc_ <
Kae respectively; trans-inhibition will be observed if these inequalities
have the opposite sense.

Four possible turnover numbers describing a complete cycle of the
carrier flux in certain limiting circumstances can be defined (31):

;ax: ‘The carrier is saturated with substrate during influx and

empty during efflux (zero-trans influx}.

.V

2. vl,: The carrier is satursted with substrate during efflux and
empty during influx (zero-trans efflux).

3. v;:x: The carrier is saturated with substrate during influx and ef-
flux (stesdy-state or infinite-trans flux).

4. V02 : The carrier is empty during influr and efflux (empty carrier
flux).

Expmination of the relations in Table 1 verifies that these parameters are

related by Bg 10a.

1 1 1 1

+ - e—— + — {10a)
v vZ vss voe
oax max max max

In the special case where V) _ = V2, , the following relation is valid

132, = 2019

_ ss
max 1/2me) {10b)

Accumulation of a solute against its concentration gradient requires
the net influx, N, ,, to be greater than zero when [S;] = [S,]. This
situstion occurs when

2,41 2
X RnOV x . k1k3K5 _ KC s (118}
e 2% Kok k K ¢
Ka*Vmax 27476 <

The apparent accumulation of a charged substrate may represent an
electrochemical equilibrium (32) such that

Keq = exp(-aAvF/RT) (11b)
where 4V represents the transmembrane potential, negative inside, and F/RT
has a value of 0.034 mv ' at 37C. The uphill transport of nutrients inta
cells may be more directly coupled to metabolic energy. 1In this latter
case, the simple carrier model is not complete because it does not account
explicitly for coupling of transport to other osmotic or chemical
gradients. Por example, if the binding of S, to ?1 is energy-dependent, ky
would increase on access to energy; if reorientation of the i‘-s1 complex
and subseguent release of S; is energy-dependent, k3 would be largar when
coupled to an energy source (67). The distribution ratio deterrined from
Bq. 11a is theoretically independent of the extracellular substrate con-
centration. For most coeses examined so far, the ratio [S,]/[S,] has been
found to decrease saa [S‘] increages (Pig. 4}, This discrepancy can be
resolved by assuming that compartmental leaks become conspicuous at high
substrate concentrations or that the energy, whether & membrane potential
or something else, is disipated at high levels, Within a physiological
concentration range vhere anomalies remsin minor, the /so0 wn! un! reaction
describes uphill transport and countertransport in a useful way.

Some approximations (32) based on Bq. 6 and 7 are used in this report
to interpret cationic awino acid transport:

1. Zero-trans infiux
Assumption: [§,] = 0; [5}] is variable
1 *
- Z$55:£fll O2)
1+2 *
Ky + [8]}
2. Zerc-trans efflux
Assumption: (53] is variable; {s,] = o
Viaxtls3)
Vza1 % T, e (13)
Ky *+ (53]
3. Infinite-trans Influx
Assumption: [S,) is infinite; [ST] is variable

1
v
v . max

Kox2/K2 + [s*)
KoeRS/KE + [5])

2,2 008
oK /K. eis,]
v, c 1 (143)

£33 £
. Voax*(811 (an)
K, + [s}]

4. Infinite-trans efflux

Assumption: [S}) is varisble; (S,) is infinite

V2, oK /klelsE)
Vy, = Pt 2 (152)
Kook /Ko + [55]

S5 =
- Vna"[55) (15b)
SRyT
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Steady~state Influx
Assumption: [S,] = [S:]‘Keq
1 2,2 *
Viax®Ky/Kco 0871

v = i (16a)
KoK /K + [s3}

VSS .[58]

- max 1 (1€p)
K * [51]

Flrst-order efflux

Assumption: [S;] << K:; [s,]1 is variable

*

1s3) 2 (e 1s,1mp
= | (17a)
Vaui Vaex \ (1 * [S41/K0)
and the linear transformation
* - 2
S v K
A Ls2) - e —1 4 (t76)
Va4 KA1 - {s,]

where 1/A((S31/V,,,} is the reciprocal of the sbsolute difference be-
tween the values of [S;I/Vz'| measured in the absence and presence of
§,. The value of v2’1/ls;] is approximately egual to Vnzml/l(m when [5,]
is zero, whereas it is equal to V::x/K3 when (S,] is infinite.
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