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Mathematical Modelling of the Transport
of Low Molecular Weight Solutes Across Biological Membranes.
The Transport of Leu. His and Glu into Human Blood Platelets
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Abstract. A model describing the transport of low molecular weight solutes
across cell membranes is presented. The model accounts for many different
systems which may mediate the fluxes of various solutes, for the effect of Na~
ions, and for time dependence of the processes. It generalizes the classical
three-parameter equation for transport. Solutions to the model were employed
to interprete experimental data obtained for the uptake of DL-leu, L-his and
L-glu by human blood platelets.
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Introduction

The transport of solutes across biological membranes has been studied exten-
sively in a number of cells derived from different species. Regardless of the cell
source, the fluxes of solutes were observed to have some common features. The
transfer of solutes is 1) associated with ionic pumps (Anraku 1982; Berteloot et
al. 1982: Fujimura et al. 1983a.b: Hayashi et al. 1980; Hoshi and Himukai
1982 Klip et al. 1983; Ozbilen et al. 1980; Weigensberg et al. 1982), 2) to a large
extent inhibited by metabolic inhibitors (Anraku 1982; Korpi 1983; Ozbilen et
al. 1980; Suzuki 1981), and 3) saturable upon increasing concentrations of
solutes (Anraku 1982; Franchi-Gazzola et al. 1982; Hoshi and Himukai 1982;
Inuietal. 1983; Kontro and Oja 1981 ; Reynolds et al. 1982). On the other hand,
transport systems could be found independent of ionic pumps and unsaturable
in the concentration ranges of solutes used (Floud and Fahn 1981 Lussier et al.
1982; Rosenberg et al. 1980). Transport systems present in membranes may be
specific for some solute. Some solutes, however, are transported by more than
one system showing different mechanisms and binding affinities. Also, transport
systems exist which can mediate fluxes of several solutes (Logan et al. 1982;
Oxender et al. 1977; Shotwell et al. 1981; Yardimci et al. 1981a.b). Based on the
similarities, two principally different types of transport of solutes across biologi-
cal membranes have been postulated, namely diffusion and carrier transport.
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Two commonly accepted general models have been developed describing
phenomenological properties of the transport, the channel and the carrer
transport (Deves and Krupka 1979a.b: Eilam and Stein 1974; Kotyk 1975: Lieb
1982). However, both these models have some flaws making them difficult to
apply to interpretation of experimental data. For example, one of their assump-
tions is that the concentration of any carrier form is in steady-state. This
imposes certain limitations on the practical use of the models. Usually. steady-
state i1s reached after long incubation times and it is almost impossible to
perform experiments under steady-state conditions. Another flaw of these
models is that they consider only one transport system for each solute, though
it is evident from experimental observations, in particular concerning amino
acids, that there i1s a multiplicity of systems mediating fluxes of the solutes across
the membrane (Logan et al. 1982: Oxender et al. 1977: Shotwell et al. 1981:
Yardimci et al. 1981a,b). Therefore. oversimplifications of the models seem too
restrictive and the application of the models to describe exchange equilibrium
may be misleading. Indeed. exchange equilibrium for a membrane transport,
with several systems being operative simultaneously, should not be taken as the
equilibrium typical of a particular system. It may happen that the solute is
simultaneously transported by two systems in opposite directions. Then, both
systems will be far from being in equilibrium although the total exchange 1s in
equilibrium.

In this work we discuss the general situation when different solutes are
transported by several systems. We shall propose a mathematical model describ-
ing the transport of amino acids and other low molecular weight solutes with a
multiplicity of different systems being operative simultaneously in the transport
of different solutes. This model facilitates the interpretation of experimental
data which. due to technical limitations, are usually obtained for states far from
equilibrium.

The usefulness of the model was tested on biological material. In order to
precisely describe the kinetics of fluxes of amino acids across the membrane,
both the kinetics of protein synthesis and the uptake of amino acids by cells
should be considered. To some extent these difficulties may be overcome by
using for transport studies relatively small cells with unsophisticated structure
which do not synthesize proteins. Human blood platelets meet these require-
ments and they were thus used for our studies. Blood platelets do not contain
nuclei, and the residual protein synthesis due to messenger RNA received with
the cytoplasm from megakaryocytes is extremaly limited (Booyse and Rafaelson
1968; Plow 1979; Warshaw et al. 1967). In addition, owing to their small size
blood platelets represent a convenient model to study the mechanism of amino
acid transport.
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Materials and Methods

Platelet isolation. Platelets were isolated according to the procedure described previously (Wal-
kowiak and Ciernicwski 1987).

Transport assay. DL-leucine (10.5Ci/mol), L-glutamic acid (3.87 Ci/mol, from Institute ol
Nuclear Research. Swierk, Poland), and L-hisudine (240 Ci/mol. from Institute for Research.
Production and Applhication of Radioisotopes. Prague, Czechoslovakia) were used in the transport
studies.

Usually. 100 gl of platelet suspension (2 x 107 platelets per ml) in buffer A (140 mmol/l NaCl.
Smmol | KCL 10mmol/l glucose, 0.1 g/l apyrase. and 15 mmol/l HEPES, pH 7.4) were mixed with
100 g of the same buffer and then 10 gl of "C-amino acid were added. The final concentration of
radiolabelled amino acids was 0.43 mmol 1 in the incubation mixture. All amino acid uptake assays
were carried out at 37 °C. After incubation the mixtures were filtered immediately through a Synpor
filter (0.45um. 25mm), and washed once with S5ml of ice-cold transport medium. In order to
examine the extent of amino acid adsorption on the filter, 10 gl of radiolabelled amimo acid were
mixed with 200 gl of the transport medium and applied onto a filter. After washing the filter with
the buffer it was dried and the radivactivity retained was measured 1n a counter (Polon ZM-701).
The results are expressed in picomoles of amino acid taken up per 2 x 10" platelets.

The Model

Experimental data suggest the existence of multiple types of transport systems
of solutes across biological membranes. The first group includes transport
systems which depend on the concentration gradient of Na " ions. They show
relatively high affinity for solutes and are efficient over low solute concentration
ranges. These systems become saturated upon increasing solute concentrations.
The second group are transport systems which although not requiring any Na~
ion gradient, also have high affinities to solutes and are saturable. These systems
are characteristic by asymmetry of binding affinities on both sides of the
membrane for the formation and dissociation of complexes of the carrier
protein with the solute. The third group includes systems independent of Na*
ions and having relatively low affinities to solutes. They become saturated only
at very high solute concentrations and are cell energy independent.

As far as the carrier protein is concerned. it is assumed to exist in two states,
free and associated with the solute transported. Thus, the role of the carrier is
merely that of membrane channel. In the first group of systems, this channel 1s
under control of Na* ions, in the second group it is regulated by some unknown
mechanisms. and in the third group, the regulation is entirely diffusion depen-
dent.

In addition, we assume that the transport of solutes takes place within the
membrane and its very close environment. In more distant areas, transport of
solutes 1s controlled by diffusion laws and will not be considered. The ex-
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tracellular concentrations of solutes change during the transport processes
within the range of 1010 '% (Cierniewski and Walkowiak 1983; Hasche-
meyer and Detrich 1982: Lussier et al. 1982: Rosenberg et al. 1980). This means
that the extracellular concentration of solutes is effectively constant.

Different low molecular weight solutes may be simultaneously transported
by several systems classified in these three groups. When a particular system
does not mediate the transport of a particular solute. its affinity to the solute is
ZeT0.

We shall consider the transport of m different solutes across « membrane to
be mediated by n different systems according to the mechanism shown in scheme
(1)

k1 A2

S| + B,E—_jT,,r—_:S,f + B, (1)
where S! and S; is the i-th solute (i = 1.....m) outside and inside the cell,
respectively. B, is the carrier protein involved in the functioning of the j-th
transport system (j = I.....n), T, is the complex of the i-th solute with the
carrier protein of the j-th transport system, k! and k; * are rate constants of
complex formation of the i-th solute with the carrier protein of the j-th transport
system on the external and internal surface of the cell membrane, & ' and k; are
rate constants for dissociation of the complex T, on both sides of the cell
membrane.

In addition to the above general properties, in all groups of the transport
systems the following abbreviations will be used: if there are n transport systems
within three groups, the systems marked by index /= 1.....r — | correspond to

the first group of systems, those by j =r.....p — | to the second group, and
those by j = p.....n to the third group of the transport systems.
Systems marked by j= l.....r — | are assumed to transfer a solute mole-

cule across the membrane following the formation of a three-molecular complex
carrier-Na ~-solute. When the concentration of Na~ ions is much higher than
that of the solute it is assumed that the complex carrier-Na ™ ion is first formed
followed by carrier-Na ™ -solute. In describing the formation of the three-mole-
cular complex, the stage of Na~ carrier association can be omitted. This reaction
is included in the rate constant describing the association of the i-th solute with
the preformed complex containing the carrier of the j-th transport system and
Na~ ions on both sides of the cell membrane

ki = Naj k} (1)
}l\'“ ¢ —_— Na; k:r (2)

where Na; and Na, are concentrations of Na ™ ions outside and inside the cell,
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respectively, and k¥ is the basic rate constant for the formation of the T,
complex. The latter has the same value on both sides of the cell membrane. If
the concentration of Na~ ions outside the cell is several-fold higher than that
inside the cell, the rate constants for the formation of the T, complex meet the
condition

ki>ki®  j=1,..,r—1 (3)

It is also assumed that systems j = r,...,p — | are asymmetric in terms of
the rates of the complex formation. This is described by

ki>ki®  j=r....p—1 (4)

Our next simplifying assumption is that both groups of the transport
systems. l.e.j = 1,....p — |, are characterized by identical dissociation rates of
the complex in the j-th transport system on both sides of the cell membrane, and
for each solute. i.e..

ki'=ki=k  Jj=l.,p—| (5)

For transport by third group systems it has been also assumed that the
solute concentration is many times lower than the dissociation constant of the
complexes formed in these systems. and that this dissociation constant is many
times higher than that of complexes formed in the first two group systems.
Under these assumptions. the third group of the transport systems may re-
present facilitated diffusion analogous to simple physical diffusion, and des-
cribed by k,. Based on the above assumptions, the transport described by
relationship (i) takes the form shown by (i1)

Kl A
N

S! +B=T,=5>+B
k kol

A

K, (ii)

]

=gy = Vong e T3= By

The first two groups of transport systems are described by the same equa-
tions; the above scheme does not differentiate between them. Keeping in mind
that the solute concentration outside the cell remains effectively stable, system
of differential rate equations describing the reaction can be written using scheme
(11). The same abbreviations as above are used for the species and their corres-
ponding concentrations.
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dB(r)= m m

A0~ B0 Y (S + kS 0) + 2k Y T(0) ©)
t t=1 =l
dsi() "o
== ¥ G0 - B0k SH0)+ Z ki(S! = SH0) L
t 1=1
d?“‘} = B (1) (k}S! + k;2S2(0)) — 2K, (1) b
!

It can be easily seen that the system (6-—8) includes first integrals
B(t)+ ) T(1) =B )

where B} is the total carrier concentration in the j-th system. Nevertheless, the
dynamical system resulting from (6-—8) and (9) is still complicated. In equili-
brium for low molecular weight solutes such as amino acids or sugars the ratio
S;7/S! does not exceed 10 (Anraku 1982). Thus, assuming kj > k;* (conditions
(3) and (4)). S‘AU “ may be omitted from equations (6—8). Ht:nce taking into

account expression (9), equation (6) can be written as

dBI(r}

" P —B(1) Y kiS! + 2k (B — B(1)) (10))
I P=1

The solution to this equation is

i*’\...em( (i S'+7£))+2kl

Bi(t) = By = > (11)
> kiS! + 2k,
1=1
Substituting Eq. (11) into Eq. (8) we obtain
¢l pil m
(1) = TAUEJ_(]_CXP(_(ZIk:’S’]+2k1)!)) (12)

Y. kiS! + 2k;

Taking into account (7), (12), and the above assumptions we get

i) = S,‘”exp(— Y k,lf) + S,‘(l - exp(— Zk,lf)) +
I=p I=p

| ks B“(exp( (iks + 2;-]):) - exp(—— S ,))
+ Y i=1 I=p

i< (z kiS! + 21\—]) (I;k,'_ls; + 2k, — l;nk,,)

+
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kik, S} Bj’(l — exp(— i k,,f))
l=p
i kﬂ(i ki S! + 2:"(])

I=p i=1

4 (13)

Relationship (13) describes the concentration of the i-th solute inside the cell
as a function of both its initial intracellular and extracellular concentration; it
also describes the concentrations of other solutes and their affinities to the
transport systems. S” is the initial concentration of the i-th solute inside the cell.

By solving equations (6-—8) under the assumption of constant concentra-
tions of all the carrier forms over time, we obtain a simplified solution to the
model:

SM) = S-f’:exp(~ ¥, kllr) +
I=p

1 — exp(— ik,,t)

P! kikS!B

o gy twsm [ TS
v =k + Y kLS 2 K
i=1 =p
Differentiating both sides of Eq. (14) with respect to time, we obtain
ds2u(t) n n p-1 k_liijSIi Bj’ exp(_ E, kl] 'r) .
— == Y k(S — S.‘”)cxlﬂ(—zkuf)+_z . I=p (15)
dr l=p Il=p = 2k1+ ijgsll
i=]
Note that Eq. (15) may be written in the form
2u , p-1 V ) SI
V‘ - dS. = KDI (tsv’] o S?_) + Z = maxi) i (16)
de o Zsil +KM|J

i=1

where V is the rate of concentration change of the i-th solute inside the cell;
Vo = b Bexp (5 kot (17
=p
is the maximal transport rate mediated by the j-th system;

2k
KMU = -—-IJ (18)
ki

is the Michaelis constant for the j-th system, and
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Ky, = |Z ki exv(* ik,.f) (19)
=p I=p

corresponds to the rate constant characteristic for transport by systems with
facilitated diffusion. independent of Na* ions.

Note, that the formula (16) generalizes the classical three-parameter equa-
tion which is frequently used in the transport studies (Floud and Fahn 1981
Kontro and Oja 1978: Lussier et al. 1982 Rosenberg et al. 1980). It should also
be noted that the entities K;,, and F,,,,. usually treated as constants within the
classical equation are in fact ume-dependent.

Obviously when time tends to infinity. solution to the model describe
the exchange equilibrium which reach all the transport systems present in the
cell membrane. Then. the rate of changes in the solute concentrations in the cell
approaches zero.

s _ds
i 950 _ o dSE ()
rode e dy

~0 (20)

In the limit r — », the intracellular solute concentrations given by the
simplified and the exact solutions to the model are expressed by the same
equations describing solute concentrations in cells under exchange equilibrium

p-1 2
lim $™(¢t) = lim S'(¢1) = S' + Z A”A‘S H (21)

Y =1 (z kSl 2k,) Y ki

l=p

From (21) it appears that during the operation of transport systems of all
the groups in the cell membrane, the intracellular solute concentration exceeds
that outside the cell. At the same time 1f the rate of changes in the intracellular
solute concentration is zero, Eq. (15) shows that transport runs in both direc-
tions

)
Z;‘.J[g” = g]_ Z _",‘Ji!_s._f‘fr_ (22)

"2k + S ALS!

The left side of Eq. (22) describes efflux of solutes by systems of the third
group (facilitated diffusion) whereas the right side describes influx of solutes
mediated by both the first and the second group of saturable systems. With the
exact solution to the model. the situation is qualitatively the same, but consider-
ably more intricate relationships are obtained.
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Calculations

The concentrations of amino acid taken up by platelets was measured in three
separate experiments. Mean square error was lower than 10%. In order to get
a set of parameters describing the transport of the respective amino acids all
experimental data obtained for each amino acid were normalized using the
equation

N, = ﬂﬁN, k=r (23)
(ND

where {N) is the mean value calculated for a single experiment, {(N,) is the
mean value calculated for all experiments for the same amino acid and for the
same conditions, i.e. 1 min incubation at 37°C, concentration of amino acids
0.43 mmol/l; N, stands for the actual value obtained from the experiment, and
N, is the normalized value corresponding to N,. The normalized values were
used for the calculations of rate constants and concentrations of the carrier
protein. Based on experimental data it was assumed that amino acids are
transported to blood platelets by:

1. a system which is saturable and depends on Na* ions,

2. an unsaturable system independent of Na* ions. Furthermore, it was
assumed that the initial concentrations of amino acids inside the cell were zero.
Then, we can put m = 1, n =2, and p = 2.

The best fit of the experimental data with the theoretical calculations is
obtained with

F= Y (N,— N(kj.k. ky, B), S}, 1)) (24)

k=1
where u are all experimental points obtained from experiments performed with
the amino acid studied, N, is the normalized value, and N (k. k;, k. B, S|, 1) is
the theoretical value of N,.

The minimum value obtained by Eq. (24) was sought by the numeric
gradient technique (Korn and Korn 1968). The correlation coefficient was
calculated as the final test of fitting of experimental data with the theoretical
Curves.

The figures show curves drawn through experimental points on the basis of
the mathematical model. The curves were constructed using both the exact and
the simplified solutions.
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Fig. 1. Time dependence of transport of DL-Leu (A : A), L-His (A a),and L-Glu (@ — @). into

human blood platelets. Curves were drawn by Egs. (13) (panel A) and (14) (panel B). For curve
parameters sce Table [

Results

Time dependences of the amino acid transport. The uptake of amino acids was
measured during 15 min of incubation at 37°C. The concentration of amino
acids was 0.43 mmol/l. The calculations were performed under the assumption
that only L-leu was transported by a saturable system, and both D and L
1somers of leucine were transported by nonsaturable systems. Satisfactory re-
sults can be obtained under this assumption only. Figure | shows time-depen-
dences of the transport of amino acids. The curves were drawn according to the
exacl and the simplified solution to the model. Note, that both solutions are in
good agreement with experimental data.

Concentration dependences. The uptake rates of His, Leu and Glu into human
blood platelets over a concentration range of 0.1 to 15 mmol/l, and for | min of
incubation are shown in Figure 2. The experimental data together with curves
constructed by Eqgs. (13) and (14) strongly suggest the presence of two com-
ponents in the transport system 1. e. a saturable and a nonsaturable. The values
of V..., Ky and K, were calculated according to the simplified solution to the

max?*

model (Eq. (16)) and are summarized in Table I.

Na* ions-dependence of Leu, His and Glu uptake. In Na~-free buffer A, NaCl
was replaced by equimolar amounts of choline chloride to give 140 mmol/l; the
effect of increasing extracellular concentrations of Na™ ions on the uptake of
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Fig. 2. Concentration dependence of DL-Leu (A — a), L-His (o A). and L-Glu (@ — ®) uptake
by human blood platelets. Curves in panels A and B were drawn by Eqs. (13) and (14), respectively.
For curve parameters see Table L.

Table 1. Parameters describing transport of amino acids into blood platelets. They are given in: kj,
(Immol 's ', &k, (s ') kyy (s, B) (mmol.1"), Ky, (mmol.I"") ¥, (pmol.s '), and K,
(s ')y = 10° 1, and K;, were given in reference to 2 x 10" platelets. B is the estimated amount of
the carrier protein per platelet. R is a correlation coefficient for experimental data and theoretical
values calculated from the model.

L-Leu L-His L-Glu
exact solution
k}, 392 %1072 420 x10°° 1.22 x 1072
k, $.92 % 1077 9.58 x 10} 293 x 10}
ks 9.65 % 1077 718 x 107} 8.20 x 10°°
B/ 2.512 3.142 1.368
R 0.987 0.989 0.982
simplified solution
3.90 x 102 4.19 x 10°? 1.22 x 102

ki

k, 890 x 10°° 9.52 x 10°°? 292 x 10°°
ki, 963 x 107 745 % 107* 8.13 x 107
B} 2.502 3116 1.362

B 2.7 x 10* 3.3 x 10* 1.5 x 10*
Ky 2.59 2.2 2.28

Ky 0.456 0.454 0.479

V. 5.97 8.45 1.10

R 0.981 0.983 0.979
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Fig. 3. Effect of the extracellular Na* concentration on the uptake rates of DL-Leu (A — A). L-His
(A—a) and L-Glu (@ —®). Curves in panels A and B were drawn by Egs. (13) and (14),
respectively. The condition ki, =k}, Na® was considered with k¥ =3.0; 28;
0.83 x 10" *mmol *s ', for His, Leu and Glu, respectively

amino acids was analyzed in this medium (Fig. 3). The experiment was perfor-
med at 37°C, with 1 min incubation and 0.43 mmol/l "C-amino acids.

The curves were drawn according to predictions of the model for pa-
rameters calculated from other experiments: The model calculations performed
according to the exact solution (Eq. (13)) fitted relatively well the experimental
data obtained at higher concentrations of Na* ions at the platelet outside
(Fig. 34). However, curves drawn on the basis of the simplified solution (Eq.
(14)) were not consistent with the experimental points over the entire range of
Na* concentrations (Fig. 3 B).

In order to explain the totally different sensitivities of the transport system
to extracellular Na* concentrations predicted by both the exact and the sim-
plified solution, the time dependences of uptake rates were carefully analyzed.
The exact and the simplified solution are illustrated in Figure 4 (the continuous
and the dashed curve, respectively). After 1 min of incubation the amounts of
amino acids taken up calculated by the model correspond to the fields under the
curves, for period between 0 to | min. It is clear, that the simplified solution to
the model does not describe the effect of Na* ions on the transport with
sufficient accuracy. Indeed, in contrast to both the exact solution and experi-
mental data, the simplified solution predicted excessive amounts of amino acids
taken up. However, after prolonged incubation times both solutions give similar
results.



Mathematical Modelling of Transport 487

110

300r

200
05

100}

UPTAKE RATE (mmol/Imin)

UPTAKE RATE (pmoles/2x10° platelets/min)

TIME (min)

Fig. 4. Changes in the uptake rates of His (1). Leu (2). and Glu (3) during transport processes. The
continuous and the dashed line corresponds to the exact and the simplified solution, respectively.

Table 2. The effect of metabolic inhibitors on transport of amino acids. Comparison of the effects
of KCN and DNP on uptake of Leu, His and Glu by human blood platelets. Experimental data are
shown together with values predicted by the model. The uptake of amino acids is expressed in
pmoles per minute and 2 x 10° platelets. Preincubation time was 20 h.

Inhibitor DL-Leu L-His L-Glu

(mmol/l) uptake  inhibition  uptake  inlibition  uptake  inhibition
DNP 5.0 67.3 48.2% 127.9 44.6 % 65.0 8.5 %
DNP 2.5 70.9 45.4% 136.8 40.8 % 66.2 6.8 %
KCN 5.0 49.2 62.2% 63.3 72.6% 60.2 152 %
KCN 2.5 90.9 30.1 % 126.7 45.2% 63.6 10.4%
Control 130.0 0.0 % 231.1 0.0% 71.0 0.0 %

Theoretical values

Eq. (13) 0.0 128.3 0.0 % 2115 0.0% 68.8 0.0 %
Eq. (13) max 66.8 47.9 % 53.2 74.8 % 59.1 14.1 %
Eq. (14) 0.0 181.6 0.0% 301.1 0.0 % 90.2 0.0 %
Eq. (14) max 66.1 63.6 % 54.7 81.9% 58.7 34.9%

The effect of metabolic inhibitors of transport. In order to evaluate the energy
requirement for Leu, His, and Glu uptake, experiments were performed in the
presence of KCN and DNP. As shown in Table II both inhibitors reduced
significantly the amounts of amino acids transported. It is assumed that prolon-
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Fig. 5. Cross-inhibition of L("*C)-His (panels A and B). DL({"*C)-Leu (panels C and D), and L("*C)-
Glu (panels E and F) uptake by blood platelets. The curve in panels A, C, and E were drawn by
the exact solution to the model. Increasing concentrations of Leu (A -~ A), His (A — 4). and Glu
(® — @) were introduced to incubation mixtures. The dashed line shows the predicted inhibition by
Glu if it inhibited the fluxes of Leu and His. For curve parameters see Table I.

ged cell incubation with metabolic inhibitors results in the disappearance of Na*
gradient and consequently the influx of amino acids is exclusively brought about
by the linear transport component. The theoretical values were calculated by
Egs. (13) and (14).

Effects of other amino acids on the transport of His, Leu and Glu. The effects of
other amino acids on the transport of Leu, His, and Glu were studied in the
presence of competing amino acids in concentrations ranging between 0.5 and
40 mmol/l. The experiments were performed under conditions as above. Figure
5 shows mutual inhibition of the uptake of Leu, His, and Glu by human blood
platelets. The curves were constructed by Egs. (13) and (14) withm = 2, n = 2,
and p = 2.
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Fig. 6. The effect of the extracellular coneentration of solutes on their accumulation inside the
cell for exchange equilibrium. The curve was drawn by Eq. (21). Other parameters were the
same as for histidine (Table 1).

Neither His nor Leu is displaced by Glu during their transport into blood
platelets. The dashed lines in Figures 548 and 5CD show the inhibition of
fluxes of Leu and His by Glu, supposing that all of them are transported by the
same system.

The rate constants and concentrations of the carrier protein calculated for
Leu, His, and Glu are given in Table I. It is clear that Leu and His are
transported to human blood platelets by the same saturable system while the
system mediating the flux of glutamic acid functions independently. Only the
constant rates describing the linear component of the transport are comparable
for these amino acids.

All the experimental data obtained from these experiments show that even
for extremely high concentrations of competing amino acids, the uptake of
radiolabelled amino acids is not completely restrained. This is in good agree-
ment with the model. For the same labelled and nonlabelled solute the rate
constants of complex formation meet the condition

1: = k;1 (25)

Transport inhibition of a radiolabelled solute by the same but cold solute
is described by the equation

2%
370 _ ky(S1* — SP)exp (—kpt) +
dr
+ le:*B‘f[exp(—k,zt) - exp(;:k}, (f:* + SD + 2»"\'1}1)] (26}
S:*+S‘: ‘f‘ | 12

ki,
where S}* and ST* are the concentrations of the radiolabelled solute outside and
inside the cell, respectively. For a simplified solution we have
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dsi*(n) _
dr

k,Si* B!
2%,

‘11

k. (S1* — S + exp (— k1) 27

S* + S +

Note, that the transport rate is not zero, even if the extracellular concentration
of the cold solute tends to infinity.

The theoretical predictions of the model. Figure 6 illustrates the ratio of the
intracellular to extracellular solute concentration as a function of the ex-
tracellular concentration for equilibrium exchange, as predicted by the model.
At low extracellular solute concentrations, the accumulation inside the cell is
very efficient and the transport is mainly mediated by the system exhibiting high
affinity to the solute. At higher extracellular concentrations, the solute is predo-
minantly transported by the low affinity diffusion system.

The amounts of the carrier molecules were estimated by model calculations.
The calculations were done under the assumption that all carrier molecules can
form complexes with amino acids present close to the membrane. The volume
of the close-to-membrane sphere is assumed to be about 1 % of the cell volume.
The theoretical values are given in Table I.

Discussion

In order to overcome some limitations inherent to steady-state techniques
(which are commonly applied to the study of transport phenomena) we attemp-
ted to characterize fluxes of solutes across the cell membrane in pre-steady
states. In contrast to other models our model describes the transport in general
with a multiplicity of different systems being simultaneously operative in the cell
membrane and with different solutes present in the environment.

Description of transport at exchange equilibrium using classical carrier or
channel models for more than one system operative at a time leads to misinter-
pretations of experimental data. Exchange equilibrium may be reached by
several systems, not by a particular one, and each system during a total ex-
change equilibrium may be far from its own exchange equilibrium.

Our model takes into account the effect of extracellular Na* concentration
on the flux rates of solutes, and the inhibitory effect on the carrier mediated
transport of certain toxic substances, such as dinitrophenol or cyanide.

Each saturable transport system is characterized by three separate pa-
rameters, i.e. rate constants of the formation and dissociation of carrier-solute
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complexes, and by the total concentration of the carrier protein of the given
transport system. These parameters determine V., the maximal transport
velocity, and Ky, the constant corresponding to the Michaelis constant.

Our model considers changes in the solute concentration, and those in the
concentrations of the carrier protein, both free and solute associated, occurring
during the transport. Owing to this, it allows a predictions of the course of
transport at a given time based on initial concentrations of the solute outside
and inside the cell. Such a prediction would be of importance for our under-
standing of how drugs and other bioactive substances are transported across the
cellular membranes.

According to the model, transport systems with low affinities to the solute
and independent of Na™ ions are described by a single parameter, directly
connected with the constant characteristic for the linear transport component
(Eq. 19).

The model introduced (Eq. (16)) is aimed at generalizing the three-
parameter equation which is frequently used in the study of transport phenome-
na (Floud and Fahn 1981 Kontro and Oja 1978 Lussier et al. 1982: Oja and
Vahvelainen 1975; Rosenberg et al. 1980).

Experimental data interpreted by the model calculations unequivocally
show that there are two systems involved in the transport of Leu, His, and Glu.
The first one is saturable and specific for the solutes transported. Its operation
depends upon Na® gradient and is associated with metabolic processes of
platelets. The other system is unsaturable and corresponds to facilitated dif-
fusion.

There is evidence that Leu and His are transported to blood platelets by the
same saturable system. Almost identical parameters describing the fluxes of
both amino acids as well as cross-inhibition experiments presented in this study
strongly support this idea. This is consistent with observations in other mam-
malian cells (Cierniewski and Walkowiak 1983: Oxender et al. 1977; Shotwell
et al. 1981) but it contradicts the results published by Yardimei et al. (1981a,b).
The latter authors have suggested that Leu and His are transported to blood
platelets independently, though they found and partially purified carrier pro-
teins for both amino acids with similar chromatographic properties (Yardimeli
et al. 1981b).

In agreement with other reports (Yardimci et al. 1981a,b; Zieve and Solo-
mon 1968), our study suggests that the flux of Glu is not inhibited by Leu or His.

The amount of the carrier molecules, involved in the transport of Leu and
His by the saturable system per platelet, as estimated by model calculations, was
similar (2.7—3.3 x 10, Table I). Lower quantities of the carrier protein were
found for Glu (1.5 x 10%). These values are of the same order as those reported
for other platelet receptors, e.g. for ADP or fibrinogen. For the high affinity
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ADP receptor, values of 26 x 10° (Lips et al. 1980). and for the fibrinogen
receptor 4—6 x 10* (Walkowiak et al. 1987) were reported. However. it must be
pointed out that owing to possible errors in estimating the volume in which the
carrier interacts with amino acids, these values may not be correct. Nevertheless,
the calculations performed in this work show that, the different carriers for
different amino acids are present in similar quantities in blood platelet mem-
branes.

Certainly, the model presented is not limited to the case of the transport of
amino acids. It seems to provide a useful tool for the study of other transport
processes across biological membranes.
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