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ABSTRACT

A kinetic test evolved for distinguishing
between mobile carrier transport in which
one or two substrate molecules are
transported at a time was applied to
sugar transport in Saccharomyces cere-
visiae and it was found that the mechan-
ism here involves attachment of one sugar
molecule to one molecule of carrier.

Incidental to the test, the dissociation
constants of some sugar-carrier complexes
were determined.

The diversity of sugar transport me-
chanisms in different cells is discussed.

It is now generally accepted that sugars
are transported into the cell of baker’s
yeast by a mobile membrane carrier with
high substrate specificity, as evidenced
by selective uptake of stereoisomers,
saturation kinetics of the process at high
substrate concentrations and. by the
existence of countertransport (Burger,
Hejmovd & Kleinzeller, 1959; Cirillo,
1959, 1961). Views have been advanced
both for (Burger & Hejmova, 1961) and
against (Scharff, 1962) the identity of this
carrier with the enzyme hexokinase which
would thus fulfil a dual function: one of
attaching and transporting the sugar,
another of phosphorylating it with the
aid of adenosine triphosphate. These views
will be dealt with in subsequent commun-
ications.

Transport of sugars in Saccharomyces
cerevisiae, whether metabolized or not,

generally proceeds without requirement
for metabolic energy up to a diffusion
equilibrium (Kotyk & Kleinzeller, 1963;
Cirillo, 1961; see, however, Okada & Hal-
vorson, 1963, who observed active
transport of «-thioethylglucopyranoside
in some yeast strains) and the process
is symmetrical for entry and exit of
sugars (Kotyk & Kleinzeller, 1963). In
this respect baker’s yeast resembles
another exhaustively studied type of cell,
viz. the human erythrocyte (e.g. Wil-
brandt & Rosenberg, 1961). There, too,
no up-hill transport of sugars occurs save
for the phenomenon of induced counter-
transport (Rosenberg & Wilbrandt, 1957)
and it has appeared, further information
lacking, that the sugar carrier in human
erythrocytes and in baker’s yeast is a
similar entity differing in specificity for
substrate but operating on the same
principle.

It has been shown recently (Kotyk &
Wilbrandt, 1963, 1964) that in human
erythrocytes sugars appear to be trans-
ported in the form of a complex of
the carrier with two sugar molecules
attached, this arrangement being able
to decrease the number of hydroxyl
groups protruding from the complex
by mutual bonding between the two
sugar molecules. Stein (1961) who has
conceived the idea of sugar dimer forma-
tion (although without an operative
carrier) has proposed to attribute some
previously observed anomalies of sugar
transport in other cells to this dimer
formation. Indeed, the overwhelming
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uniformity of basic metabolic pathways
throughout nature might justify such
extrapolation and it has therefore been
tested whether the kinetics of sugar
transport in baker’s yeast, hitherto consid-
ered identical with that in human
erythrocytes, is actually such even in
respect of the number of molecules
attached to the carrier.

THEORETICAL

Transport of substances across cell
membranes under conditions where the
mobility of the carrier or carrier complex
is limiting for the whole process (where
therefore equilibrium exists on both sides
of the membrane with respect to the
carrier, C, substrate, S, and whatever C-S
complexes may be formed) is generally
expressed by

=f(D¢, Dcs, Dcss. - ., Kcs, Kess- - -)
[eif(S;) — €af (Sp)/ (1)

where Dg, Dog, and Dggg are the mobil-
ities of the free carrier and its substrate
complexes, Kcs, Kcsg the dissociation
constants of the complexes, ¢, and ¢, the
carrier concentrations at the two sides of
the membrane (under particular condi-
tions, these can also be functions of the
other variables) and S; and S, the cor-
responding substrate concentrations. When
two sugars, S and R, are concerned the
appropriate constants and variables must
be introduced (Dgr, Dorr, possibly Ders
and DCSR: KCR, KCRR etc., and Rl
and R,).

1. In previous considerations (e.g. Wil-
brandt, 1961) it has been assumed that
only C, CS (and CR) exist, that their
mobilities are equal (= D) and that
therefore (¢,) = (¢y) = C:. In conformity
with Michaelis-Menten character of the
active (= transporting) complex forma-
tion the rate of transport of a single
sugar is expressed by
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where S’ = S/Kg and C,is the amount of
carrier in the membrane.
When another sugar, R, is present
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2. If, however, two substrate molecules
can be attached to the carrier, a much
more complex situation evolves. Then the
carrier can occur in the forms C, CS and
CSS (and CR, CRR, CSR and CRS if two
substrates are present). For the carrier
cycle to be operative the vectorial sum of
movements of these carrier forms must be
equal to zero and this can be achieved only
when (¢1) # (c;) since the mobilities of
the various carrier forms are not assumed
to be equal. The values of ¢, and c, can be
calculated with respect to Cy, and substitut-
ed into the equation for the movement
of S:

vs = ves + 2v0ss (4 ¥csr + vcrs)
whence

ZolY1 — T1lYs
—es e 4
Wy + W,y “
If a single substrate, S, is present, the
symbols have the following meaning:

# = Dg + 8'(Dgs + DcssS”)
y = S'(Dcg + 2DcgssS”)
w = 1+ 8'(1+8");

if S and R are present:

2 = D¢+ S(Dcs + DesrR™" 4
-+ DcsS”') + R'(Der +
+ DcrsS”"’ 4+ DerrR”)
y = S8(Dcg + 2DcgsS”’ -
+ DosrR’”’') + DorsR'S™
w — 1 + Sl(l + SII + RIII) +
+ R,(l + RI’ + S’II)

Vs = 201;
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where S’ = §/Kcg, S = S/Kc¢sg, S =
= S/Kcrs, R’ = R/Kcr, R = R/K(rg,
R = R’K¢gr, the constants Kcg, Kcss,
Kcrs ete. being the dissociation constants
equal to (C)(S)(C8), (CS)(S)/(CSS), (CR)(S)/
/(CRS) ete.

.Several specific features emerge from
this type of kinetics as are described in

Here D¢g = Dor = Dy, Degs = Dcsgr =

= Dorr = Dcrsg = D, and Kcgs =

= Kcr = K,, Kcss = Kcrr = Kcrs =

Kcgr = K, (hence 8" = 8"/, R"” = R"’");

moreover, (R) € (S) and (8;) = (S;) =
).

Then from eq. (4) after several algebraic
steps

(D) + DyS”) (R, — R,) + DS'(R," —Ry")

vr = C,

l + S} + SISII

(Dle + 2Dzs)(R1 - R2)

= C,

detail elsewhere (Wilbrandt & Kotyk,
1964) and several tests based on them
can be made use of for distinguishing
between the transport of single (mono-
complex) and paired (di-complex) sub-
strate molecules. The most readily per
formed and most reliable is the following.

If we permit a substrate S to equilibrate
with the cells so that (S,) = (S,) and then
add a constant amount of the labelled
form (R) of the same substrate such that
(R) <€ (S) the rate of uptake of R is
defined as follows:

(1) on the basis of mono-complex theory:

R, R, )

Since Kcs = KCR

’DR=V

R, — R,
S + Kes
If now the half-time of uptake of R is

consistently measured (R,) — (Ry) = con-
stant, and

N S
BT S ¥ Kos

For low concentrations of S, Kcg > (S)
and vg = constant; for high concentra-
tions of S, Kgg € (S) and wgr = con-
stant/(S).

A plot of log vy against log(S) is shown
by curve 1 in Fig. 1.

2} On the basis of di-complex theory:

vp=V (58;)

where K is a constant. (8)

KK, t K,S+ 5 ™

(For the sake of simplicity, symbols S and
R stand here for concentrations of the
two substrates.)

The transport of di-complex nature can
predominate over mono-complex trans-
port by virtue of (@) greater mobility of
the carrier di-complex so that D, > D,
and K, is similar to K, or (b) greater
affinity for the attachment of a second
molecule over the first one so that
K, € K, and D, is similar to D,.

If either or both of the mechanisms are
operative eq. (7) becomes

S
Re) S(S+ K,)+ KK,
(8)

Here, for (S) € K, K,, vr=constant X (8);
for (S) » K,, K,, vg=constant/(S).

VR = 2GtD2 (Rl -—

and hence the logarithmic plot of vy
against (S) goes through a maximum.
Curve 2 in Fig. 1 shows the extreme case
when D, = 0 and K, = 4K, (based on the
arbitrary assumption that the affinities of
the carrier for the first and second mole-
cule of substrate are equal). When either
D, = 0 or K, is not completely negligible
as compared with K, the left-hand part of
the theoretical curve exhibits a slope of
less than +-1 when logarithmically plotted
(cf. Wilbrandt & Kotyk, 1964).
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METHODS

Yeast. Resting cells of commercial
Swiss yeast and Czech yeast were used in
the experiments.

Incubation was carried out at 30° C,
anaerobically (passing oxygen-free nitro-
gen through the suspension to minimize
the possibility of inducing enzyme systems

for the utilization of the substrates used)

in suspensions of approximately 10 mg.
yeast dry weight/ml. 0.156M NaCl with
appropriate sugar added. One-ml. samples
were withdrawn at suitable time intervals,
filtered through a Millipore filter and
washed twice with ice-cold water. The
pellet on filter was extracted with 2 ml.
5%, ZnS0,, followed by the addition of
2 ml. 0.35 Ba(OH), and centrifugation.
An aliquot of the supernatant was evapor-
ated to dryness in a small glass beaker,
2 ml. 999, ethanol added to the residue
and left overnight. On the next day,
12 m]. scintillation liquid was added
and radioactivity measured in the beaker
on a Tracerlab Liquid Scintillation coun-
ter.

RESULTS

Three sugars were selected for testing
the prevalence of mono-complex or di-
-complex transport in baker’s yeast, viz.
p-galactose, D-arabinose and D-xylose,
the choice being restricted by three
factors: (1) the sugar must be taken up by
the cell, (2) it must not be metabolized,
(8) it must be available in the radicactive
form.

The yeast suspension was always
equilibrated with the unlabelled form for
2 hrs. (then the intracellular concentration
was found to equal the extracellular one)
and then a negligible amount of the radio-
active species dissolved in the correspond-
ing concentration of the unlabelled sugar
added. Kinetics of uptake of the radio-
active form was linear and it was there-
fore justified to take the reciprocal of the
half-time of uptake as the measure of the
rate. Galactose formed an exception in
that its uptake curves were practically
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linear and no equilibrium level of radio-
active galactose was reached even after
2 hrs. Here, the slopes of uptake curves
were used as the measure of uptake velo-

-24 EX) .13 a3 1.2 20 204 03 L}
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Fig. 1. Theoretical plots of the rate of uptake of
a labelled sugar R added in equilibrium to the
unlabelled sugar 8. Curve 1 — mono-complex
theory, Kcg = 0.1M; curve 2 — di-complex theory,

Kog = 0.026Mm, Kcogg = 0.IM, D; =0, D, =1,
. |
L F— e
02 :.i'\
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Fig. 2. Experimental values corresponding to Fig. 1

as found for three different sugars in baker’s yeast,

Curve 1 — D-arabinose; curve 2 — D-xylose;
curve 3 — D-galactose.

city. Whether this indicates the beginning
of wutilization of galactose will not be
taken up here.

Fig. 2 shows that for all the three sugars
the uptake is mono-complex in character
as represented by curve 1 in Fig. 1.

The plot of vr against (S) makes it
possible to determine the K¢g of the sugar,

Table 1. Apparent dissociation constants of the
sugar-carrier complex in baker’s yeast

p-Xylose l

0.13—0.14m
D-Arabinose 0.15—0.16M
p-Galactose 0.05—0.07n
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simply by extending the linear portions
of the curve and reading the substrate
concentration at the point of intersection.
The Kcg values of the three sugars as
found here are shown in table 1.

DISCUSSION

The typically mono-complex transport
of sugars in baker’s yeast demonstrated
here is in conformity with views held
heretofore and confirms the findings
published previously (Kotyk & Klein-
zeller, 1963). In the work underlying the
earlier publication smooth convex curves
for the plot of initial rate of D-xylose
uptake against concentration were obtain-
ed while an S-shaped curve would be
predicted on the basis of the di-complex
treatment given here (cf. Wilbrandt &
Kotyk, 1964).

The Kcog value of the D-xylose-carrier
complex found here is lower than the
apparent K, of transport reported in the
abovementioned paper for reasons associ-
ated most likely with inequal mobilities of
the free carrier and the sugar-carrier
complex as will be discussed in the
following paper of this series.

The mono-complex type of sugar
transport in yeast thus differs from that
in human erythrocytes. The fact raises
the question of the evolutionary signific-
ance of this diversity of transporting
systems, particularly in view of the
established fundamentally different me-
chanism transporting sugars up-hill in
the intestine (Crane, 1960) and kidney
(Krane & Crane, 1958; Kleinzeller &
Kotyk, 1961), on the one hand, and in
microbial species like Escherichia coli (e.g.
Kepes, 1960) and Rhodotorula gracilis
(Kotyk & Hofer, in press), on the other.
It would appear that, unlike in the case
of the basic metabolic pathways, there is
no single and universally distributed sugar
carrier in all living cells but rather that
such molecular entity and mechanism
have acquired the sugar-transporting
function as were most readily adaptable
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to the purpose under given environmental
(and physiological) conditions.

Before it is justified to venture further
into a discussion of the peculiarities of
the various carriers more knowledge about
their molecular characteristics is neces-
sary.
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CBOJICTBA TIIEPEHOCUNKA CAXAPA
B IEKAPCHKUX JPOMIKAX
I. RHHETUKA TPAHCIIOPTA

A. Komuig

Hunermueckuii Tect, paspaboTaEHEI
JJs pacmo3HABaHUA TPAHCIOPTA HMONBHIK-
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HEIM JIePeHOCYEKOM, KOTJa OfHA HJIH ABe
MOJeKYJE cybcTpara mepeMeIaioTes Of-
HOBPeMeHHO, OBLI MCIOJIB30BaH HPH H3Y-
YeHHH TpPAHCIOPTA caxapa y ApPOmiKel
Saccharomyces cerevisiae. Bruto yetanos-
JIeHO, 9T0 5TOT MEeXaHMm3M BKJIOYaeT CBA-
snpiBaBMe 1 Moyekyssl caxapa ¢ 1 Momery-
nmoii muepeHocumka. llpm TecTmposammm
OBUIM OIpefiesleHH KOHCTAHTHL JACCOIAA-
A HEeKOTOPHX KOMILIEKCOB caXap-mepe-
HocumK. — O6cymxaaerca pasimdade Mexa-
HE3MOB TPAaHCIOPTA caxapa B Pa3IMIHHX
KJIeTHAX.



