292

Biochimica et Biophysica Acta, 469 (1977) 292—300
© Elsevier/North-Holland Biomedical Press

BBA 77789

ACTIVE TRANSPORT OF L-SORBOSE AND 2-DEOXY-D-GALACTOSE
IN SACCHAROMYCES FRAGILIS

H.T.A. JASPERS and J. VAN STEVENINCK

Sylvius Laboratories, Laboratory for Medical Chemistry, Wassenaarseweg 72, Leiden
(The Netherlands)

(Received February 14th, 1977)

Summary

Sorbose and 2-deoxy-D-galactose are taken up in Saccharomyces fragilis by
an active transport mechanism, as indicated by the energy requirement of the
process and the accumulation of free sugar against the concentration gradient.
There are no indications for transport-associated phosphorlyation as mecha-
nism of energy coupling with these two sugars.

The measured sugar-proton cotransport and the influx inhibition by uncou-
plers suggest a chemiosmotic coupling mechanism. Thus there are at least two
different active transport mechanisms operative in Saccharomyces fragilis: trans-
port-associated phosphorylation in the case of 2-deoxy-D-glucose and chemios-
motic coupling in the case of sorbose and 2-deoxy-D-galactose. The differences
between the two mechanisms are discussed.

Uncouplers do not stimulate downhill sorbose transport in energy-depleted
cells and evoke an almost complete inhibition of efflux and of exchange
transport.

The differences between this sugar-proton cotransport system and similar
systems in bacteria and Chlorella are discussed.

Introduction

Both 2-deoxy-D-glucose (dGlc) and 2-deoxy-D-galactose (dGal) are taken up
by Saccharomyces fragilis cells by an active mechanism, as described in pre-
vious papers [1,2]. With dGlc energy coupling appeared to occur via the mecha-
nism of transport-associated phosphorylation [1], as described before in other
yeast strains [3,4]. dGal, on the other hand, enters the cells as the free sugar,
with subsequent intracellular phosphorylation [2]. Further studies were under-
taken to elucidate the mechanism of energy coupling to dGal transport.

During these studies it was felt that the energy-requiring intracellular phos-
phorylation of this sugar was a complicating factor, obscuring the experimental
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results to some extent. The huge accumulation of 2-deoxy-D-galactose-1-phos-
phate for example, is accompanied by a strong decrease of the polyphosphate
fraction. Thus, a possible intermediate role of polyphosphate in energy cou-
pling to the transport process per se would be difficult to evaluate, due to the
secondary intracellular reactions. Therefore the transport mechanism of several
other sugars was investigated, in order to find a sugar that is transported against
a concentration gradient, but without subsequent intracellular phosphoryla-
tion.

It appeared that sorbose fulfilled these requirements. In most investigations
described in the present communication the influence of experimental condi-
tions was studied both on dGlc and on dGal and sorbose transport, to facilitate
evaluation of the different mechanisms of energy coupling.

Methods

Saccharomyces fragilis was grown, harvested, washed and, when necessary,
starved as described before [2]. Proton cotransport was measured on yeast cells
washed and resuspended in 1 mM Tris/citrate buffer. The pH of the suspension
was registered with a Corning-110 research pH-meter coupled to a 1 mV Vita-
tron recorder, adapted to give full-scale deflection of 0.1 pH units. The buffer-
ing capacity of the incubation mixture was calibrated later by the addition of
known amounts of H,S0,. K* concentrations in the medium were measured
with a flame photometer.

Transport studies, utilizing '*C-labeled substrates, were conducted at pH 5.4
in 1 mM Tris/citrate buffer, unless otherwise stated. Uptake measurements and
analysis of cellular extracts were performed as described before [2].

Analytical methods were: ATP, with the firefly tail luciferin-luciferase sys-
tem, according to the method of Addanki et al. [5]; polyphosphates, according
to Lohmann and Langen [6]; orthophosphate, by the method of Meyerhof and
Oesper [7].

Anaerobic conditions were achieved by leading purified nitrogen through the
suspension for 3 min. Subsequently the vessels were tightly closed. In control
experiments no oxygen could be detected in the suspensions, utilizing a YSI
oxygen probe.

Results

During incubation of S. fragilis with *C-labeled sorbose for periods up to 4 h
the total amount of radioactivity in the incubation mixture remained constant.
These experiments were done at a final yeast concentration of 10% (wet
weight) and substrate concentrations of 0.1—1 mM. Analysis of cellular
extracts was done via paper chromatography and autoradiography as described
previously [1,2]. These methods allow to distinguish between various sugars
and their phosphorylated derivatives. Only one spot, with the R value of sor-
bose was found. These facts indicate that no measurable conversion of sorbose
takes place after transport of the free sugar into the cells.

Sorbose transport is linear with time for several minutes. From the initial
rates of transport during the first 30 s Michaelis-Menten kinetics with a V of
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0.30 £ 0.09 mmol/g per h and a K,;, of 12.8 £ 3.1 mM (n = 5) could be derived,
assuming the formation of a 1 : 1 sugar-carrier complex.

Transport of sorbose into fresh yeast cells is shown in Fig. 1. Apparently
uptake proceeds against a concentration gradient. The ratio of the intracellular
over the extracellular sorbose concentration (C;/C,) at stationary state was
about 200 at an initial sugar concentration in the medium of 0.1 mM, decreas-
ing to about 130 at 1 mM and 4 at 100 mM. This accumulation of free sugar
inside the cells indicates active transport. The only other possible explanation
for these results would be facilitated diffusion, combined with a strong binding
of the sugar inside the cells, as discussed by Kotyk and Michaljani¢ova [8]. This
remote possibility was ruled out by the effect of basic macromolecules like
protamine and chitosan. After treatment with these macromolecules the cell
membrane becomes permeable to small molecules like monosaccharides, where-
as the intracellular organization is not affected [9—11]. As shown in Fig. 1,
addition of chitosan to the cells preloaded with ['*C]sorbose leads to a very
fast efflux of the accumulated sugar. Apparently the accumulated sorbose was
present inside the cells in the free, unbound form.

Moreover, the active character of sorbose transport is also indicated by the
energy requirement of the process. As shown in Fig. 2, anaerobic conditions
and starvation, but especially a combination of these two conditions, lead to a
substantial inhibition of transport, both with reference to the transport veloc-
ity and the accumulation capacity. After 2 h C;/C, ratios were reached of 130
for normal cells under aerobic conditions, 10 for normal cells under anaerobic
conditions, 8 for starved cells under aerobic conditions and 1 for starved cells
under anaerobic conditions.

During incubation with 100 mM sorbose there was no measurable change in
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Fig. 1. Uptake of sorbose under aerobic conditions (e————e) and the effect of treatment with chitosan
(250 y/ml), added after 2 h (arrow). Initial concentration of sorbose: 1.08 mM. Yeast concentration: 10%
(wet wt./v). The experiment was carried out in a 1 mM Tris/citrate buffer, pH 5.4, &------ 4 Concentra-
tion of sorbose in the medium,

Fig. 2. Uptake of sorbose in normal cells under aerobic conditions (e———=e); normal cells under anaero-
bic conditions (& A); starved cells under aerobic conditions (a 4); starved cells under anaero-
bic conditions (0————o0). Initial substrate concentration in the medium: 1.08 mM.
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the intracellular ATP and polyphosphate concentrations. As shown previously
the maximal ATP production under these experimental conditions would be
about 0.5 mmol/g per h, assuming an ATP/O ratio of 2 [1]. As the sorbose up-
take rate is of the same order of magnitude (0.3 mmol/g per h), these results
make it unlikely that phosphorylated intermediates would play a direct role in
energy coupling to the transport process.

A possible coupling of sugar influx to K’ efflux was investigated by mea-
suring the K* concentration in the medium, with dGlc, dGal and sorbose as sub-
strates. In many experiments the efflux of K* with any of these sugars present
in the medium actually exceeded the K' efflux in the absence of sugar. The
results varied considerably, however, with different yeast batches. In about 30
experiments the number of K* leaving the cells as a consequence of sugar influx
varied from 0 to 25% of the sugar molecules taken up. In this respect there
were no differences between the three sugars studied. These results made it
very unlikely that a direct coupling of sugar and K* fluxes would exist.

Further experiments were designed to investigate the possible role of a sugar-
proton cotransport. In preliminary experiments it appeared that washing and
resuspending of the yeast cells in 1 mM Tris/citrate buffer in the pH range 5.4—
6.5 was necessary to obtain a reasonable constant baseline pH of the suspen-
sion. Without this pretreatment the pH of a suspension of S. fragilis cells exhib-
its irregular and rather large fluctuations. As shown in Fig. 3, uptake of dGlc,
dGal and sorbose is associated with a concomitant rise in the medium pH,
reflecting influx of protons.

As discussed previously, dGlc is taken up via transport-associated phos-
phorylation [1]. According to this theory the sugar is phosphorylated at the
outside of the membrane with polyphosphate as phosphate donor [1,3,4]. In
this concept cotransport of cations e.g. protons as compensation of the nega-
tive charge of the sugar-phosphate-carrier complex can be anticipated. The
observed influx of protons during dGal and sorbose transport cannot be
explained along these lines, however. Proton-substrate symport utilizing the

wm
23
o

1 mot H*

PH medium.

w
ferl
o
T
>
o
O

ow

o~

o
—

S min

Time
Fig. 3. Alkalinization of the medium with uptake of dGle (A), sorbose (B) and dGal (C) in the coﬁrse of
time under anaerobic conditions in a 1 mM Tris/citrate buffer, pH 5.4. Initial substrate concentration:
10 mM. Yeast concentration: 10% (wet wt./v).
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TABLE 1

INFLUX OF SUGAR (10 mM) AND PROTONS UNDER ANAEROBIC CONDITIONS IN A 1 mM
TRIS/CITRATE BUFFER, pH 5.4

Substrate Incubation Influx (uM/g) H+/sugar
time (min) - - - e =
Sugar H*
2 1.9 1.0(n=2) 0.53
Sorbose 3 3.2 1.3(n=5) 0.41
4 3.8 1.9 (n=2) 0.50
2 1.5 1.4 (n=2) 0.93
dGal 3 1.8 1.8 (n=4) 1.00
4 2.2 23(n=2) 1.04
2 3.3 1.6 (n=2) 0.45
dGlc 3 3.8 21 (n=4) 0.55
4

4.4 2.4 (n=2) 0.55

electrochemical gradient of H' across the membrane for uphill sugar transport
seems conceivable. Data on proton-sugar symport in short-term experiments at
pH 5.4 are summarized in Table I. At higher pH values, under anaerobic condi-
tions, the stoichiometry of protons cotransported per sugar molecule decreased
and became virtually zero at pH 8. At the same time increase of the medium
pH from 5.4 to 9 progressively inhibited initial rates of sugar uptake with, in
the case of sorbose, a concomitant decrease of the accumulation factor (Fig. 4).
At pH 8 and higher the intracellular sorbose concentration never exceeded the
medium concentration, even under aerobic conditions. The influence of pH
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Fig. 4. Uptake of sorbose in a 200 mM Tris/citrate buffer at pH 5.4 (o———e), at DH 7 (& A) and
at pH 9 (w =) and of dGlc at pH 5.4 (0------ o), atpH 7 (a--~---- A)and at pH 9 (p----- -0) under

aerobic conditions. The uptake of dGal shows a similar sensitivity to pH-change as sorbose. It was neces-
sary to use high buffer concentrations in order to maintain high pH-values in the medium,
[

Fig. 5. Uptake of sorbose under aerobic conditions at pH 5.4 (¢————») and the influence of a pH-change
in the medium to 7 (a a) or to 9 (s———=) after 60 min (arrow), o------ o, Intracellular concen-
tration of sorbose after addition of 1 mM Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (arrow).
Dinitrophenol (1 mM) and azide (40 mM) gave identical results.
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Fig. 6. Influence of dinitrophenol (1 mM) on the uptake of dGle and sorbose under aerobic conditions at
PH 5.4, & ®, sorbose uptake, control; &----.- A, sorbose uptake, dinitrophenol added; 0————o0,
dGlc uptake, control; 8- ----- 4, dGle uptake in the presence of dinitrophenol. The results with dGal

were similar to those obtained with sorbose, CCCP (1 mM) and azide (40 mM) gave identical results.

Fig. 7. Influence of azide (40 mM) on dGlc-exchange under aerobic conditions at pH 5.4, o——0, dGle
control; A------ 4, dGle, azide added. CCCP (1 mM) and dinitrophenol (1 mM) gave identical results.

on the accumulation factor is also reflected by pH-dependent efflux from pre-
loaded cells, as shown in Fig. 5. Changing the pH from 5.4 to either 7 or 9
caused efflux of accumulated sugar, although the velocity at pH 9 is extremely
slow.

The influence of uncouplers on sugar uptakte is depicted in Fig. 6. If added
to cells preloaded with sugar, uncouplers did not induce sugar efflux (Fig. 5).
In relation to these phenomena the influence of uncouplers on steady-state flux
was studied. Cells were incubated with unlabeled sugar until a steady-state was
reached. Then the uncoupler and subsequently a pulsing dose of the *C-labeled
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Fig. 8. Influence of azide (40 mM) on sorbose-exchange under aerobic conditions at pH 5.4. e o,
sorbose, control; a---- - - A, sorbose, azide added. The results with dGal were comparable to those with

sorbose. CCCP (1 mM) and dinitrophenol (1 mM) gave identical results.
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sugar were added to the medium. As shown in Figs. 7 and 8, exchange trans-
port of dGlc was slightly retarded, whereas exchange transport of dGal and sor-
bose was almost completely inhibited. Finally the influence of uncouplers on
downhill transport was studied. Sorbose transport in starved cells under anaer-
obic conditions is essentially always a downhill process, with intracellular sugar
concentrations never exceeding the medium concentration. Even this transport
was strongly inhibited by uncouplers.

Discussion

Uptake of dGlc, dGal and sorbose in S. fragilis apparently takes place via
active transport, as indicated by the C,/C, ratios during steady-state and the
energy requirement of the transport processes (Figs. 1 and 2, refs. 1 and 2).
Energy coupling to dGlc transport occurs via transport-associated phosphoryla-
tion as discussed amply in preceding papers [1—4]. In the case of dGal trans-
port a different mode of energy coupling must take place, as previously shown
[2]. This applies imperatively also to sorbose transport, as this sugar is not
phosphorylated by S. fragilis. Consequently it could be anticipated that certain
characteristic differences would be found between dGlc transport on the one
hand and dGal and sorbose transport on the other. A crucial difference
between dGlc and dGal transport could be deduced from pulse-labeling experi-
ments and was discussed in a preceding paper [2].

As discussed before, transport-associated phosphorylation [1,3,4] implies
the probability of H' cotransport (as found in the present studies for dGlc), not
as the driving force but rather as a fortuitous consequence of the transport
step. Some inhibition by uncoupling agents, as shown in Fig. 6, is also quite
conceivable for a transport system driven by phosphate-bond energy, as
pointed out, e.g. by Berger [12]. Thus the observations on dGlc transport as
described in the present paper are well compatible with the mechanism of
transport-associated phosphorylation.

The observed sugar-H' cotransport with dGal and sorbose, however, should
be explained along different lines. The most obvious interpretation seems to be
a symport system in the sense of the chemiosmotic theory [13,14]. The influ-
ence of uncouplers on sorbose transport in fresh yeast cells supports this con-
cept (Fig. 6). Uncouplers permit leakage of protons across the membrane in the
direction of the electrochemical gradient, thus dissipating the energized state
of the membrane [14,15]. The fact that sorbose transport is much more sensi-
tive to uncouplers than dGlc transport (which is not dependent on a proton-
motive force) is in accordance with theoretical anticipations. The strong inhibi-
tion of sorbose influx, caused by increased pH in the medium, may also be
explained in terms of the chemiosmotic theory. Increased extracellular pH
values diminish the H' gradient across the membrane and thus the proton-
motive force. Again, dGlc transport is much less influenced by changes in extra-
cellular pH (Fig. 4).

In several bacterial systems various effects of valinomycin on active transport
support the chemiosmotic theory. For instance, in membrane vesicles of Esche-
richia coli lacking substrate, an electrical potential can be created by valinomy-
cin-induced K* efflux. This induces certain active transport processes [16].
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During the present investigations attempts (not described in detail here) to pro-
duce similar effects in yeast were not successful. Valinomycin did not induce
any increase of K* permeation across the yeast cell membrane, not even after
pretreatment of the cells with Tris/EDTA, as described by Leive [17] and
Pavlasova and Harold [18]. Similar negative results were obtained by Borst-
Pauwels (personal communication).

The described kinetic studies indicate a one-to-one sorbose-carrier complex.
Based on the chemiosmotic interpretation a proton-sorbose stoichiometry of at
least 1 should thus be expected during transport. Experimentally a ratio of
about 0.5 was found at pH 5.4 (Table I) and even lower at higher pH values.
By extrapolation of these results a ratio closer to the theoretical expectations
could be anticipated at low pH values. This could not be tested experimentally,
as strongly buffered media (obscuring proton movements) were required to sta-
bilize pH values below 5.0. Although a residual activity of a proton-pump
mechanism under the employed anaerobic conditions (thus lowering the mea-
sured H'/sorbose stoichiometry) could not be excluded, the shift of the H'/sor-
bose ratio at higher pH levels seems to indicate a mixed transport mechanism,
resembling the hexose-proton cotransport system of Chlorella. Sugar transport
in Chlorella changes gradually from a high-affinity, uphill system via a proto-
nated carrier at low pH, into a low-affinity, facilitated diffusion system via the
same, unprotonated carrier at high pH values [19]. A similar pH-dependent
shift of H'/sorbose stoichiometry, initial transport velocity and accumulation
ratio was observed in the present studies on S. fragilis. With dGal the proton/
sugar stoichiometry was close to one at pH 5.4 (Table I), decreasing again at
higher pH values. This indicates a similar transport mechanism as with sorbose.

In bacteria and bacterial membrane vesicles, uncouplers produce a rapid
efflux of accumulated substrates [15,20,21]. Further, downhill transport of
sugar in energy-depleted bacteria is stimulated by uncouplers, due to their
shorting-out the reversed proton-motive force, created by the substrate-H"
cotransport. Koch et al. even consider this phenomenon as ‘“‘critical evidence in
support of Mitchell’s hypothesis” [22,23]. Both in the Chlorella system [19,
24—26] and in the present studies the results were quite different. Uncouplers
do not induce efflux of accumulated substrate (Fig. 5) and downhill transport
of sorbose in energy-depleted cells is inhibited. As pointed out by Tanner et al.
for the Chlorella system [19,24—26], this suggests that translocation of the
protonated carrier depends critically on the membrane potential. The complete
inhibition of sorbose exchange transport by uncouplers (Fig. 8) is in accor-
dance with this assumption. On this point the difference between the sorbose
and the dGlc transport systems is salient and noteworthy: whereas uncouplers
inhibit sorbose exchange transport almost completely, they have a much less
pronounced effect on dGlc exchange (Figs. 7 and 8).

A pH shift to 7 after preloading the cells with sorbose at pH 5.4 causes a
pronounced net efflux (Fig. 5). This should be expected, considering the much
lower accumulation ratio achieved at pH 7, as compared to pH 5.4 (Fig. 4). A
shift to pH 9, however, results in only a very limited efflux, despite the extrem-
ely low accumulation level at this pH during influx experiments (Fig. 5). This
suggests that not only the absence of a membrane potential, but also the unpro-
tonated state of the carrier impedes translocation.
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Though not fully understood, these observations may appear of crucial
importance to elucidate this active transport system in S. fragilis on the molec-
ular level.
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