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1. Introduction

Comparatively few studies of transport mechanisms
have been undertaken with obligately anaerobic
bhacteria. and wh

is known of carthohvdrate
cacierna, ang w

vn of carbohydrate
accumulation in species of Clostridium suggests the
involvement of phosphoenolpyruvate (PEP)-dependent
phosphotransferase systems [1—5]. However, it has
recently been reported that growing Clostridium
pasteurianum maintains a pH gradient (interior alkaline)
‘essential for the growing cell as it may be required
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for substrate accumulation and other typea Ol trams-
port processes’ [6].

In this communication we report that two sub-
strates fermented by Cl. pasteurianum and utilised as
sole sources of carbon and energy for its growth, are
indeed accumulated by inducible proton symport
mechanisms driven by the proton-motive force
{(interior electronegative and alkaline). Galactose uptake
is accomplished by electrogenic transport (motivated
by the membrane potential, Ay and/or the transmem-
brane pH gradient A pH), whilst gluconate uptake is an
electroneutral process (motivated by the A pH).
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Clostridium pasteurianum was supplied as ATCC
6013 by Mrs Winifred Ego, University of Hawaii, USA,
and maintained as previously described [7]. Cultures
were grown anaerobically at 37°C in the defined
glucose (4%)-ammonium salts and vitamins medium
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of Robson et al. [8], with the glucose being replaced
when required by D-galactose or sodium D-gluconate.
Total cell counts were made microscopically using an
improved Neubauer Counting Chamber. Exponential
sere harvested by centrifugation and
the organisms anaerobically resuspended in 50 mM
potassium phosphate buffer pH 7.0, to a density of
about 2 X 10® organisms/ml. The suspension was
poised at an appropriately low £}, by the incorpora-
tion ot 0.1% ot a suitable reductant; ascorbate
(ad]usted to pH 7) was routinely employed. The

ion was briefly stored under N

was briefly stored under N,
4°C, but immediately before
use was warmed to 37°C wiile being sparged with

O, -free argon. Energy-depleted cells were prepared by
anaerobic preincubation in reduced buffer for 3 to 4
h at 37°C. The organisms were then harvested and
anaerobically resuSpended in either 25 mM sodium

P . . ,‘.1,\~ IO PR SR of nN
pllUb})JldtC UUIICJ prl / or Lllb blyb_y glyUlllC ouiiIcl

mixture of Harold and Baarda [9].

2.1. Uptake of radioactively-labelled compounds

A quantity (4 ml) of a pre-warmed suspension of
organisms, was anaerobically transferred with imme--
diate mixing, to a tube (0.6 ¢cm diam.) continuously

flached with aronn and containing N & ! F 11140
llUOJlEU WlLll (115\)11 allu bUllLalllllls U 1 vt ll' \_,J =

galactose, or [U-'*C] gluconate (each 0.75 umol of

3 uCi/umol). During incubation at 37°C, samples

(0.5 mi) were removed at intervals and filtered through
Millipore membranes (0.8 um pore size; 2.5 ¢m diam.).
These were immediately washed with 10 ml of
distilled water, dried, placed in vials containing 10 ml
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of a toluene: PPO mixture (4.8 g of 2,5-diphenyl-
oxazole in 1 litre of toluene), and their radioactivity
measured in a Beckman LS-200B spectrometer.

2.2. Chemicals

Tetrachlorosalicylanilide (TCS) was the kind gift
of Dr Colin Jones, University of Leicester, UK.
Carbonylcyanide m-chlorophenylhydrazone (CCCP),
N,N'-dicyclohexylcarbodiimide (DCCD) and valino-
mycin were purchased from Sigma London Chemical
Co. Ltd. Radioactively-labelled compounds were
obtained from the Radiochemical Centre, Amersham,

UK.

3. Results

The uptake systems responsible for galactose and
gluconate transport into Cl. pasteurianum, were not
present in organisms grown on glucose, but were
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grown on galactose and gluconate respectively, as sole
sources of carbon and energy. The induced synthesis
of neither transport system was repressed by inclu-
sion in the growth medium of an equimolar concentra-
PR T UG T DS Y

tion Of giucose {taoie 1).

Uptake by Cl. pasteurianum of glucose and its non-

plished by a PEP-dependent phosphotransferase

system (Booth and Morris, to be published). Yet
gluconate is known to be metabolised by Cl. pasteur-
ianum without prior phosphorylation [10], and,

using toluenised cells, we obtained no evidence of PEP-
dependent phosphorylation of galactose. Over 50% of
the radioactively-labelled galactose or gluconate accu-
mulated by whole organisms was immediately exchange
able with the corresponding, unlabelled compound

when this was added in excess to the cell suspension.

3.1. Transport by proion symport
While accumulation of a-methylglucoside was not
ected by the proton conductors TCS and CCCP, or

at

Uptake of a-methylglucoside, galactose and gluconate by Cl. pasteurianum
grown on different carbon sources

Rate of uptake

(pmol/min per 10® organisms)

Growth substrate

[U-'*CJa-methylglucoside

[1-'*C]galactose  [U-'*C]gluconate

Glucose 598
Galactose 571
Galactose nlug clucose 930
Galactose plus glucose 930
Gluconate 636

Gluconate plus glucose 945

nil nil
98 nil
117 nil
nil 36
nil 56

Table 2
Lffects of inhibitors on uptake by Cl. pasteurianum of o-methylglucoside,
galactose and gluconate

Rate of uptake

(as 7 of rate found in absence of inhibitor)

Inhibitor4

[U-'*C]a-methylglucoside

[1-**C]galactose [U-'*C]gluconate

TCS (5 uM) 100
CCCP (25 eM) 100
DCCD (10 uM) 109

9 2
6 18
nil 1

4Added in ethanolic solution (0.5% cthanol final conc.).
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Fig.1. Inhibition by the proton conductor TCS of the uptake of (a) gluconate and (b) galactose into pre-induced CL
pasteurianum. Uptake of the radioactively-labelled substrates was followed in the absence (0) and presence (e) of 5 uM TCS dddCd

(arrowed) after approx. 2 min incubation at 37°C.

by the membrane ATPase inhibitor DCCD, these com-
pounds were potent inhibitors of both galactose and
gluconate uptake by pre-induced organisms (table 2
and fig.1). This suggests that galactose and gluconate
are actively transported into Cl. pasteurianum by
proton symport powered by an ATPase-sustained
protonmotiveforce. In support of this conclusion,
alkalinisation of the medium was observed when

galactose or gluconate were supplied to suitably grown,

starved cells suspended in a lightly buffered glycyl-
glycine medium pH 6.9.
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According to the chemiosmotic theory {11-13],
transport by proton symport would mean that electro-
neutral influx of gluconate should occur in response
to a pH gradient (interior alkaline), and electrogenic
influx of galactose in response either to such a pH
gradient or to a membrane potential (interior negative).

3.2. Galactose and gluconate uptake motivated by a
pH gradient
A favourable (if transient) pH gradient can be estab-
lished by quickly increasing the (external) proton acti-

(b)
400}
3
2 £ A~a
@ & 3001
&c
g a
o
< S 200 B’Alo PR )
C:?D
w = L)
° 3 100
S L
£E
[} 3
ae o T
3 .
1 1 _
0 5 0 15
Time (min)

Fig.2. Uptake of [1-'*C]galactose by energy-starved Cl. pasteurianum following creation of (a) a membrane potential (interior

negative) and (b) a pH gradient (interior alkaline). (a) Valinomycin (10 pg/ml) was added at approx. 6 min (arrowed) to energy-
starved, galactose grown cells in 25 mM sodium phosphaie buffer of pH 7.1 (a) or pH 6.2 (»). (b) HCl was added at 9 min (arrowed)
to similar cell suspensions as used in (a), causing an abrupt decrease in the (external) pH from pH 7.1 to pH 6.2 in the absence (2)

or presence (@) of 5 uM TCS.
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Fig.3. Uptake of [U-'*C]gluconate by encrgy-starved Cl.
pasteurianum motivated by A pH but not by Ay . Gluconate
grown, cnergy-starved cells suspended in 25 mM sodium
phosphate buffer were treated as follows: (i) HCH was added

at approx. 7 min (arrowed) to cause @ pH shift from pH 7.0

to 6.2 in the absence (&) or presence (o) of 5 uM TCS. (ii)
Valinomyecin (10 pg/ml) was added at approx. 7 min (arrowed)
to a suspension at pH 6.2 (m).

vity i a suspension of energy-starved bacteria [14].
Immediate accumulation of galactose or gluconate was
provoked by the abrupt creation of such a A pH in
pre-induced, starved cells of CI. pasteurianum. In each
case this influx of substrate did not occur in the pres-
ence of the proton conductor TCS (fig.2 and 3).

3.3. Galactose (but not gluconate) uptake motivated
by the membrane potential

An appropriate membrane potential (interior nega-
tive) may briefly be created by exposure to valino-
mycin of K'-replete, energy-starved bacteria suspended
in a medium of low K" activity [14,15]. Uptake of
galactose but not of gluconate was observed, when
this procedure was adopted with pre-induced, starved
Cl. pasteurianum in 25 mM sodium phosphate buffer
pH 6.2 (fig.2 and 3).

4. Discussion

Several excellent studies of anaerobic, energy
coupled, nutrient transport have been made with
obligately fermentative species of Streptococcus (e.g.
[12,14]), but there is some suspicion that such orga-
nisms might be the descendants of facultative aerobes
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which, by ‘retrogressive evolution’, lost their former
capacity to undertake electron transport-linked ATP
synthesis [6].Thus the possession by CI. pasteurianum
of a DCCD-sensitive membrane ATPase [6,16] which
mediates proton translocation [6], is of possible phylo-
genetic significance, since this organism’s antecedents
were very likely obligate anaerobes which had never
acquired the means of oxidative phosphorylation
[6,17].

The protonmotiveforce generated in CJ.
pasteurianum by ATP consumption, undoubtedly
mediates ionic regulation, but is is also harnessed as in
some other bacteria [9,18—20] to the active transport
of galactose and gluconate (and possibly other nutri-
ents). By this means, the range of fermentable sub-
strates available to CI. pasteurianum is extended
beyond those carbohydrates utilised by its limited
array of constitutive, PEP-dependent phosphotrans-
ferase systems.
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