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Streptococcus lactis (ATCC 7962) accumulated thiomethyl-f-galactoside
(TMG) and other galactosides against concentration gradients when the cells
were supplied with a metabolizable substrate, such as glucose. The accumu-
lated TMG was free and not phosphorylated. In the absence of glucose, TMG
rapidly entered the cell to a concentration equal to that of the medium. Agents
that uncouple oxidative phosphorylation abolished active transport but not
the carrier-facilitated entry of TMG. Evidence that the transport carriers were

functional in the absence of glucose or in the presence of uncoupling agents in-
cluded the demonstration of counterflow, which depends on competitive in-
hibition for the carrier for exit.

Active transport of a sugar across a mem-
brane against a concentration gradient requires
the expenditure of energy, and inhibition of
energy-yielding reactions of the cell would be
expected to block accumulation. Inhibition of
oxidative phosphorylation has been found to
abolish the accumulation of the nonmetaboli-
zable sugar thiomethyl-,f-galactoside (TMG)
in Escherichia coli (16). However, these inhibi-
tors do not affect the simple entry and hydrol-
ysis of o-nitrophenyl-f,-galactoside (ONPG)
which depends on carrier activity and not on
accumulation (2, 10). Such studies imply that
energy is essential only for accumulation but is
not required for "facilitated diffusion" (or car-
rier-mediated transport). Winkler and Wilson
(23) using metabolic inhibitors provided evi-
dence that coupling with metabolic energy
reduces the affinity of the carrier for its sub-
strate in the exit direction. Recent studies
with energy-uncoupled mutants have sup-
ported these conclusions (24, 25).
An experimental difficulty with E. coli is

that it stores appreciable quantities of endoge-
nous substrate which can be utilized to provide
energy in the absence of added substrate.
Thus, a correlation between utilization of exog-
enous substrate and transport is not feasible.
In an attempt to circumvent these problems, a
study was initiated with Streptococcus lactis.
This organism is capable of transporting ,B-
galactosides (3, 13), but it does not possess

I A preliminary report was presented at the 71st meeting
of the American Society for Microbiology, 2-7 May 1971,
Minneapolis, Minn.

significant stores of utilizable endogenous sub-
strate (19).

In this communication, studies are reported
on the transport of several galactose analogues
by S. lactis 7962. It was shown that this orga-
nism could only accumulate sugars against a
concentration gradient when the cells were
supplied with a metabolizable substrate. Accu-
mulation was abolished by agents that un-
couple phosphorylation from oxidation, but
carrier activity was not impaired.

MATERIALS AND METHODS
Chemicals. D-[l-3H]fucose was bought from

Amersham Searle; thiomethyl- [14C]-,-galactopyra-
noside ('4C-TMG) from New England Nuclear
Corp.; thioisopropyl- ['4C ]--D-galactopyranoside
(14C-IPTG) from Schwartz BioResearch, Inc.; thio-jt-
D- [3H]-digalactopyranoside (3H-TDG) and carbonyl-
cyanidefluoromethoxyphenylhydrazone (CCFP) were
gifts from E. P. Kennedy. Chloramphenicol was
donated by Parke, Davis & Co. Nonradioactive
TMG and o-nitrophenyl-,8-D-galactopyranoside
(ONPG) were purchased from Calbiochem, and
TDG, IPTG, and D-fucose were from Mann Research
Laboratories. Pentachlorophenol was bought from
Eastman Organic Chemicals.
Growth of S. lactis. Cells of S. lactis (ATCC

7962) were grown to mid-exponential phase at 37 C
in 250-ml flasks with side arms without agitation in
200 ml of the complex medium of Citti et al. (1)
which consists of: yeast extract (Difco), 10 g; Tryp-
tone (Difco), 10 g; gelatin (Difco), 2.5 g; sodium chlo-
ride, 4 g; ascorbic acid, 0.5 g; sodium acetate, 1.5 g;
water to a final volume of 1,000 ml; the solution was
neutralized with sodium hydroxide, and D-galactose
was added after autoclaving to a concentration of
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1%. The culture was inoculated by adding 20 ml of
an overnight culture (stationary phase) to 200 ml of
fresh medium.
The cells were harvested by centrifugation for 10

min at 12,000 x g at 4 C and washed with 30 ml of
0.1 M sodium phosphate buffer (pH 7.0) containing 1
mM MgCl2, the buffer used in all experiments. The
washed pellet was suspended in 1 to 3 ml of phos-
phate buffer plus chloramphenicol (50 gg/ml). The
absorbance of the cell suspension was determined in
a Klett-Summerson colorimeter (no. 42 filter), and
the dry weight of the cells was calculated from the
previously determined relationship: 1 ml of cells at
100 Klett units is equal to 0.165 mg of dry weight.

'l'he mutant S. lactis 7962-6 was kindly donated
by W. E. Sandine (12).

Assays. The uptake of the various sugars was
measured by exposing cells to '4C-TMG, separating
the cells from the medium by filtration on mem-
brane filters (0.60-Mm pore size, Millipore Corp.),
and finally counting the cells on the filter in a liquid
scintillation vial (23). The intracellular concentra-
tion of radioactive compound was calculated from
the relationship between absorbance and intracel-
lular water, which was determined from the sucrose
space by the method described previously (8); 1 ml
of cells at 100 Klett units (filter no. 42) equals 0.24
,uliter of cell water. Counterflow was measured as
described previously for E. coli (23).

RESULTS
Cells of S. lactis 7962 grown to exponential

phase were incapable of accumulating the
nonmetabolizable ,B-galactoside TMG in the
absence of a metabolizable substrate but were
capable of rapidly transporting this sugar into
the cell until the concentration in the intracel-
lular water equilibrated with that in the ex-
ternal medium (Fig. 1). Further evidence that
membrane carriers were active under these
conditions will be presented in a later section.
When glucose was supplied to the cells as an

energy source, TMG was accumulated against
a large concentration gradient (Fig. 1). Similar
results were obtained with TDG (Fig. 2), the
methyl pentose D-fucose (Fig. 3), as well as
with IPTG (not shown). TMG was not appreci-
ably phosphorylated by the cells, as less than
1% of the intracellular TMG was found to be
in the anionic form when tested by chromatog-
raphy on Dowex-1 (formate; reference 7).

Several sugars were tested for their capacity
to supply metabolic energy for TMG accumu-
lation. Of the sugars tested at pH 7, glucose
was the most effective, whereas lactose gave
less than 10% of the effect of glucose. The
small effect of lactose may be due to the small
contamination of commercial lactose (Sigma)
by glucose. Arginine, an energy source for -S.
Iactis (19), supported TMG accumulation to
concentration one-third that reached with glu-

cose (Fig. 1). TDG, ONPG, fucose, maltose,
and melibiose were inactive. Although maltose
was ineffective at pH 7.0, this sugar supported
TMG accumulation at pH 4.0 to a concentra-
tion sixfold over that in the medium pre-
viously reported by Desai and Goldner (3).
The relative affinity of a sugar for the carrier

(compared to that of TMG) was determined by
measuring the inhibition of '4C-TMG uptake
by the added sugar. TMG uptake was meas-
ured in the presence of an inhibitor or, alterna-
tively, the cells were allowed to accumulate
'4C-TMG, and its exit was measured after the
addition of inhibitor. In the latter case, the
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FIG. 1. Dependence of TMG accumulation on
glucose or arginine addition. Each tube contained:
0.1 ml of washed exponential-phase Streptococcus
lactis 7962 cells at 7,800 Klett units; either 0.1 ml of
100 mM D-glucose or 0.1 ml of 100 mm arginine, as
indicated; and 0.1 M sodium phosphate buffer (pH
7.0) containing I mm MgCI2, to a volume of 0.9 ml.
After 5 min of incubation at 25 C, the reaction was
started by the addition of 0.1 ml of 1.025 mM 14C-
TMG at 4.9 ACi/smole. Portions of 0.2 ml were re-
moved at intervals; the cells were collected on
membrane filters, washed with 5.0 ml of buffer, and
counted.
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FIG. 2. Accumulation of TDG. The experiment
was performed as in Fig. 1; 0.1 ml of 20 mM 3H-TDG
at 2 ACilqmole was added to start the reaction.
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FIG. 3. Accumulation of D-fucose. The experi-

ment was performed as in Fig. 1. The reaction was

started by adding 0.1 ml of 25 pisi D- [3H]fucose at
200 1ACi/Mmole.

steady-state level is maintained by continuous
influx and efflux and interference with influx
leads to a rapid fall in intracellular level. Ga-
lactose (10 mM) strongly inhibited TMG up-

take (Fig. 4) and rapidly reduced previously
accumulated TMG to a very low level (not
shown). Galactose added at a concentration of
1 mm to cells preincubated with 14C-TMG also
produced a rapid release of the radioactive
sugar (Fig. 4). This inhibitory effect of galac-

tose appeared to be a direct one on the mem-
brane carrier for TMG and not on metabolism
of the energy source. Added galactose was
found to have no significant effect on the up-
take or metabolism of glucose in this organism.
Because of the high affinity of the carrier for
galactose, it was impossible from these data to
determine whether this sugar can act as an
energy donor for TMG accumulation.

Although the carrier responsible for TMG
transport showed a very weak affinity for lac-
tose, this sugar was capable of entering the
cells and supporting growth. This was shown
by transferring galactose-grown cells to the rich
medium (1) supplemented with various sugars
at a concentration of 1%. The following growth
rates were observed (doubling time in minutes):
no sugar, 308; lactose, 84; galactose, 48; glu-
cose, 36; gluconate, 300. Cells grown in rich
medium containing 30 mM arginine (doubling
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FIG. 4. Effect of various sugars on TMG accumu-

lation. Each vessel contained: 0.1 ml of washed
Streptococcus lactis 7962 cells at 1,000 Klett units,
0.1 ml of 100 mM glucose, and 0.5 to 0.7 ml of 0.1 M
sodium phosphate buffer (pH 7.0) containing I mM
MgCI2, to a final volume of 1.0 ml. After 5 min of
incubation at 25 C, 0.1 ml of I mM '4C-TMG at 5
gCi/ttmole was added to start the reaction. Portions
of 0.1 were filtered at the indicated intervals. In par-
allel tubes, 0.1 ml of 10 or 100 mM sugar was added
at 10 min, as indicated by the arrow. Portions of 0.1
ml were removed for cell filtration at the indicated
times.
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time 80 min) showed very low TMG transport
activity. When galactose was added to the
growth medium, the cells showed a sixfold in-
crease in TMG accumulation. Lactose induced
transport to one-half that of galactose; IPTG,
TMG, D-fucose and glucose had no inducing
effect.

Effect of uncoupling agents. The addition
of agents that uncouple oxidation from phos-
phorylation (2 x 10-6 M CCFP or 2 x 10-5 M

pentachlorophenol) was found to abolish active
transport of TMG by S. lactis. The inhibitors
did not, however, affect the initial rate of entry
of the galactoside, and there was rapid equili-
bration of the concentrations inside and out.
The activity of the carrier for TMG was

apparently not dependent on sulfhydryl
groups, as addition of p-chloromercuribenzoate
(1 mM) had no effect on accumulation. Formal-
dehyde (10 mM) also had no effect.
Evidence for the presence of membrane

carriers in energy-uncoupled cells. TMG
entered cells rapidly in the absence of glucose
(Fig. 1). That this entry was carrier-mediated
was shown by the inhibition by chemical ana-

logues known to competitively block active
transport. Figure 5 shows that the rate of entry
of TMG into glucose-deprived cells was re-

duced by galactose as well as by thiodigalac-
toside and D-fucose.

Further evidence for the presence of func-
tional carriers was demonstrated by the com-

petitive inhibition for the carrier on the inner
surface of the membrane (counterflow; Fig. 6).
Cells were preloaded with 20 mm nonradioac-
tive TMG, separated from the medium, and
placed in 0.5 mm 14C-TMG. The radioactive
sugar entered the cell but was "trapped" on

the inside, because the nonradioactive sugar
molecules, present in high concentrations, oc-

cupied most of the sites for exit. Thus, accu-

mulation of the radioactive TMG occurred.
The competition for exit persisted only for a

brief period of time, as the inhibiting sugar
molecules were transported out of the cell on

the membrane carriers. Equilibration of in-
ternal and external TMG was finally estab-
lished. This phenomenon, known as counter-
flow, is a characteristic property of membrane
carriers uncoupled from energy (25). The ac-

tivity of the carriers was not abolished by un-

coupling agents that inhibit active accumula-
tion. When CCFP was present in concentra-
tions ranging from 5 x 10-7 to 5 x 10-5 M,

neither the initial rate of entry of '4C-TMG
nor the position of the counterflow peak was

altered.
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FIG. 5. Effect of various sugars on TMG equili-

bration. Each tube contained: 0.2 ml of washed ex-

ponential-phase Streptococcus lactis 7962 cells at
8,000 Klett units; either 20 mM D-fucose, 20 mM
TDG, or 10 mM galactose, as indicated; and 0.1 M
sodium phosphate buffer (pH 7.0) containing 1 mM

MgCI2, to a volume of 0.9 ml. The reaction was

started by adding 0.1 ml of 25 mm "4C-TMG at 0.1
uiCi/,qmole. Samples of 0.1 ml were removed at inter-
vals, and the cells were filtered and counted as in
Fig. 1.

That transport carriers function even in the
absence of an energy source was further indi-
cated by comparing the activities of S. lactis
7962 with the mutant S. lactis 7962-6 which
cannot ferment galactose (12). The mutant
cells were capable of glycolysis but could not
accumulate TMG in the presence of glucose.
In the absence of glucose, the mutant cells
required more than 30 min to achieve an intra-
cellular concentration equal to that of the
medium (1 mM), whereas the wild type reached
equilibration within 2 min. The mutants thus
appeared to lack transport carrier.

Efflux of TMG. The observation that cells
did not accumulate f3-galactosides without an

added metabolizable sugar, yet appeared to
have functional transport carriers, led to the
expectation that exit of sugars was faster in
cells that were incapable of accumulation. This
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FIG. 6. Counterflow. The experiment was per-
formed essentially as described previously (23). Each
tube contained: 0.5 ml of washed Streptococcus
lactis cells at 4,500 Klett units, 0.4 ml of 100 mM
TMG for preloading, and 0.1 M sodium phosphate
buffer (pH 7.0) containing 1 mm MgCI2, to a volume
of 2.0 ml. After 30 min of incubation at 25 C, the
cells were centrifuged at 24,000 x g for 15 min at 4
C, and the sides of the centrifuged tubes were
swabbed. The reaction was started by quickly
mixing the cells with 3.0 ml of 0.5 mm 14C-TMG at 1
yCi/gmole in phosphate buffer. Portions of 0.2 ml
were removed at intervals; the cells were collected
on membrane filters, washed with 5.0 ml of phos-
phate buffer,-and counted.

was found to be the case when efflux' of accu-
mulated f-galactoside was measured in the
presence and absence of glucose (Table 1). Exit
was more rapid from the cells in the absence of
glucose (i.e., unable to accumulate sugars) than
in the presence of glucose. Addition of uncou-

pling agent to cells in the presence of glucose
increased the rate of exit. The inhibitor also
slightly increased the exit rate from cells in
the absence of added energy source, probably
indicating an incomplete uncoupling of active
transport in the absence of an added energy
source.

DISCUSSION
These studies demonstrate that S. lactis

7962 accumulated TMG as the free sugar in a
manner similar to that found in E. coli. The

natural substrate for this transport system in
galactose-grown cells appeared to be galactose,
as the carrier possessed its greatest affinity for
galactose and almost no affinity for lactose.
Furthermore, galactose was a good inducer of
TMG transport, whereas lactose was only one-
third as active as an inducer. The galactose
derivative 6-deoxy-D-galactose (D-fucose)
seemed to share this carrier, as it was actively
transported, and D-fucose shows inhibition of
TMG entry.
The absence of energy coupling, although

abolishing accumulation, did not lead to loss of
carrier activity. In the absence of glucose,
TMG entry was rapid and inhibited by galac-
tose and TDG. In contrast, the transport-neg-
ative mutant showed extremely slow entry of
the sugar in the presence or absence of glucose.
Additional evidence for the presence of mem-
brane carriers in uncoupled cells was the dem-
onstration of counterflow. As in E. coli, uncou-
pling of S. lactis increased exit rate. All of
these data are consistent with the view that
energy uncoupling increases the affinity for
exit, having relatively little effect on entry.
Thus, removal of glucose abolishes active
transport while the membrane carriers are still
able to facilitate the equilibration of internal
and extemal concentrations of sugar.

Galactoside carrier activity in E. coli has
been reversibly reduced under special condi-
tions. Reactivation on addition of glucose was

TABLE 1. Efflux of '4C-TMG from Streptococcus
lactis 7962a

Time for 50% loss
Additions of intracellular

"C-TMG (sec)

A. None 48
B. Glucose 271
C. CCFP 22
D. Glucose + CCFP 51

aFor preloading, each vessel contained: 0.4 ml of
washed S. lactis 7962 cells at 4,800 Klett units, 0.4
to 1.0 ml of 0.1 M sodium phosphate buffer (pH 7.0)
containing 1 mM MgCl2, for a final volume of 2.0 ml;
0.4 ml of 100 mM glucose in vessels B and D; and 2
Aliters of 10-2 M CCFP in 95% ethanol in vessels C
and D. To achieve a starting iptracellular 14C-TMG
concentration of about 10 mM, 0.2 ml of 1 mM "4C-
TMG at 5 ,Ci/,umole was added to vessel B; vessels
A, C, and D received 0.6 ml of 10 mM "C-TMG at
0.05 gACi/Amole. After incubation for 30 min at 4 C,
efflux was measured by diluting the cells 1: 100 with
buffer which contained 2.5 x 10-6 M CCFP in the
case of vessels C and D. Samples (10 ml) were fil-
tered and counted. All manipulations were carried
out at 4 C.
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described by Koch (11), and reactivation on
addition of adenosine triphosphate (ATP) was
described by Scarborough et al. (17) and by
West (20). It seems likely that these effects are
unrelated to the uncoupling phenomenon
which is the subject of this paper.
Energy requirement for active transport.

The profound effect in anaerobic cells of
agents that inhibit phosphorylation or that
uncouple oxidative phosphorylation is of con-
siderable interest. In 1964, Whittam et al. (21)
showed that oligomycin inhibited the sodium
transport in the human erythrocyte, a cell
without oxidative phosphorylation. Harold and
Baarda (5) found that a variety of uncoupling
agents blocked the utilization of metabolic
energy for membrane transport by S. faecalis,
a fermentative organism. Pavlasova and
Harold (15) showed that j3-galactoside accumu-
lation in E. coli under anaerobic conditions
was abolished by uncouplers without affecting
carrier activity and without altering the
steady-state level of ATP in the cell. These
authors attribute the effect of uncouplers to
the dissipation of proton gradients across the
cell membrane, in accordance with the chem-
iosmotic theory of Mitchell (14). The present
observations on S. lactis 7962 add further evi-
dence that the source of energy for accumula-
tion of certain sugars is a high-energy com-
pound or high-energy state. This high-energy
intermediate may be generated either by oxi-
dative phosphorylation directly or from anaer-
obic metabolism via ATP.

ACKNOWLEDGMENTS
Mutant S. kactis 7962-6 was kindly given to us by W. E.

Sandine.
This investigation was supported by Public Health Ser-

vice grant AM-05736 from the National Institute of Arthritis
and Metabolic Diseases.

LITERATURE CITED
1. Citti, J. E., W. E. Sandine, and P. R. Elliker. 1965. ,-

Galactosidase of Streptococcus lactis. J. Bacteriol. 89:
937-942.

2. Cohen, G. N., and J. Monod. 1957. Bacterial permeases.
Bacteriol. Rev. 21:169-194.

3. Desai, P. D., and M. Goldner. 1969. Effect of low pH on
thiomethyl-,6-D-galactoside uptake by Streptococcus
lactis. J. Bacteriol. 100:1415-1416.

4. Fields, K. L., and S. E. Luria. 1969. Effects of colicins
El and K on transport systems. J. Bacteriol. 97:57-
63.

5. Harold, F. M., and J. R. Baarda. 1968. Inhibition of
membrane transport in Streptococcus faecalis by un-
couplers of oxidative phosphorylation and its relation-
ship to proton conduction. J. Bacteriol. 96:2025-2034.

6. Kundig, W., S. Ghosh, and S. Roseman. 1964. Phosphate
bound to histidine in a protein as an intermediate in
a novel phospho-transferase system. Proc. Nat. Acad.
Sci. U.S.A. 52:1067-1074.

7. Kashket, E. R., and T. H. Wilson. 1969. Isolation and
properties of mutants of Escherichia coli with in-
creased phosphorylation of thiomethyl-fi-galacto-
side. Biochim. Biophys. Acta 193:294-307.

8. Kashket, E. R., and P. T. S. Wong. 1969. The intracel-
lular pH of Escherichia coli. Biochim. Biophys. Acta
193:212-214.

9. Kepes, A., and J. Monod. 1957. Etude du fonctionne-
ment de la galactoside-permease d'Escherichia coli.
C. R. H. Acad. Sci. 244:809-811.

10. Koch, A. L. 1964. The role of permease in transport.
Biochim. Biophys. Acta 79:177-200.

11. Koch, A. L. 1971. Energy expenditure is obligatory for
the downhill transport of galactosides. J. Mol. Biol.
59:447-459.

12. McKay, L., A. Miller III, W. E. Sandine, and P. R. El-
liker. 1970. Mechanisms of lactose utilization by lactic
acid streptococci: enzymatic and genetic analyses. J.
Bacteriol. 102:804-809.

13. McKay, L. L., L. A. Walter, W. E. Sandine, and P. R.
Elliker. 1969. Invol,vement of phosphoenolpyruvate in
lactose utilization by group N streptococci. J. Bac-
teriol. 99:603-610.

14. Mitchell, P. 1966. Chemiosmotic coupling in oxidative
and photosynthetic phosphorylation. Biol. Rev. Cam-
bridge Phil. Soc. 41:445-502.

15. Pavlasova, E., and F. M. Harold. 1969. Energy coupling
in the transport of ,-galactosides by Escherichia coli:
effect of proton conductors. J. Bacteriol. 98:198-204.

16. Rickenberg, H. C., G. N. Cohen, G. Buttin, and J.
Monod. 1956. La galactoside-permease d'Escherichia
coli. Ann. Inst. Pasteur 91:829-857.

17. Scarborough, G. A., M. K. Rumley and E. P. Kennedy.
1968. The function of adenosine 5'-triphosphate in the
lactose transport system of Escherichia coli. Proc.
Nat. Acad. Sci. U.S.A. 60:951-958.

18. Thomas, T. D., and R. D. Batt. 1969. Degradation of cell
constituents by starved Streptococcus lactis in rela-
tion to survival. J. Gen. Microbiol. 58:347-362.

19. Thomas, T. D., and R. D. Batt. 1969. Metabolism of
exogenous arginine and glucose by starved Strepto-
coccus lactis in relation to survival. J. Gen. Microbiol.
58:371-380.

20. West, I. C. 1969. The site of action of adenosine-5'-tri-
phosphate on ,#-galactoside transport in Escherichia
coli. FEBS Lett. 4:69-71.

21. Whittam, R., K. P. Wheller, and A. Blake. 1964. Oligo-
mycin and active transport reactions in cell mem-
branes. Nature (London) 203:720-724.

22. Wilson, T. H., M. Kusch, and E. R. Kashket. 1970. A
mutant in Escherichia coli energy-uncoupled for lac-
tose; a defect in the lactose-operon. Biochem. Bio-
phys. Res. Commun. 40:1409-1414.

23. Winkler, H. H., and T. H. Wilson. 1966. The role of en-
ergy coupling in the transport of ,B-galactosides by
Escherichia coli. J. Biol. Chem. 241:2200-2211.

24. Wong, P. T. S., E. R. Kashket, and T. H. Wilson. 1970.
Energy coupling in the lactose transport system of
Escherichia coli. Proc. Nat. Acad. Sci. U.S.A. 65:63-
69.

25. Wong, P. T. S., and T. H. Wilson. 1970. Counterflow of
galactosides in Escherichia coli. Biochim. Biophys.
Acta 196:336-350.

VOL. 109, 1972 789


