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Starved cells of Streptococcus lactis ML3 (grown previously on galactose,
lactose, or maltose) accumulated methyl-,8-D-thiogalactopyranoside (TMG) by
the lactose:phosphotransferase system. More than 98% of accumulated sugar was
present as a phosphorylated derivative, TMG-6-phosphate (TMG-6P). When a
phosphotransferase system sugar (glucose, mannose, 2-deoxyglucose, or lactose)
was added to the medium simultaneously with TMG, the ,-galactoside was
excluded from the cells. Galactose enhanced the accumulation of TMG-6P.
Glucose, mannose, lactose, or maltose plus arginine, when added to a suspension
of TMG-6P-loaded cells of S. lactis ML3, elicited rapid expulsion of intracellular
solute. The material recovered in the medium was exclusively free TMG. Expul-
sion of galactoside required both entry and metabolism of an appropriate sugar,
and intracellular dephosphorylation of TMG-6P preceded efflux of TMG. The
rate of dephosphorylation of TMG-6P by perrneabilized cells was increased two-
to threefold by adenosine 5'-triphosphate but was strongly inhibited by fluoride.
S. lactis ML3 (DGr) was derived from S. lactis ML3 by positive selection for
resistance to 2-deoxy-D-glucose and was defective in the enzyme II"M component
of the glucose:phosphotransferase system. Neither glucose nor mannose excluded
TMG from cells of S. lactis ML3 (DGr), and these two sugars failed to elicit TMG
expulsion from preloaded cells of the mutant strain. Accumulation of TMG-6P by
S. lactis ML. can be regulated by two independent mechanisms whose activities
promote exclusion or expulsion of galactoside from the cell.

The accumulation ofglucose, lactose, and non-
metabolizable analogs 2-deoxy-D-glucose (2-DG)
and methyl-,8-D-thiogalactopyranoside (TMG)
by Streptococcus lactis (18, 20, 21, 36, 37, 39)
and other streptococci (2, 8, 9, 13, 33, 34) is
mediated by the glucose:phosphotransferase
system (PTS) and lactose:PTS. During trans-
port via the PTS (for reviews see references 7,
25, and 29), incoming sugars are phosphorylated
simultaneously with translocation, as follows:

IIImC, respectively; and 2-DG-6P and TMG-6P
are 2-DG and TMG 6-phosphates, respectively).
In this multicomponent system EI and a histi-
dine-containing phospho carrier, HPr, initiate
phosphoryl transfer from PEP. These soluble
(cytoplasmic) proteins are the general energy
coupling proteins. Enzyme EIIIIAC is also a sol-
uble component required for lactose transport,
and EIIml and EII' are the integral membrane
proteins which function as the sugar recognition

PEP + HPr El, Mg2+ HPr-P + pyruvate

Glucose
HPr-P + (2DG)

(TMG)

EIIMan HPr + glucose 6-phosphate
I (2DG-6P)

EIIac/EllAc HPr + lactose 6-phosphate
(TMG-6P)

(where PEP is phosphoenolpyruvate; EI, EHm', components of the PTS. In a previous study (40)
EIIIAC, and EIIJC are enzymes I, [HM, HI',C and it was found that glucose, 2-DG, and lactose

t Present address: Laboratory of Microbiology and prevented uptake ofTMG by S. lactis ML3, and
nology, National Institute of Dental Research, Bethesda, MD similar observations have since been reported
20205. with other streptococci (8, 9). Glucose and lac-

885



886 THOMPSON AND SAIER

tose have much greater affinity for EHM and
EII", respectively, than TMG exhibits for
EIII*C, and it was proposed that: (i) inhibition of
TMG accumulation by lactose was a conse-
quence of competition and preferential binding
ofdisaccharide to the common EII' recogtion.
protein, and (ii) that exclusion of TMG by glu-
cose resuted from preferential utilization of the
common phosphoryl donor (HPr-P) during
translocation of glucose via the glucose-PTS. In
the previous report (40) (because of a lack of
suitable PTS mutants) we could not eliminate
the possibility that TMG exclusion was a con-
sequence of inhibition of EIIIAC by glucose. The
isolation of S. kactis ML. (DGr), an EIIS-de-
fective strain, has enabled us to study and to
discount this possibility.

Reizer and Panos (28) recently described a
novel mechanism for the regulation ofTMG-6P
accumulation by Streptococcuspyogenes. In this
organism translocation of glucose via the PTS
(or an intracellular derivative) promoted expul-
sion of fiee galactoside from the intracellular
TMG-6P pooL We have found that a number of
sugars, including ucose, elicit TMG-6P hydrol-
ysis and rapid efflux ofTMG from S. lactis MLs.
It has become apparent from this investigation
that certain sugars (e.g., glucose and lactose)
may regulate TMG accumulation in S. lactis
ML3 by both exclusion and expulsion mecha-
nsms. In the cas of glucose, these dual regula-
tory functions can be relieved by introduction of
a lesion in the EUMa complex of the glucose-
PTS.

MATEFIALS AND METODS
Strains. S. lactis ML. was obtained from the cul-

ture collection of the New Zealand Dairy Research
Istitute. S. lactis ML. (DGI) was derived from the
wild type by positive selection for resistance against 2-
DG by a modfied method of Saier et al. (30).
Growth of cells. The orga-nism were grown in

complex medium contaiing, per liter: beef extract, 2
g; yeast extract, 2 g; peptone (Difco), 5 g; tryptone
(Difco), 2 g-, ascorbic acid, 0.5 g;, argine, 0.26 g;
Na2HPO4, 8.5 g; KH2PO4, 2 g; MgSO4.7H2O, 2.5 g-, and
sugar, 5 g.
Accumulation of sugars by starved cells.

Starved cells containing an endogenous PEP potential
(36, 39) were prepared as descibed previously (35). In
the standard procedure approx tely 80 to lOO A1 of
starved celi suspenson was added to 9.8 ml of 0.1 M
Tris-maleate buffer (pH 7.0) (containing, when re-
quired, 10 mM iodoacetate [IAA]) to obtain a celi
density of 200 pg (dry weight) of cells per ml. After 2
min of incubation (or 10 min when IAA was present to
block glycolysis) 14C-labeled sugar (specific activity,
0.2 #Ci/pmol) was added to a final concentration of0.2
mM for glucose analogs and OA mM for TMG. Accu-
mulation of sugars was followed by using previously
described procedures (36).
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P-p-gaactosldas assay. Phospho-fi-galactosid-
ase (P-B-galactosidase) activity was determined by the
method of Heller and Roschenthaler (8).
Preparaton of [1 JTMG-P-loaded oells for
xpulson studies. The preloading medium (20 ml)

contained 0.1 M Tris-maleate buffer (pH 7.0), 0.2 mM
["C]TMG (specific activity, 0.4 pCi/pumol), 10 mM
IAA (when required), and 16 mg (dry weight) of
starved cells. After exactly 2 mi or 8 min (using
galactose- or maltose-grown cells, respectively) of in-
cubation at 30°C, by which time maximum accumu-
lation of [14C]TMG-6P had occurred, the suspension
was chilled rapidly to 0°C. The cells were collected by
centrifugation (12,000 x g, 1 min), supernatant fluid
was removed by aspiration, and excess liquid was
removed by using cotton buds. The [14C]TMG-6P-
loaded cell pellet was suspended by rapid mixing on a
Vortex stirre with 8 ml of ice-cold 0.1 M Tris-maleate
buffer (pH 7.0) contain if necesary, 10 mM IAA.
In the exsion experiments 1.0 ml of this suspension
(equivalet to 2 mg [dry weight] of cells) was trans-
ferred to 9.0 ml of incubation medium (at 30°C) con-
tning 0.1 M Tris-maleate buffer (pH 7.0) and appro-
priate addition&

Preparation of ['4CJTMG-6P. Starved celLs of S.
lactis ML4 readily accumulated [14CTMG as [4C]-
TMG-6P via the lactose-PTS (36, 39), and this pro-
vided the method for preparation ofsubstrate amounts
of the phosphorylated derivative. In the standard pro-
cedure three 20-ml volumes of uptae solution (at
300C) were prepaed containin 0.1 M Tris-maleate
buffer (pH 7.0) and 0.5 mM [4C]TMG (specific activ-
ity, 0.4 QCi/pmol). Starved cells of S. lactis ML4 (0.1
g [dry weight] of cells) were added to each flask, and
incubation was continued for 2 min, by which time
maximum accumulation of ["4C]TMG-6P had oc-
curred. The suspensions were chilled to 0°C, and the
preloaded cells were collected by centrifugation
(12,000 x g, 1 min). Supernatant fluid was removed by
aspiration, and the sides ofthe tube were swabbed free
of adhering liquid Each pellet was suspended with 10
ml of 0.06 M Tris-maleate buffer (pH 7.0) at OC. The
cells were collected by centrifigation, and 10 ml of
boiling water was added to each pellet. The suspen-
sions were boiled in a water bath (1000C) for 7 min,
and after cooling to 0°C cell debris was removed by
centrifugation (27,000 x g, 15 mm). The clarified su-
pernatant fluids were collected by Pasteur pipette,
pooled, and freezedried overnight. The [14CJTMG-6P
was isolated by ion-exchange chromatography by the
method of Kashket and Wilson (14). The freze-dried
residue was reconstituted with 1.5ml of distilled water,
and the solution waswtransferred to a column (0.8 by
6.0 cm) of AG1-X2 resin (50 to 100 meshh; bicarbonate
form; Bio-Rad Laboratories). Free [4C]TMG was
eluted from the resin with 7 ml of distilled water, and
['4CJTMG-6P was subsequently eluted with 6 ml of a
saturated solution of ammonium bicarbonate. All
traces of NH4HCO3 were removed by repeated rotary
evaporation (7 x 5-ml volumes of water) of the prep-
aration. The residual materl was redisslved in 1.5
ml of distilled water. This final solution usually con-
tained ca. 14 pmol of [14CJTMG-6P (eqWvalent to a
total of 12 x 10 cpm) and was maintained frozen until
required. The preparation consisted of ca. 99%
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['4C]TMG-6P as determined by ion-exchange (CI-)
chromatography, and the derivative was converted to
free [14C]TMG after treatment with alkaline phospha-
tase.
PEP depletion and permeabilization proce-

dures. For studies of [14C]TMG-6P hydrolysis by in-
tact or permeabilized cells, the cells had to be first
depleted of endogenous PEP potential in order to
eliminate the possibility of subsequent re-phosphoryl-
ation of free TMG by the lactose-PTS. In this proce-

dure, two samples of 40 mg (dry weight) of cells were
each suspended in 20 ml of 0.1 M Tris-maleate buffer
(pH 7.0) containing 10 mM IAA. After 2 min of incu-
bation (at 30°C), 0.1 ml of 0.1 M 2-DG solution was

added to each system, and incubation was continued
for 30 min. (The endogenous PEP potential was con-
sumed within ca. 30 s during uptake of 2-DG [as 2-
DG-6P], and thereafter, after dephosphorylation in
vivo, free 2-DG exited the cell [see Fig. 5 of reference
36].) The suspensions were cooled and centrifuged
(12,000 x g, 1 min), and the two cell pellets (80 mg,

total dry weight) were combined in a total volume of
1 ml of 0.1 M Tris-maleate buffer (pH 7.0) containing
10 mM IAA at 0°C. The cells were permeabilized by
addition of three glass beads and 25 pl of a toluene-
acetone (1:4) mixture, followed by 2 min of vigorous
agitation (with intermittent cooling in ice water) using
a Vortex mixer. The process was repeated.

Hydrolysis of [14CJTMG-6P by intact and per-

meabilized cells. The usual assay system consisted
of: 100 ptl of permeabilized (or intact) cell suspension
(ca. 8 mg total [dry weight] of cells); 15 PI of [14C]-
TMG-6P solution (0.14 umol, ca. 10' cpm); 50 pil of 0.2
M Tris-maleate buffer (pH 7.0); and appropriate ad-
dition of substrates to a final volume of 200 pi con-
tained in 1.5-ml disposable polypropylene tubes. After
incubation for 60 min at 30°C the assays were stopped
by heating in boiling water for 7 min, and cell debris
was removed by centrifugation for 2 min on an Eppen-
dorf Microcentrifuge model 5412 (Brinkmann Instru-
ments Inc., Westbury, N.Y.). Free and phosphorylated
sugars present in the clarified supernatant fluid were

determined by ion-exchange chromatography and liq-
uid scintillation as previously described (16).

Reagents. Chemicals were purchased from Sigma
Chemical Co., St. Louis, Mo. Radioactive sugars were
obtained from the Radiochemical Centre, Amersham,
England, and New England Nuclear Corp., Boston,
Mass.

RESULTS

Accumulation of PTS sugars by S. lactis
ML3 and S. lactis ML3 (DGr). Starved cells of
S. lactis ML3 (grown previously on galactose)
accumulated glucose, mannose, 2-DG, and fruc-
tose to a maximum intracellular concentration
of ca. 20 mM (Fig. 1A). By contrast, galactose-
grown cells of S. lactis ML3 (DG') were unable
to accumulate significant levels of any of these
PTS sugars (Fig. 1B). Kinetic analyses con-

ducted with intact cells (Table 1) and in vitro
assays using cell-free extracts (data not shown)
revealed that glucose-PTS activity of the 2-DG-
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FIG. 1. PEP-dependent sugar uptake by starved
cells of (A) S. lactis ML3 and (B) S. lactis ML3 (DGr).
The cells, grown on galactose, were suspended at 200
pg (dry weight) per ml in 0.1 M Tris-maleate buffer
(pH 7.0) containing 10 mM IAA and 0.2 mM radio-
labeled sugar (specific activity, 0.2 iCi/unol). Sym-
bols: *, TMG; 0, a-MG; A, fructose; A, 2-DG; ,
glucose; and 0, mannose. SUGAR,,,, Intracellular
sugar concentration.

TABLE 1. Transport ofPTS sugars by S. lactis ML3
and S. lactis ML3 (DG')a

Initial rate of sugar
transportb

Sugar
s.latis ~S. lactisML3S. lactis MIJ3 S.IDGr)L

Glucosec 405 16
2-DG 418 16
Mannose 398 23
Fructose 68 20
a-MG 8 6
TMG 233 228

a Both strains were grown in complex medium con-
taining 0.5% (wt/vol) galactose. All sugars except
TMG (0.4 mM) were present at a final concentration
of 0.2 mM, and other conditions were as described in
the text.

b Expressed as micromoles ofsugar accumulated per
gram (dry weight) of cells per minute.

'In this study the EII complex of the glucose-PTS
present in S. lactis and S. mutans (33) has been
designated EIIM'n. The complex is similar to a system
in S. typhimurium and E. coli which catalyzes the
transport and phosphorylation of sugars with affinities
in the order: glucose > mannose > 2-DG > fructose.
This nomenclature avoids confusion with a second
glucose-specific PTS whose EII complex (designated
EIIGic) exhibits specificity toward glucose and a-MG
(see reference 25).

resistant strain was <5% that of the wild-type
organism. Complementation studies showed
that the lesion had occurred in the membrane-
bound EIIM' complex ofthe PTS (J. Thompson,
B. Feucht, and M. Saier, unpublished data).
Both S. lactis ML3 and S. lactis ML3 (DGr)
readily accumulated TMG via the lactose-PTS
(Fig. 1A and B, respectively).
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Accumulation and exclusion of TMG by
wild-type and mutant strains. Starved celLs
of S. lactis ML3 contain an endogenous PEP
potential (36, 39), and TMG was accumulated to
a maximum concentration of ca. 25 to 30 mM
within 5 min of incubation (Fig. 2A). Approxi-
mately 98% of the total intracellular material
was present in the phosphorylated form (TMG-
6P), and the maximum rate of TMG uptake via
the lactose-PTS occurred at pH 6.5 to 7. When
glucose, mannose, or lactose was added to the
medium simultaneously with the radiolabeled
8-galactoside, the TMG was excluded from the
cells (Fig. 2A). Exclusion was not dependent
upon metabolism of the PTS sugars since the
effect was produced by 2-DG and by glucose,
mannose, and lactose in IAA-inhibited cells
(data not shown, but see references 36 and 40).
Galactose enhanced uptake of TMG, but the
stimulation was abolished by IAA. In contrast
to the parental strain, only lactose caused exclu-
sion of TMG from S. lactis ML3 (DGr), and this
result showed that TMG exclusion in the wild
type was not due to glucose inhibition of EIIHAC.
Glucose, mannose, and galactose stimulated
TMG accumulation in the mutant (Fig. 2B), but
in the presence of IAA, accumulation was re-
duced to control levels (data not shown).
TMG expulsion from S. lactis ML3. Maxi-

mum uptake of TMG-6P (ca. 5 min) was fol-
lowed by a slow efflux of accumulated material
(Fig. 3A). However, the addition of glucose or
lactose (or mannose; data not shown) induced
rapid loss of accumulated material from S. lactis
ML3. Galactose, by contrast, stimulated uptake

TO

B

60 A A-

50 -

40-E . ,,'Do ___

0 2 4 6 8 t0 2 4 6 8 10
TIME, min

FIG. 2. Accumulation of TMG-6P by (A) S. lactis
ML3 and (B) S. lactis ML3 (1)G9 in the presence of
various sugars: 0, control (no added sugar); A, ga-
lactose; 0, lactose; 0, maumose; and U, glucose. The
concentrations of [14CJTMG and metabolizable
sugars were 022 mM (specific activity, 0.2 #Ci/tnol)
and 1 mJM, respectively. Both strains were grown on

galactose. TMG-6Pm, intracellular TMG-6P concen-
tration.

O 2 6 10 14 4 8 12 K6
TIME, min

FIG. 3. Effects of added sugars on TMG-6P accu-
mulaton by cells of S. lactis ML3 in the absence (A)
and presence (B) of IAA. The 8tarved ceUs, grown
previously on galactose, were suspended at a concen-
tration of 200 pg (dry weight) per ml in buffered
medium containing 02 mM/'4C]TMG (specific activ-
ity, 0.2.UCi/mlMO) and, when appropriate, 1OmMIA.
After maximal accumulation of galactoside, sugars
were added (arrow) to a final concentration of I mM.
Symbols: 0, control (no sugar added); A, galactose;
0, lactose; I, glucose.

of the galactoside. The effects of added sugars
were abolished by previous exposure of the cells
to LAA (Fig. 3B). The analytical data (Table 2)
showed that in control cells, and in cells metabo-
lizing galactose, approximately 97 to 98% of the
total material present was in the form of TMG-
6P. During expulsion elicited by glucose or lac-
tose there was a marked increase in intracellular
levels 6f free TMG, and TMG-6P was not de-
tected in the medium (data not shown). These
two observations suggested that dephosphoryl-
ation of TMG-6P preceded expulsion of the free
galactoside.
Expulsion of TMG from S. lactis ML3

(DG'). The loss of intracellular TMG observed
upon addition of glucose, mannose, or lactose
(Fig. 3A) could have been a consequence of two
separate mechanisms, as follows. (i) If accumu-
lation of TMG-6P at any instant represented a
steady-state condition (between uptake via the
lactose-PTS and subsequent exit of free galac-
toside), then inhibition of TMG entry by glu-
cose, mannose, or lactose would cause the uni-
directional efflux offi-galactoside. Alternatively,
(ii) the sugars (or derivatives formed within the
cells) could promote loss of accumulated solute
via specific activation of a dephosphorylation/
expulsion mechanism. Experiments described in
Fig. 4 established the operation of the second
mechanism. When ['4C]TMG-6P-preloaded
cells of S. lactis ML, were suspended in buffered
medium (lacking [14C]TMG) a slow efflux of 8-

J. BACTERIOL.
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galactoside was observed. However, in the pres-
ence of glucose, mannose, or lactose (but not
galactose) the intracellular concentration of
TMG-6P decreased by >90% within 2 min of
incubation (Fig. 4A). After introduction of the
EIIm'a lesion, only lactose induced rapid expul-
sion of the galactoside from S. lactis ML3 (DGr)
(Fig. 4B). In separate experiments it was found
that (i) expulsion of TMG was abolished by
previous exposure of the cells to IAA, and (ii)
non-metabolizable sugar analogs (including 2-
DG, 6-deoxy-D-glucose, 2-deoxy-D-galactose,
and a-methylglucoside [a-MG]) failed to elicit
significant expulsion of TMG. The slight re-
sponse observed in some instances was most
probably due to glucose present as contaminant.
TMG expulsion in the presence of galac-

tose. Galactose metabolism stimulated TMG-
6P accumulation by wild-type and glucose-PTS-
defective strains (Fig. 2A and B, respectively). It
was of interest to determine whether glucose or
lactose addition would also induce TMG expul-
sion from cells metabolizing galactose. In me-
dium containing galactose, celLs of S. lactis ML3
accumulated TMG-6P to a maximum concentra-
tion of 35 to 40 mM within 6 min of incubation
(Fig. 5A). The addition of glucose, mannose, or
lactose (and to a lesser degree, 2-DG) caused the
immediate expulsion of galactoside. The effect
of 2-DG may be due to inhibition of galactose
metabolism rather than expulsion. The accu-
mulation of TMG-6P by S. lactis ML3 (DGr)
was considerably greater than observed in the
wild type, attaining a maximal concentration of
ca. 55 to 60 mM within 10 min of incubation
(Fig. 5B). Addition of the glucose-PTS sub-
strates elicited only a slight loss of intracellular
material, but as with S. lactis ML3 the presence
of lactose promoted immediate expulsion of
TMG from the EIIM mutant.
TMG transport by glucose-grown cells of

S. lactis ML3 and S. lactis ML3 (DGr). Starved

cells of S. lactis ML3 (grown previously on glu-
cose) possessed low levels of the lactose-PTS
enzymes, and TMG uptake was correspondingly
slow (Fig. 6A; 1.7 pmol ofTMG-6P accumulated
g '[dry weight] of cells min-'). The galactoside
was excluded by glucose, mannose, and lactose.
These cells contained low levels of P-,B-galacto-
sidase activity (28 umol of o-nitrophenyl-,8-D-
galactopyranoside 6-phosphate hydrolyzed g-1
[dry weight] of cells min-'). Glucose-grown cells

of S. lactis ML3 (DGr) transported TMG at a
rate ca. eightfold greater than the wild type (14.7
,umol of TMG-6P accumulated g-1 [dry weight]
of cells min-') and possessed four- to fivefold
higher levels of P-,f-galactosidase (122 ,umol of
o-nitrophenyl-,/-D-galactopyranoside 6-phos-
phate hydrolyzed g-' [dry weight] of cells min-').
As with S. lactis ML3, lactose caused TMG
exclusion from S. lactis ML3 (DGr), but other

0 2 3 4 5 2 3 4 5
TIME, min

FIG. 4. Expulsion of TMG from TMG-6P-loaded
cells of (A) S. lactis ML3 and (B) S. lactis ML3 (DG').
Both strains were grown on galactose andpreloaded
with TMG-6P as described in the text. The cells were
suspended in buffered medium containing 1 mM con-

centrations of the appropriate sugar. Symbols: 0,

control (no sugar); A, galactose; 0, lactose; 0, man-
nose; and, glucose.

TABLE 2. Intracellular concentrations of TMG and
TMG-6P in starved cells of S. lactis ML3 after addition ofglucose, lactose, or galactose to the medium

Galactoside concn (mM) at time after sugar addition (min):

Sugar added' -0.3 -0.6 1 2 3

TMG TMGP TMG TMGP TMG TMGP TMG TMGP TMG TMGP

Glucose.0.2 22.5 4.5 21.9 5.8 14.2 3.4 7.9 1.8 4.5
Lactose.0.4 21.3 0.7 19.9 3.8 15.8 4.2 5.7 1.8 1.1
Galactose.0.7 22.7 0.4 26.1 0.3 31.3 1.2 41.7 1.4 48.9

a The experimental conditions were as described for Fig. 3A, and sugars were added after 7 min to a final
concentration of 1 mM. Samples (1 ml) were removed at intervals from each system, and cells were collected by
rapid (<10 s) membrane filtration and immediately transferred to 2 ml of boiling water. Free and phosphorylated
galactosides were determined by ion-exchange chromatography. The intracellular concentrations (millimolar)
of ['4C]TMG and ['4C]TMG-6P were calculated on the basis that 1 g (dry weight) of cells of S. lactis ML3
contained the equivalent of 1.67 ml of intracellular (protoplast) volume (35).
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FIG. 5. Accumulation of TMG-62
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FIG. 6. Accumulation of TMG-
grown ceUs of (A) S. lactis ML3 and
(DZG). The cells were suspended in 0.

buffer (pH 7.0) containing 0.2 mM
mM sugar. Symbols: 0, control (no
galacto8e; 0, lactose; O, mannose; X

sugars enhanced TMG-6P accun
glucose-PTS mutant (Fig. 6B).
grown cells of S. lactis ML3 (I
loaded with TMG-6P, only lac
expulsion ofTMG (data not shom
Expulsion of TMG from m

cells ofS. kactisM (DG'). Glu
and lactose are all transported vi
it was of interest to determine wh
sugars would also promoteTMG i

' I ' ' J tose-grown celLs were particularly suitable for
such a study: (i) such cells ed high lac-

tose-PTS activity and could be preloaded with
.TMG-6P; (ii) ATP could be generated by catab-
olism of arginine; and (iii) maltose is a non-PTS
sugar. When maltose-grown cells of S. lactis
ML3 (DGr) were preloaded with TMG, 98% of
the total intracellular material was present as
TMG-6P (Table 3), and neither glucose, man-

nose, galactose, maltose, nor
arginine (Fig. 7A)

0 caused expulsion of TMG. Lactose, or the com-
'\ bination of maltose plus arginine, induced rapid

8 12 16 expulsion of the f,-galactoside, and during efflux
8 12 there was a marked increase in the intracellular

concentration of free TMG (Table 3). IAA did
P by (A) S. Iactis not prevent TMG efflux elicited by maltose plus
n the presence Of arginie (Fig. 7B), although the effect of lactose
uent addition Of was abolished by this glycolytic inhibitor.
Cdisbufferedpre- Dephosphorylation of ["4CJTMG-6P by
(specific activity,pem meabilized cells. Intact and permeabilized
After attainment cells of S. lactis Ml (maltose grown) were
gars were added incubated with [14C]TMG-6P, and formation of
TMG-6P uptake free TMG was monitored. Intact cells possesed
ontol); A, 2-DG; only a limited capacity to hydrolyze the deriva-
ose. tive (Table 4), and addition of arginine, mal-

tose, or maltose plus arginine to the assay me-
dium was without effect. When the permeability

X barrier of the cytoplasmic membrane was dis-
. . rupted by toluene-acetone treatment, the rate of

I'4C]TMG-6P hydrolysis was increasd ca. eight-
fold (Table 4) and optimal activity occurred at
pH 7.5 tg 8. Similar results were obtained by

/t using intact and penneabilized cells of S. lactis
i' ~.* MLW grown previously on galactose. Permeabil-
/. ~ized cells of S. lactis ML3 (DGr) (Table 4) and S.

lactis 133 (Lac-) (data not shown) also liberated
TMG from TMG-6P, demonstrating that the
hydrolytic activity was not dependent upon
either the glucose- or lactose-PTS. The rate of
[14C]TMG-6P hydrolysis by permeabilized cells

4 6 8 10 was increased approximately twofold upon ad-
6P by glucose. dition of ATP or arginine plus maltose to the
(B) S. lactis ML3 assay system (Table 4). Glycolytic intermediates
JMTris-maleate (e.g., glucose-6P, fructose-6P, and fructose 1,6-
[4C]TMG and I diphosphate) did not significantly enhance the
added sugar); A, rate of TMG-6P hydrolysis above the level ob-
adE, gluose. served with ATP alone, and 10 mM fluoride

caused marked inhibition (Table 5).
niulation by the DISCUSSION

When glucose-
)Gr) were pre- Mechanism ofTMG exclusion. In the past
tose promoted decade, five general mechanisms have been de-
rn; see Fig. 4B). scribed for the regulation of sugar transport in
altose-grown bacteria (for reviews see references 4 and 32).
tcose, mannose, Two of these mechanisms, (i) competition oftwo
a the PTS, and substrates (lactose, TMG) for a common binding
ether non-PTS component, EIIH', and (ii) competition of two
expulsion. Mal- PTS's (lactose- and glucose-PTS) for a common

5--

A B~~~~
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TABLE 3. Intracellular concentrations ofTMG and TMG-6P when preloaded cells of S. lactis ML3 (DGr)
were incubated with various exogenous substratesa

Galactouide concn (mM) after incubation period (min):

Substrate 0 0.5 1 1.5 2 3

TMG TMGP TMG TMGP TMG TMGP TMG TMGP TMG TMGP TMG TMGP

None (control) .... 0.5 21.7 0.4 21.9 0.4 21.2 0.5 21.9 0.5 21.5 0.3 15.9
Arginine ......... 0.3 21.7 0.2 21.7 0.3 20.7 0.3 20.1 0.4 19.1 0.3 17.0
Maltose .......... 0.1 21.7 0.2 21.9 0.2 21.2 0.3 18.9 0.2 20.1 0.3 18.9
Arginine + maltose 0.2 21.7 0.8 22.4 2.3 17.9 2.8 9.3 0.9 5.8 0.4 1.9

'S. lactis ML3 (DGr) was grown in complex medium containing 0.5% (wt/vol) maltose as the energy source.
Starved cells were preloaded with ['4C]TMG-6P and suspended at a concentration of 200 pg (dry weight) of cells
per ml in buffered medium containing 10 mM IAA and either 1 mM maltose or 2 mM arginine. Sampling
procedures and calculation of intracellular solute concentrations (millimolar) were as described in Table 2.

TUIE, min

FIG. 7. Expulsion of TMG from TMG-6P-loaded
cells of S. lactis ML3 (DT) in the absence (A) and
presence (B) of IAA. Starved cells (grown previously
on maltose) were preloaded with TMG-6P as de-
scribed previously. The cells were suspended in
buffered medium containing, when required, 10 mM
MA and the following additions: 0, control (no ad-
dition); , I mM maltose; A, 2mM arginine; 0, 1 mM
lactose; and4 I mM maltose plus 2mM arginine.

high-energy intermediate, HPr-P, provide sat-
isfactory explanations for TMG exclusion by
lactose and glucose, respectively. From mecha-
nisn (ii) one would expect that deletion or in-
activation of the glucose-PTS would relieve the
inhibition ofTMG entry effected by glucose and
its analogs. This prediction was verified by the
observation that neither glucose, mannose, nor

2-DG caused exclusion of the galactoside from
the EIIM mutant. On the contrary, glucose and
mannose enhanced the accumulation of TMG-
6P. It should be noted that S. lactis ML3 (DGr)
grew well on glucose, though it possessed <5%
the glucose-PTS activity of the parent strain.
The mechanism ofglucose uptake by the mutant
is not known, but may be mediated by a non-

PTS mechanism. Metabolisn of glucose (and
mannose) by S. lactis ML3 (DGr) would yield

TABLE 4. [14CJTMG-6P hydrolysis by intact and
permeabilized cells"

S. lactu S. lactis

Substrate added ML4, in- perea- (DGr),
tact bilized permea-

bilized
Cells only.3.0 26.8 23.2
Arginine.4.6 37.6 30.9
Maltose.2.9 28.9 34.2
Arginine + maltose 3.4 47.4 49.3
Glucose.4.4 30.0 30.9
ATP ... 2.5 51.8 46.1
ATP + glucose.2.8 50.3 51.9

a Expressed as nanomoles of TMG liberated per
gram (dry weight) of cells per minute. Experimental
conditions were as described in the text. Total volume
of assay, 200 id, containing where necessary: 0.1 M
Tris-maleate buffer (pH 7.0); 0.7 mM [14C]TMG-6P;
10 mM arginine; 10 mM IAA; 5 mM glucose, maltose,
or ATP; and 8 mg total (dry weight) of celLs. All strains
were grown in complex medium containing maltose.

PEP which, in the absence of an efficient glu-
cose-PTS, could be utilized for group transloca-
tion of TMG (see Fig. 2B). Galactose did not
exclude TMG from either the S. lactis strains or
from S. pyogenes (J. Reizer and C. Panos, per-
sonal communication), presumably because the
two sugars have comparable (low) affimities for
EII'. In addition, the metabolism of galactose
by the galactose permnease-Leloir-glycolytic
pathway (38) would generate the PEP required
for enhanced accumulation ofTMG-6P noted in
Fig. 2B and 6B.
Mechanism ofTMG expulsion. The studies

reported here, and those of Reizer and Panos
(28), have demonstrated a novel system for reg-
ulating TMG-6P accumulation in the strepto-
cocci. Expulsion ofTMG from S. pyogenes was
elicited specifically by glucose, prompting Reizer
and Panos to suggest a functional role for the
glucose-PTS in dephosphorylation and expul-
sion of galactoside. However, in S. lactis ML3
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TABLE 5. Effects ofATP and glycolytic
intermediates on rate of[14CJTMG-6P hydrolysis by

permeabilized cells of S. lactis ML3G
["1C]

Addition TMG-6P
hydro-
lyZedb

Permeabilized cells (no addition) ........ 11.6
Glucose-6P ............................ 10.3
Fructose-6P ........................... 11.2
Fructose diphosphate ......... ......... 12.7
Glucose-6P + ATP (5 mM) ....... ...... 31.0
Fructose-6P + ATP (5 mM) ....... ..... 30.2
Fructose diphosphate + ATP (5 mM) .... 26.2
ATP (5 mM) .......................... 28.9
ATP (10 mM) ......................... 23.5
ATP (5 mM) + fluoride ................ 0.8

a Experimental conditions were as described in the
text. Total volume of assay, 200 p1, containing: 0.1 M
Tris-maleate buffer (pH 7.0); 0.7 mM [14C]TMG-6P; 5
mM sugar phosphates; 5mM and 10mM ATP; 20mM
NaF; and 8 mg total (dry weight) of permeabilized
cells.

b Expressed as nanomoles of [14C]TMG-6P hydro-
lyzed per gram (dry weight) of cells per minute.

several metabolizable PTS and non-PTS sugars
promoted rapid expulsion ofTMG, and by using
an EllMan mutant, expulsion was shown to be
independent of the glucose-PTS.
The molecular events of expulsion are not

known, but most likely the process occurs in two
stages requiring the initial dephosphorylation
and subsequent efflux of free sugar. The follow-
ing observations showed that in S. lactis ML3
dephosphorylation occurred within the cell: (i)
the intracellular concentration of free TMG in-
creased during expulsion; (ii) intact cells were
unable to hydrolyze exogenous ['4C]TMG-6P
but (iii) [14C]TMG was liberated after permea-
bilization of the cells; and (iv) fluoride, a potent
inhibitor ofmany phosphatases, essentially abol-
ished dephosphorylation of [14C]TMG-6P by
permeabilized cells.

Glycolytic inhibitors, including fluoride and
arsenate, prevented glucose-stimulated expul-
sion ofTMG from S. pyogenes (28). In S. lactis
ML3 a similar effect was produced by LAA, and
after introduction of the EII'" lesion neither
glucose nor mannose induced expulsion ofTMG
from S. lactis ML3 (DG'). Non-metabolizable
sugar analogs failed to stimulate expulsion in S.
lactis ML3 and S. pyogenes, showing that TMG
efflux was not the result of vectorial transphos-
phorylation via the Ells of the PTS (31). The
preceding observations showed that entry and
metabolism of sugar were required for TMG
expulsion. Energy coupling (or a high-energy
intermediate) may accelerate the rate of de-

phosphorylation of TMG-6P. Studies with per-
meabilized cells (Tables 4 and 5) showed that
ATP increased the rate of TMG-6P hydrolysis.
However, the role of ATP in expulsion must
remain speculative since the postulate cannot
(at present) be reconciled with the following
data: (i) glucose and mannose did not promote
TMG expulsion from S. lactis ML3 (DG') al-
though both sugars were metabolized by the
organism; and (ii) three ATP-generating sources
(arginine, maltose, galactose) failed to stimulate
dephosphorylation or induce TMG expulsion.
Surprisingly, when arginine and maltose were
present together, there was immediate dephos-
phorylation and expulsion of,-galactoside, and
this process was not inhibited by iodoacetate
(Table 3, Fig. 7B). These observations suggested
that perhaps both ATP and a glycolytic inter-
mediate (formed prior to the glyceraldehyde 3-
phosphate dehydrogenase reaction) were re-
quired for optimal rates of dephosphorylation.
However, the addition of various glycolytic in-
termediates caused no greater increase in the
rate of dephosphorylation than occurred in the
presence of ATP alone (Table 5).
Route of TMG exit. In S. lactis ML3 there

are at least two possible routes for TMG exit:
(i) via EIIIAC and (ii) via the galactose permease
system (15, 38). Postma and Stock (26) have
shown that Ells are unable to carry out rapid
facilitated diffusion of some sugars (for discus-
sion, see reference 25), and it is unlikely that
EIIIC would mediate exit ofTMG from S. lactis
ML3. The galactose permease system exhibits a
high affinity for the ,B-galactoside (15, 38), and
we suggest that this system (possibly via H+-
coupled symport) facilitates the efflux of TMG
from S. lactis ML3.

Expulsion of TMG in the streptococci has a
parallel in the exit of 2-DG from yeast cells (22),
and also in the respiration induced expulsion of
a-MG from Escherichia coli and Salmonella
typhimurium (6, 11, 12). In these organisms ac-
cumulation of a-MG (as a-MG-6P) was medi-
ated via the glucose-PTS, but after dephospho-
rylation (by an as yet unidentified phosphatase)
free a-MG exited the cell by a route which was
probably independent of the glucose EII (11). In
E. coli, respiratory activity rather than sugar
metabolism accelerated dephosphorylation of
a-MG-6P and expulsion of a-MG (11). In S.
aureus the disappearance of intracellular sugar
phosphate occurred with concomitant appear-
ance of free sugar in the medium (10). The
expulsion systems described in the streptococci,
though novel, may therefore represent a specific
aspect ofa more general regulatory phenomenon
in microorganisms. At the physiological level,

J. BACTrERIOL.
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exclusion and expulsion mechanisms provide the
cell with the capacity to detoxify (1) and to
regulate the intracellular concentration of non-
metabolizable (and hence potentially lethal)
sugar phosphates.
Regulation of the lactose operon in S.

lactiw. Galactose-6P is believed to be the inducer
of the lactose-PTS and P-,-galactosidase in
Staphylococcus aureus (24). In S. lactis the
levels of these enzymes are considerably higher
in lactose- or galactose-grown cells than in cells
previously grown on glucose (18, 23). It has been
inferred, largely from such circumstantial evi-
dence, that galactose-6P may function as the
inducer for these plasmid-coded enzymes (3, 5,
18, 19) in the group N streptococci. However,
data obtained in this and other studies showed
that the enzymes required for lactose transport
and metabolism may be expressed in the (ap-
parent) absence of galactose-6P. For example:
(i) S. lactis MAL3, grown previously on maltose,
readily accumulated TMG, contained high levels
of P-,B-galactosidase (3, 37), and metabolized
lactose (Fig. 7A); (ii) ribose-grown cells of S.
lactis accumulated TMG (Thompson, unpub-
lished data) and contained high levels of P-,B-
galactosidase (18); and (iii) glucose-grown cells
of S. lactis ML3 (DGr) transported TMG at a
rate ca. eightfold greater than the glucose-grown
wild type while posessing four- to fivefold
greater activity of P-,B-galactosidase. It should
be noted that under the conditions described
(and during growth of cells on galactose and
lactose) the glucose-PTS was inoperative. This
suggests that expression of the lac operon in S.
lactis may be partially constitutive, but subject
to negative control by a component (or a deriv-
ative, e.g., glucose-6P) ofthe glucose-PTS. Cords
and McKay (3) had previously considered com-
petitive interaction between glucose and galac-
tose-6P for control of the lac operon. More re-
cently, Ratliff et al. (27) and Heller and Ros-
chenthaler (8) have demonstrated repression of
P-,8-galactosidase synthesis by glucose in S. lac-
tis C2 and Streptococcus faecalis, respectively.
Our data neither confirm nor refute an inductive
role for galactose-6P, but do suggest that regu-
lation of the lac operon in the industrially im-
portant group N streptococci (17) may be more
complex than currently envisaged.
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