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Cells of Lactobacillus casei grown in media containing galactose or a metaboliz-
able ,-galactoside (lactose, lactulose, or arabinosyl-P-D-galactoside) were in-
duced for a galactose-phosphoenolpyruvate-dependent phosphotransferase sys-
tem (gal-PTS). This high-affinity system (Km for galactose, 11 ,uM) was inducible
in eight strains examined, which were representative of all five subspecies of L.
casei. The gal-PTS was also induced in strains defective in glucose- and lactose-
phosphoenolpyruvate-dependent phosphotransferase systems during growth on
galactose. Galactose 6-phosphate appeared to be the intracellular inducer of the
gal-PTS. The gal-PTS was quite specific for D-galactose, and neither glucose,
lactose, nor a variety of structural analogs of galactose caused significant
inhibition of phosphotransferase system-mediated galactose transport in intact
cells. The phosphoenolpyruvate-dependent phosphorylation of galactose in vitro
required specific membrane and cytoplasmic components (including enzyme
Illgal), which were induced only by growth of the cells on galactose or ,B-
galactosides. Extracts prepared from such cells also contained an ATP-dependent
galactokinase which converted galactose to galactose 1-phosphate. Our results
demonstrate the separate identities of the gal-PTS and the lactose-phosphoenol-
pyruvate-dependent phosphotransferase system in L. casei.

Gram-positive bacteria have been shown to
transport and phosphorylate many sugars by the
PEP-dependent PTS; however, a PTS specific
for the transport of galactose has yet to be
characterized (6, 9, 13, 15, 16, 18, 19). Galactose
is a substrate of the lac-PTS in Staphylococcus
aureus (23), but no attempt has been made to
determine whether a separate gal-PTS is present
in this organism. The biochemical studies of
Thompson (28) and Thomas et al. (26) and the
genetic data obtained recently by Park and Mc-
Kay (17) provide evidence in favor of a separate
gal-PTS and lac-PTS in Streptococcus lactis. In
a preliminary study, Chassy reached similar
conclusions from an analysis of PTS activities in
Lactobacillus casei (B. M. Chassy, Abstr.
Annu. Meet. Am. Soc. Microbiol. 1981, K203,
p. 171). The product of PTS transport in Staphy-
lococcus aureus (1) and Streptococcus lactis (2),
gal-6P, is metabolized to triose phosphates by
the action of the D-tagatose 6-phosphate path-
way. In this study we used permeabilized cells,
intact cells, and cell-free extracts to examine the
gal-PTS of L. casei. In this paper we describe (i)
induction of the gal-PTS, (ii) a galactose-specific
enzyme III, and (iii) the characteristics and

substrate specificity of the gal-PTS. Our data
confirm the separate identities of the gal-PTS
and lac-PTS in L. casei.

MATERIALS AND METHODS
Abbreviations. PEP, Phosphoenolpyruvate; PTS,

phosphotransferase system; lac-PTS, lactose-phos-
phoenolpyruvate-dependent phosphotransferase
system; gal-PTS, galactose-phosphoenolpyruvate-de-
pendent phosphotransferase system; glu-PTS, glu-
cose-phosphoenolpyruvate-dependent phosphotrans-
ferase system; gal-1P, galactose 1-phosphate; gal-6P,
galactose 6-phosphate; HEPES, N-2-hydroxyethylpi-
perazine-N'-2-ethanesulfonic acid; TMG, methyl-P-D-
thiogalactopyranoside; a-MG, a-methylglucoside.

Bacterial strains and growth conditions. Bacterial
strains were purchased from the American Type Cul-
ture Collection, Rockville, Md., or were taken from
the culture collection of the National Institute of
Dental Research (OC and Cl series). L. casei 61BG
and 64H were kindly supplied by Francis Gasser,
Institut Pasteur, Paris, France. manA mutants (i.e.,
mutants lacking enzyme Ilman of the mannose-PEP-
dependent PTS) were prepared as described by
Thompson and Chassy (30); 2-deoxy-D-glucose-resis-
tant colonies were isolated, and strains displaying the
manA genotype were selected from these colonies.
Like Streptococcus lactis, L. casei does not transport
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a-MEG and lacks a second "glu-PTS" (common in the
enteric bacteria) (18). We refer to this single activity as
the glu-PTS. Bacteria were grown in litmus milk (Difco
Laboratories, Detroit, Mich.) fortified with 0.5% glu-
cose and buffered with CaCO3. Cells for experiments
were cultivated in Lactobacillus carrying medium (8)
after a single adaptive subculture in the same medium
containing the appropriate carbohydrate at a concen-
tration of 1% (wt/vol).

Transport experiments and analytical methods. Stud-
ies of sugar transport by starved cells and spectropho-
tometric assays (12) of PTS activities in permeabilized
cells were conducted as described previously for the
lac-PTS of L. casei (5). The in vitro assay used for gal-
PTS activity was that described by Thompson and
Chassy (30) for the glu-PTS of Streptococcus lactis,
except that [14C]galactose was substituted for radiola-
beled glucose or 2-deoxy-D-glucose. Protein was de-
termined by the Coomassie brillant blue dye-binding
procedure of Bradford (3). gal-1P and gal-6P were
separated by Dowex-1-borate ion-exchange chroma-
tography and were detected by the anthrone method
described previously (27). Gas chromatography-mass
spectral analyses were performed with a model 9000
GC/MS system (LKB Instruments Inc., Rockville,
Md.), using an SE-30 column to separate the sugar
trimethylsilyl derivatives.
In vitro PTS complementation assay. Cells of L. casei

64H lac were grown in Lactobacillus carrying medium
containing 1% galactose. The cells were harvested,
washed, and broken in a Bead-Beater (Biospec Prod-
ucts, Bartlesville, Okla.) as described previously (29).
Cell debris and residual whole cells were removed by
centrifugation at 42,000 x g for 30 min, and the
supernatant was further centrifuged for 120 min at
250,000 x g. The high-speed supernatant was concen-
trated to 20 ml by using a pressure ultrafiltration cell
(Amicon Corp., Lexington, Mass.) and a type UM-05
membrane. The pellet obtained by high-speed centrifu-
gation was suspended in 10 ml of 0.1 M HEPES buffer
(pH 7.5) containing 1 mM dithiothreitol. The formation
of [14C]galactose phosphate was followed by binding
this compound to DEAE-cellulose (type DE-81) filter
circles by the method of Sherman (22). The PTS assay
mixture contained 100 mM HEPES buffer (pH 7.5), 1
mM dithiothreitol, 5 mM PEP, 10 mM MgCl2, 10 mM
NaF, 0.25 mM [14C]galactose (specific activity, 0.2
,uCi/,umol), 0 to 25 ,ul of high-speed supernatant, and 0
to 50 ,ul of membranes (pellet obtained by high-speed
centrifugation) in a final reaction volume of 100 ul.
Incubation was at 37°C for 20 min. Samples (30 to 50
,ul) of the reaction mixture were transferred to type
DE-81 filter circles, washed free of unreacted [14C]ga-
lactose, and air dried, and the residual radioactive
[14C]galactose phosphate on each filter was deter-
mined. In the galactokinase assay, 5 mM ATP was
substituted for PEP, and the high-speed pellet fraction
was omitted from the reaction system.

[14C]galactose uptake by L. casei 64H and identifica-
tion of intracellular derivatives. Starved cells (dry
weight, 45 mg) of L. casei 64H grown previously on
galactose were suspended at 37°C in 1.6 ml of 50 mM
potassium phosphate buffer (pH 7) containing 1 mM
MgCl2, and 0.4 ml of 10 mM ['4C]galactose (specific
activity, 0.2 pCi/4mol) was added. Within 10 s, further
transport and metabolism of sugar were halted by
adding 2 ml of ice-cold 4 N formic acid, and the

suspension was clarified by centrifugation at 27,000 x
g for 30 min. The supematant containing the radiola-
beled metabolites and free [14C]galactose was then
frozen, lyophilized, and finally reconstituted to 200 ,ul
with distilled water. The reconstituted cell extract was
applied to the origin of a sheet of Whatman 3M filter
paper (20 by 50 cm), and free and phosphorylated
galactose derivatives were separated by descending
paper chromatography in a solvent containing 1-buta-
nol, acetic acid, and water (5:2:3, vol/vol). The chro-
matogram was dried, and a 0.5-cm-wide strip running
the length of the paper was cut into 0.5-cm portions.
Radioactivity was determined by counting each por-
tion (0.5 by 0.5 cm) of the chromatogram with 10 ml of
Hydrofluor liquid scintillation cocktail. The radioac-
tive areas (parallel to the origin) were then eluted,
concentrated, and identified by cochromatography
with standards, using the solvent described above.
The intracellular concentrations of the radiolabeled
intermediates were calculated from the total radioac-
tivity, the original cell density, and the specific activity
of ["4C]galactose, assuming an intracellular (proto-
plast) fluid volume of 1.67 ml/g (dry weight) of cells
(5). The purified "4C-labeled sugar derivatives were
eluted and treated with alkaline phosphatase at 37°C
for 1 h in 0.1 M Tris-hydrochloride buffer (pH 8)
containing 10 mM MgCI2 and 20 U of enzyme (total
reaction volume, 100 ,ul). Free sugars were identified
by paper chromatography in a solvent system contain-
ing pyridine, ethanol, butanol, and water (2:2:8:1, voll
vol).

Sephacryl S-200 chromatography. Galactokinase and
galactose-specific enzyme III were separated and par-
tially purified by molecular exclusion chromatogra-
phy. A cell extract was prepared from galactose-grown
cells of L. casei 64H lac as described by Thompson
and Chassy for Streptococcus lactis (29). A cell-free
high-speed supernatant was obtained by ultracentri-
fuging the extract at 250,000 x g for 2 h. The superna-
tant was concentrated 10-fold, and 5 ml was applied to
a Sephacryl-S-200 column (2.5 by 100 cm). The pro-
teins were eluted with 0.1 M HEPES buffer (pH 7.5)
containing 1 mM dithiothreitol and 0.1 M NaCl at a
flow rate of 0.5 ml/min.

Reagents. Chemicals were purchased from Sigma
Chemical Co., St. Louis, Mo. Radioactive sugars were
obtained from New England Nuclear Corp., Boston,
Mass., and galactose analogs were purchased from
Vega Biochemicals, Tucson, Ariz.

RESULTS

gal-PTS activity in permeabilized cells of L.
casei 64H. We performed a number of assays to
demonstrate PEP-dependent PTS-mediated
transport of galactose by L. casei 64H. When
assayed by the pyruvate formation method of
Kornberg and Reeves (12), permeabilized cells
of L. casei 64H (grown previously on galactose)
rapidly oxidized NADH when PEP and galac-
tose were both present in the complete assay
(Table 1). The omission of either PEP or galac-
tose reduced the rate of NADH oxidation by
90%. Although not replaceable by ATP, the PEP
requirement was partially spared by 2-phospho-
glyceric acid because this glycolytic intermedi-
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TABLE 1. Demonstration of gal-PTS activity in
permeabilized cells of L. casei64H

Pyruvate formed
Component(s) in assay mixture (nmol/mg of

protein per min)

Complete system . ............. 105.4
-Galactose ....... ......... 11.4
-PEP (5 mM) ...... ........ 6.7
-PEP + ATP ............... 5.4
+ATP .................... 101.7
+NaF (10 mM) ...... ........ 106.1
-PEP + 2-phosphoglyceric acid

(5 mM) ........ .......... 58.5
-PEP + 2-phosphoglyceric acid
+ NaF ........ .......... 13.4

a For the exact assay procedure used, see the text.

ate can be converted to PEP by the fluoride-
sensitive enolase reaction. The data in Table 1
are consistent with the presence of a gal-PTS in
permeabilized cells of L. casei 64H.

Induciblilty of the gal-PTS. Since the experi-
ments described above provided evidence for
PEP-dependent phosphorylation of galactose, it
was possible to use the permeabilized cell assay
to study induction of the gal-PTS in wild-type
and various PTS-defective strains of L. casei
64H (Table 2). gal-PTS activity was not detect-
able in cells of L. casei grown on glucose or on
glucose plus TMG. However, after growth on
galactose and other metabolizable 0-galacto-
sides (lactose, lactulose, or arabinosyl-p-D-ga-
lactoside), cells of L. casei 64H contained high
levels of gal-PTS activity. Strains of L. casei
64H defective in the glu-PTS (strain 64H manA),
the lac-PTS (strain 64H lac), or both systems
(strain 64H manA lac) continued to grow well on
galactose, and all three strains exhibited gal-PTS

activity after growth on this sugar (Table 2).
Therefore, the PEP-dependent phosphorylation
of galactose by L. casei 64H was mediated by an
inducible system which was separate from the
glu-PTS or the lac-PTS. A survey of L. casei
strains representative of all five subspecies (Ta-
ble 3) revealed that all were inducible for the gal-
PTS, and the levels of activity were generally 60
to 80% of the levels of the glu-PTS activities in
the same strains.
PEP-dependent PTS activities in starved cells of

L. casei. The permeabilized cell assay indicated
the presence of an inducible gal-PTS in L. casei
64H. We wanted to demonstrate directly this
PEP-dependent transport in physiologically in-
tact cells to corroborate the data obtained with
permeabilized cells. Starved cells of L. casei can
accumulate PTS sugars at the expense of an
intracellular reserve of PEP (5); we chose to use
this assay system to evaluate in vivo galactose
transport. Glucose-grown, starved cells of L.
casei 64H rapidly accumulated 2-deoxy-D-glu-
cose (as 2-deoxy-D-glucose 6-phosphate) via the
glu-PTS to an intracellular concentration of ap-
proximately 16 mM within 15 s (Fig. 1A). The
extent of 2-deoxy-D-glucose transport was used
as an indicator of the amount of available PEP in
the starved cells, as well as to demonstrate the
ability of the cells to carry out PTS-mediated
transport. By comparison, the rates of accumu-
lation of lactose, TMG, and galactose were
relatively low, indicating low levels of expres-
sion of the lac-PTS and gal-PTS. Starved cells of
L. casei 64H grown previously on galactose
accumulated 2-deoxy-D-glucose and galactose
by PEP-dependent PTS activities, but these cells
were not induced for the lac-PTS (Fig. 1B). The
apparent accumulation of galactose (Fig. 1B)
greatly exceeded the apparent accumulation of

TABLE 2. Induction of gal-PTS activity in wild-type and PTS-defective strains of L. casei 64H

Sp act'
Strain Growth sugar(s) gluPTS gal-PTS

64H Glucose 112.8 0.0
Galactose 103.4 66.9
Glucose + TMG 165.1 0.0
Lactose 77.5 28.4
3-O-3-D-galacto-pyranosyl-D-arabinose 41.1 58.8
4-O-,-D-galacto-pyranosyl-D-fructofuranose 68.1 44.8
Lactobionic acid 71.4 88.3

64H lac Glucose 130.1 0.0
Galactose 124.1 86.3

64H manA Glucose 4.1 0.0
Galactose 13.1 111.4
Glucose + TMG 8.6 3.6
Lactose 12.9 33.9

64H lac manA Glucose 0.0 0.0
Galactose 5.6 79.3

a Expressed as nanomoles of sugar phosphorylated per minute per milligram of protein.
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TABLE 3. Distribution and inducibility of the gal-PTS in subspecies of L. casei
glu-PTS activity of cells gal-PTS activity of cells

Organism Strain grown on:a grown on:.
Glucose Galactose Glucose Galactose

L. casei subsp. casei ATCC 393 103.3 68.4 6.8 74.1
ATCC 4646 45.8 100.7 5.6 6.6
64H 112.8 103.4 0.0 66.9
61BG 43.8 83.3 0.0 77.8

L. casei subsp. pseudo- ATCC 25598 110.5 151.5 3.0 59.3
plantarum

L. casel subsp. tolerans ATCC 25599 72.4 51.6 4.7 61.8
L. casei subsp. rhamnosus OC91 81.1 113.4 0.0 72.4
L. casei subsp. alactosus Cl-16 91.2 103.8 0.0 73.1

a Expressed as nanomoles of glucose or galactose phosphorylated per milligram (dry weight) of cells per
minute.

2-deoxy-D-glucose, but this was a consequence
of increased PEP production resulting from the
glycolytic metabolism of galactose. Although
galactose was rapidly metabolized, a subsequent
analysis (see below) showed that 14C-labeled
gal-6P was the predominant intracellular metab-
olite formed within 5 to 10 s of exposure of
starved cells to radiolabeled sugar. The accumu-
lation of galactose by starved cells exhibited
saturation kinetics, and the gal-PTS had a high
affinity for its substrate (Ki,m 11 ,uM; Vm., 78
p.mol of gal 6-P accumulated per g [dry weight]
of cells per min).

Specificity of the gal-PTS. The sugar specific-
ity of the gal-PTS was determined from a study
of the effects of various galactose analogs (at 10-
and 50-fold-greater concentrations than galac-
tose) upon the initial rate of [14C]galactose accu-
mulation by starved cells of L. casei 64H (Table
4). With the exception of D-galactosamine, o-
aminophenyl-3-D-galactopyranoside, and unla-
beled galactose, the presence of 10-fold-greater
concentrations of the analogs did not significant-
ly reduce the rate of PEP-dependent accumula-
tion of [14C]galactose. Significant inhibition was
observed in the presence of 50-fold-greater con-
centrations of 2-deoxy-D-galactopyranose,
TMG, isopropyl-,-D-thiogalactopyranoside,
phenylethyl-p-D-thiogalactopyranoside, D-tal-
ose, and 6-deoxy-D-galactopyranose. However,
the results obtained from a gas chromatographic
analysis of trimethylsilyl derivatives showed
that many of these compounds contained 1 to
2% galactose or 1-thiogalactopyranose as con-
taminants. When the analogs were present at
final concentrations of 5 mM, these levels of
contamination (0.05 and 0.1 mM) were sufficient
to reduce the rate of [14C]galactose uptake by 33
and 50%, respectively. Disregarding inhibition
due to contaminating galactose and thiogalac-
tose, the data in Table 4 indicate that the gal-
PTS is quite specific for D-galactose. The group

translocation system may also have a low affini-
ty for o-aminophenyl-,-D-galactopyranoside
and the corresponding C-2 analogs (galactos-
amine and D-talose).

Intracellular products formed during [14C]ga-
lactose accumulation by L. casei 64H. Our results
indicated that galactose could be transported
and phosphorylated by a highly specific system
at the expense of intracellular PEP. It seemed
reasonable to determine whether the gal-PTS
or galactokinase (acting in concert with the
galactose permease) was utilized for galactose
phosphorylation in whole cells. These two possi-
bilities could be distinguished since the PTS-
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FIG. 1. Accumulation of sugars by starved cells of
L. casei 64H grown previously on glucose (A) and
galactose (B). The cells were suspended at a density of
200 ,ug (dry weight) per ml in 0.1 M potassium phos-
phate buffer (pH 7.0) containing 1 mM MgC92. Radiola-
beled sugar (0.2 mM; 0.2 ,Ci/,umol) was added to the
appropriate cell suspension at 37°C. Symbols: 0, 2-
Deoxy-D-glucose; 0, galactose; *, lactose; 0, TMG.
Note the difference in ordinal concentrations. [SU-
GAR]IN, Intracellular sugar concentration.

VOL. 154, 1983 L. CASEI gal-FITS 1207



1208 CHASSY AND THOMPSON

TABLE 4. Specificity of the gal-PTS in L. casei 64H: effect of galactose analogs upon transport of
[l4Clgalactosea

% Inhibition of
[I4CJgalactose uptake

Sugar tested Significant structural by analogs at finalchange concentrations of:
1 mM 5 mM

D-Galactopyranose None (unlabeled sugar) 88.8b 98.lb
1-O-methyl-,B-D-galactopyranoside C-1, -OCH3 (I anomer) 5.6 16.0
1-O-methyl-a-D-galactopyranoside C-1, -OCH3 (a anomer) 4.0 9.6
Methyl-1-thio-p-D-galactopyranoside (TMG) C-1, -SCH3 10.3 49.5
Isopropyl-1-thio-3-D-galactopyranoside C-1, -SCH(CH3)2 6.6 39.3
Phenylethyl-1-thio-3-D-galactopyranoside C-1, -S-phenylethyl 13.1 55.4
Phenyl-p-D-galactopyranoside C-1, -O-phenyl 2.3 30.8
o-Aminophenyl-3-D-galactopyranoside C-1, -O-aminophenyl 26.9 84.6
2-Deoxy-D-galactopyranose C-2, deoxy 8.4 67.3
2-Amino-2-deoxy-D-galactopyranose (galactosamine) C-2, -NH2 21.6 36.0
N-acetyl-D-galactosamine C-2, -NHCOCH3 3.9 7.7
D-Talose C-2, epimer 12.0 55.9
D-Gulose C-3, epimer 0.0 24.0
D-Glucopyranosec C4, epimer 7.7C 10.0c
D-Arabinose C-5, dehydroxymethyl 0.0 0.0
6-Deoxy-D-galactopyranose C-6, deoxy 1.0 62.6
P-D-Galactopyranosyl-l-thio-p-D-galactopyranoside (TDG) 1.5 0.0
4-O-3-D-galactopyranosyl-D-glucopyranose (lactose) 2.5 3.8
4-0-1-D-galactopyranosyl-D-fructofuranose (lactulose) 9.2 4.6
6-O-p-D-galactopyranosyl-D-glucopyranose (melibiose) 5.4 3.8

a The initial rate of [14C]galactose uptake by the gal-PTS in L. casei 64H manA was 83.5 ,umol/g (dry weight) of
cells per min (defined as 100%o). The concentration of [14C]galactose used in all assays was 0.1 mM.

b The theoretical inhibition values expected for unlabeled galactose at concentrations of 1 and 5 mM are 90 and
98%, respectively.

c This experiment was performed with a glu-PTS-defective mutant (L. casei 64H manA).

mediated reaction produced gal-6P, whereas ga-
lactokinase produced gal-1P (see below) (28). To
identify the product(s) of sugar transport,
starved galactose-grown cells of L. casei 64H
were incubated with [14C]galactose for 10 s.
Further transport and metabolism of the sugar
were halted by adding formic acid to the reaction
mixture. The cell extract and medium were
lyophilized, and after reconstitution with water,
samples were analyzed by paper chromatogra-
phy and autoradiography (Fig. 2). Five major
areas of radioactivity were detected; one of
these, area V, was shown to be [14C]galactose
from the medium. The identities of the materials
present in areas I, II, and III were determined by
elution of a fraction from each area and further
chromatography against various standards. The
radiolabeled derivatives in the fractions from
areas I, II, and III (fractions I, II, and III,
respectively) cochromatographed with fructose
1,6-diphosphate (and tagatose 1,6-diphosphate),
gal-6P, and gal-1P (and glucose 6-phosphate),
respectively (Fig. 3A). These radioactive com-
pounds were eluted and dephosphorylated with
alkaline phosphatase. The free sugars formed
were identified by paper chromatography (Fig.
3B).

From the data presented in Fig. 3, we con-
cluded that fraction I (Fig. 2) contained approxi-
mately equal parts of fructose 1,6-diphosphate
and tagatose 1,6-diphosphate, that fraction II
(Fig. 2) was gal-6P, and that fraction III (Fig. 2)
was primarily gal-1P (but also contained 10 to
20% glucose 6-phosphate). Fraction IV (from
area IV) was not conclusively identified, but the
radioactive material cochromatographed with 2-
and 3-phosphoglyceric acids. From the total
radioactivity present in each fraction (Fig. 2), we
calculated (Table 5) that after 10 s of incubation
approximately 63% of the radiolabeled intracel-
lular material was present as gal-6P and 12% was
present as gal-iP. The presence of high levels of
gal-6P confirmed the operation of the gal-PTS,
whereas the formation of gal-1P and glucose 6-
phosphate confirmed the operation of the Leloir
pathway (Fig. 4) in L. casei 64H.

Phosphorylation of galactose in vitro. Below
we describe a preliminary in vitro characteriza-
tion of the gal-PTS and demonstrate the similar-
ity of this system to the lac-PTS. Cells of L.
casei 64H lac (i.e., cells cured of the lactose
plasmid [4]) were grown on galactose, and cell-
free extracts were prepared from them. The
PEP-dependent phosphorylation of galactose in

J. BACTERIOL.



L. CASEI gal-PTS 1209

12

10 k

8

4

2

0 5 10 15 20 25

DISTANCE MIGRATED (cm--)

FIG. 2. Identification of radiolabeled intracellular
metabolites formed in the initial 10 s of [14C]galactose
transport by L. casei 64H. The experimental protocol
and chromatographic procedures are described in the
text. Areas I through IV represent phosphorylated
derivatives subsequently identified (see Fig. 3) as

follows: area I, tagatose 1,6-diphosphate and fructose
1,6-diphosphate; area II, gal-6P; area III, mixture of
gal-1P and glucose 6-phosphate; and area IV, probably
2- and 3-phosphoglyceric acids. Fraction V (from area

V) was [14C]galactose derived from the incubation
medium. The five radioactive areas were eluted sepa-

rately, and total radioactivity was measured.

vitro required cell membranes, high-speed solu-
ble cytoplasmic components, PEP, and Mg2+
ions (Table 6). The phosphorylation process
involved a factor (HPr) which was absorbed by
charcoal, and heat treatment of either of the
cellular fractions abolished activity. Com-
plementation data (Table 7) showed that the
PEP-dependent phosphorylation of galactose
required a galactose-specific membrane com-

ponent (enzyme Ilgal) and a galactose-specific
soluble component (enzyme l11gal). These com-
ponents were present in cells grown on galac-
tose, but were not detectable in the cell mem-
brane or cytoplasmic fractions of glucose-grown
organisms (Table 7). The rate of galactose phos-
phorylation was fourfold faster when ATP was

substituted for PEP (Table 6). Phosphorylation
by ATP did not require a membrane component
or the charcoal-absorbed factor (data not
shown), and the enzyme responsible for the
reaction, galactokinase (molecular weight,
45,000), was separated from the galactose-spe-
cific enzyme Illgal (molecular weight, 35,000) by
steric exclusion chromatography (Fig. 5). Al-

though the major enzyme Illgal activity was
present in the fractions centered around fraction
52, smaller amounts of two higher-molecular-
weight forms, possibly enzyme Illgal aggregates,
were also observed.

In vitro products of galactokinase and gal-PTS
reactions. The product of galactose phosphoryla-
tion via the PEP-dependent PITS cochromato-
graphed with authentic gal-6P (Dowex-1-borate
ion-exchange chromatography [Fig. 6A]), and
like gal-6P, the derivative was stable to boiling in
0.1 N HCl for 10 min at 100°C. The product of
the ATP-dependent galactokinase reaction co-
chromatographed with authentic gal-lP (Fig.
6B), and like gal-lP, the compound was com-
pletely hydrolyzed to free galactose by exposure
to dilute acid at 100°C.

DISCUSSION
Identification of the gal-PTS in L. casei. Galac-

tose-grown cells ofgroup N streptococci contain
enzymes of both the D-tagatose-6-phosphate
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FIG. 3. Fluorographic identification of the radiola-
beled intermediates comprising areas I, II, and III (see
Fig. 2). The intermediates were eluted from the chro-
matogram, and after concentration, samples were

chromatographed with phosphorylated standards
(markers on the left) in order to determine purity and
identity. The phosphorylated derivatives (A) were

eluted and treated with alkaline phosphatase, and free
"C-labeled sugars (B) were identified by paper chro-
matography, using standards (markers on the right).
Glc-1P, Glucose 1-phosphate; Fru-6P, fructose 6-
phosphate; Glc-6P, glucose 6-phosphate; FDP, fruc-
tose 1,6-diphosphate; TDP, tagatose 1,6-diphosphate.
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TABLE 5. Intracellular radiolabeled metabolites present in starved cells of L. casei 64H after 10 s of
exposure to [14C]galactose

Radioactive 14C radioac- Intra- % Of
area on Compound tivity colcn radiochromatogram0 (dpm, xIO3)b (mMc radiov

I Tagatose 1,6-diphosphate 1 42.5 0.86d 14.11Fructose 1 ,6-diphosphate
II Galactose 6-phosphate 190.2 4.10 63.2

Galactose6-phosphate 1 40.8 0.82 13.5
IV Unknown' 27.7 0.58 9.2

a See Fig. 3.
b Determined after separation of metabolites by paper chromatography (see Fig. 3), followed by elution and

counting of samples by the liquid scintillation procedure.
c Assuming an intracellular (protoplast) fluid volume of 1.67 mllg (dry weight) of cells.
d The phosphorylated derivatives were not separated by the chromatographic procedure, but hydrolysis and

subsequent chromatography of the free sugar indicated approximately 50o of each component.
Unidentified, but similar in chromatographic mobility to 2-phosphoglyceric and 3-phosphoglyceric acids.

pathway and the Leloir pathway for the metabo-
lism of the sugar (Fig. 4). The relative contribu-
tion of each pathway to overall galactose metab-
olism may depend upon the strain and the
conditions of growth (26). Transport studies
with Streptococcus lactis have demonstrated
that a gal-PTS (28) and an ATP-energized per-
mease system (11, 27) facilitate transport of
exogenous sugar into the D-tagatose-6-phos-
phate and Leloir pathways, respectively. In this
investigation, we found that a related homofer-
mentative lactic acid bacterium, L. casei, also

GLUCOSE I

LAW GLUCt.OSP *GLUCQSE-IP

FRUCTOSE-SP

TAGATOSE 1, P PRUCTOSE-1, SP2

P49NOLPYRUVATE (PEP)

PYRUVATE KINASE
PYRUVATE

LACTATE DEHYDROGENASE
ZACTATE

PATHWAY GLYCOLYFIC PAAY PATHWAYT_ __o_

FIG. 4. Pathways for the transport and metabolism
of glucose, galactose, and lactose by L. casei 64H.
Abbreviations: PEP:PTS, PEP-dependent PTS; P, ac-
tive transport (permease) systems for galactose and
glucose; P-3-gal, P-D-phosphogalactoside galactohy-
4rolase.

has the capacity to metabolize galactose via
pathways similar to those described for the
group N streptococci (Fig. 4). When starved
cells of L. casei 64H were incubated for 10 s
with [14C]galactose, approximately 63% of the
intracellular radiolabeled material was recov-
ered as gal-6P, and only 12% was recovered as
gal-1P (Table 5). It should be emphasized that

TABLE 6. Requirements for reconstitution of gal-
PTS activity in vitro

Galactose
phosphate

Assay system formed
(nmol/mg of
protein per

min)

Complete assay systema.119
-High-speed supernatant. 4
-High-speed membrane pellet 7
-PEP.23
-MgC2.45
-PEP + ATP.424

Heat-treated, high-speed supernatantb . 2
Heat-treated, high-speed pelletb 19
Charcoal-absorbed, high-speed superna- 25
tantc.

a The complete assay system contained 120 ,ug of a
high-speed membrane pellet and 210 ,ug of a high-
speed supernatant prepared as described in the text.
Incubation was for 30 min at 37°C, and samples were
removed for assay of [14C]galactose phosphate at 5-
min intervals.

b The fractions were heated at 100°C for 3 min, and
denatured proteins were removed by centrifugation.

c In the charcoal-absorption procedure 1 g of acid-
washed Norite A was added to 1 ml of high-speed
supernatant, and the mixture was stirred gently for 15
min. Charcoal and absorbed materials were removed
by centrifugation.
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TABLE 7. Reconstitution of PTS activities in vitro:
requirement of a soluble, galactose-specific factor for

PEP-dependent phosphorylation of galactose

Fraction used for PTS
complementation Sp acta

High-speed High-speed
membrane super- glu-PTS gal-PTS

pellet natant

Glucoseb Glucose 211 7
Glucose Galactose 174 13
Galactose Glucose 154 22
Galactose Galactose 147 145

a Specific activities are expressed as nanomoles of
sugar phosphate formed per milligram of protein per
minute.

b Cells of L. casei 64H were grown on the sugars
indicated and then were disrupted by mechanical
disintegration in a Bead-Beater. High-speed mem-
brane pellet and high-speed supernatant fractions were
obtained by high-speed centrifugation of the cell ex-
tracts.

the starved cells are initially primed with a large
endogenous reserve of PEP (5, 31) and are
virtually devoid of ATP. Under such conditions
gal-6P would be formed preferentially within the
first few seconds of exposure of the cells to the
radiolabeled sugar. Because these results arise
from initial uptake by starved cells, we cannot
conclude from these data that the steady-state
metabolism of galactose takes place primarily
through the pathway initiated by the gal-PTS
during growth.
The four major findings of this investigation

are as follows: (i) PEP-primed starved cells of L.
casei 64H grown on galactose rapidly accumu-
lated galactose, but not lactose, via a high-
affinity PEP-dependent PTS; (ii) lactose did not
significantly inhibit the PEP-dependent translo-
cation of galactose in starved cells (Table 4); (iii)
cells cured of the lactose plasmid (strain L. casei
64H lac) grew well on galactose and possessed
gal-PTS activity (Table 2); and (iv) galactose-
specific membrane (enzyme I1alg) and cytoplas-
mic (enzyme l11gal) components were induced in
wild-type and lactose plasmid-cured strains dur-
ing growth on galactose (Table 7 and Fig. 5). We
believe that these observations confirm the sep-
arate identities of the gal-PTS and the lac-PTS in
L. casei. The components of the gal-PTS (and
lac-PTS) in L. casei have not been characterized
genetically or biochemically as completely as
the components of the lac-PTS in Staphylococ-
cus aureus (7, 9, 10, 20, 21, 23-25). However, it
is interesting that the approximate molecular
weight (35,000) of enzyme 111ga1 in L. casei is
similar to the values reported (33,000 to 35,000)
for purified enzyme IIIac isolated from Staphy-
lococcus aureus (7, 10, 21).

Induction of the gal-PTS. The gal-PTS was
inducible in all L. casei subspecies examined
(Table 3). We suggest that gal-6P may serve as
the inducer, since growth of the cells on ,-
galactosides (which give rise to intracellular gal-
6P) also promoted full expression of the PTS
(Table 2). TMG did not induce the gal-PTS in
wild-type or manA-defective cells of L. casei
64H during growth on glucose (Table 2). In the
wild-type organism, TMG is excluded from cells
by PTS-mediated transport of glucose (5). How-
ever, the non-metabolizable analog can enter
cells of L. casei 64H manA during growth on
glucose, and the accumulation of methyl-,3-D-
thiogalactopyranoside 6-phosphate results in
expression of the lac-PTS, but not the gal-PTS
(5) (Table 2). gal-6P differs in structure from
noninducers (e.g., methyl-o-D-thiogalactopyran-
oside 6-phosphate or glucose 6-phosphate) in
that it possesses an axial hydroxyl group at C-4
and a free hydroxyl group at C-1 (anomeric
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FRACTION (5 ml)

FIG. 5. Separation, identification, and partial puri-
fication of galactokinase, (@) and the galactose-specif-
ic enzyme III"" (0) present in an extract prepared
from galactose-grown cells of L. casei 64H lac. The
conditions used for ATP-dependent phosphorylation
of galactose by galactokinase are described in the text.
In the complementation assay for enzyme IIIga", sam-
ples of each fraction were added to a mixture contain-
ing (i) membranes (112 ,ug of protein) prepared from
galactose-grown cells, which provided enzyme 119",
and (ii) a high-speed soluble supernatant (180 ,ug of
protein) fraction prepared from glucose-grown cells,
which provided the generalized PTS components en-
zyme I and HPr. Each assay mixture contained PEP
and Mg2", and the formation of 14C-labeled gal-6P was
determined by standard procedures. The arrows indi-
cate the elution positions of the protein standards used
to estimate the molecular weights of galactokinase and
enzyme III . The following molecular weight mark-
ers were used: 1, ferritin (molecular weight, 540,000);
2, bovine serum albumin (68,000); 3, ovalbumin
(43,000); 4, chymotrypsinogen (24,000); and 5, RNase
(12,000). A280m, Absorbance at 280 nm.
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FIG. 6. Identification of the products formed by the gal-PTS (A) and ATP-dependent galactokinase (B) from
L. casei 64H. The products of the two in vitro reactions were purified of [14C]galactose by paper chromatography
as described in the legend to Fig. 3. After elution from the chromatogram, each derivative was loaded separately
onto a Dowex-1-borate column (1.5 by 90 cm) together with 25 mg each of gal-1P and gal-6P. The galactose
phosphate standards (0) were eluted with an increasing concentration gradient (dashed line) of freshly prepared
ammonium tetraborate (0 to 0.6 M) (27). Samples of each fraction were assayed for radioactive [14C]galactose
phosphate (0, shaded area), and the elution positions of standard gal-1P (fractions 52 through 64) and gal-6P
(fractions 90 through 110) were determined by the anthrone method (27).

center) of the galactopyranose molecule. These
two features may be structural requisites for an
inducer of the gal-PTS operon. The equatorial
hydroxyl group at C-2 may also be structurally
important (Table 4), and this could be examined
by using the C-2 analogs 2-deoxy-D-galactose 6-
phosphate and D-talose 6-phosphate as potential
inducers for gal-PTS in L. casei 64H. The gal-
PTS of L. casei exhibited a much greater affinity
for its substrate than the gal-PTS of Streptococ-
cus lactis (reported Km values, 1.1 mM [28] and
15 to 27 mM [13]). The system was quite specific
for D-galactose, and neither glucose (a C-4 epi-
mer) nor lactose (which contains a galactosyl
moiety) was a substrate of the gal-PTS in L.
casei (Table 4). It should be noted that, although
our data show that lactose is not a substrate of
the gal-PTS in L. casei, we cannot exclude the
possibility that galactose may be a poor sub-
strate of the lac-PTS.

Probable chromosomal location of the gal-PTS
genes in L. casei. It is clear that L. casei and
Streptococcus lactis use similar pathways for
the transport and metabolism of galactose and
lactose. However, there appear to be significant
differences between the two organisms with
respect to the genetic location and modes of
regulation of PTS gene expression. For exam-
ple, growth of Streptococcus lactis on galactose
induces both the gal-PTS and the lac-PTS, but
only the gal-PTS is expressed during growth of
L. casei 64H on this sugar. In Streptococcus
lactis the genes for lactose metabolism are plas-
mid encoded (13, 15). Cured strains, which are
defective in lac-PTS activity (and gal-PTS activi-
ty) fail to grow on lactose and exhibit a slower
growth rate on galactose (17). These strains
(which display a Lac- Gald phenotype) continue
to grow on galactose by using the Leloir path-
way for sugar metabolism (Fig. 4). The genetic
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studies of Park and McKay (17) indicate that the
structural genes for both the lac-PTS and the gal-
PTS are located on the same plasmid (i.e., the
lactose plasmid) in Streptococcus lactis. In L.
casei 64H there is only a single (23-megadalton)
plasmid that encodes the lac genes (4, 5, 14).
Plasmid-cured cells (L. casei 64H lac) are fully
induced for thE gal-PTS after growth on galac-
tose (Table 2). These findings are consistent
with a chromosomal locus for gal-PTS genes in
L. casei 64H. It should be noted that the data do
not exclude the possibility that the lac-PTS and
gal-PTS utilize the same soluble enzyme III.
Both enzyme Illgal and enzyme IIIiac must be
further purified and characterized to resolve this
point.
The overall pathways of lactose and galactose

metabolism in L. casei 64H are summarized in
Fig. 4. Data in this and the accompanying paper
(5) provide evidence for each of these pathways.
The two most significant findings of the present
work are (i) although a distinct gal-PTS has not
been demonstrated directly in other organisms,
it has been possible to characterize biochemical-
ly a gal-PTS in L. casei, and (ii) the components
of the gal-PTS functionally resemble those of the
lac-PTS. We are presently isolating these com-
ponents and the genes that encode them in order
to allow a direct comparison of relatedness and
function.
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ADDENDUM IN PROOF

Since submission of this paper, Crow et al. (V. L.
Crow, G. P. Davey, L. E. Pearce, and T. D. Thomas,
J. Bacteriol. 153:76-83, 1983) have shown that some
strains of S. lactis of the Lac- Gald phenotype exhibit
gal-PTS activity. The authors attribute the phenotype
to loss of the plasmid-associated enzymes of the D-
tagatose 6-phosphate pathway.

LITERATURE CITED

1. Bissett, D. L., and R. L. Anderson. 1973. Lactose and D-
galactose metabolism in Staphylococcus aureus: pathway
of D-galactose 6-phosphate degradation. Biochem.
Biophys. Res. Commun. 52:641-647.

2. Bissett, D. L., and R. L. Anderson. 1974. Lactose and D-
galactose metabolism in group N streptococci: presence
of enzymes for both the D-galactose 1-phosphate and D-
tagatose 6-phosphate pathways. J. Bacteriol. 117:318-320.

3. Bradford, M. M. 1976. A rapid and sensitive method for
the quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Anal. Biochem.
72:248-254.

4. Chassy, B. M., E. V. Gibson, and A. Giuffrida. 1978.
Evidence for plasmid-associated lactose metabolism in
Lactobacillus casei subsp. casei. Curr. Microbiol. 1:141-
144.

5. Chassy, B. M., and J. Thompson. 1983. Regulation of

lactose-phosphoenolpyruvate-dependent phosphotrans-
ferase system and P-D-phosphogalactoside galactohydro-
lase activities in Lactobacillus casei. J. Bacteriol.
154:1195-1203.

6. Demko, G. M., S. J. B. Blanton, and R. E. Benoit. 1972.
Heterofermentative carbohydrate metabolism of lactose-
impaired mutants of Streptococcus lactis. J. Bacteriol.
112:1335-1345.

7. Deutscher, J., K. Beyreuther, H. M. Sobek, K. Stuber, and
W. Hengstenberg. 1982. Phosphoenolpyruvate-dependent
phosphotransferase system of Staphylococcus aureus:
factor llac, a trimeric phospho-carrier protein that also
acts as a phase transfer catalyst. Biochemistry 21:4867-
4873.

8. Efthymiou, C., and C. A. Hansen. 1962. An antigenic
analysis of Lactobacillus acidophilus. J. Infect. Dis.
110:258-267.

9. Hays, J. B. 1978. Group translocation transport systems,
p. 43-102. In B. P. Rosen (ed.), Bacterial transport.
Marcel Dekker, New York.

10. Hays, J. B., R. D. Simoni, and S. Roseman. 1973. Sugar
transport. V. A trimeric lactose-specific phosphocarrier
protein of the Staphylococcus aureus phosphotransferase
system. J. Biol. Chem. 248:941-956.

11. Kashket, E. R., and T. H. Wilson. 1972. Role of metabolic
energy in the transport of ,-galactosides by Streptococcus
lactis. J. Bacteriol. 109:784-789.

12. Kornberg, H. L., and R. E. Reeves. 1972. Inducible
phosphoenolpyruvate-dependent hexose phosphotrans-
ferase activities in Escherichia coli. Biochem. J.
128:1339-1344.

13. LeBlanc, D. J., V. L. Crow, L. N. Lee, and C. F. Garon.
1979. Influence of the lactose plasmid on the metabolism
of galactose by Streptococcus lactis. J. Bacteriol.
137:878-884.

14. Lee, L.-J., J. B. Hansen, E. K. Jagusztyn-Krynicka, and
B. M. Chassy. 1982. Cloning and expression of the P-D-
phosphogalactoside galactohydrolase gene of Lactobacil-
lus casei in Escherichia coli K-12. J. Bacteriol. 152:1138-
1146.

15. McKay, L. L., and K. A. Baldwin. 1978. Stabilization of
lactose metabolism in Streptococ cus lactis C2. Appl.
Environ. Microbiol. 36:360-367.

16. Morse, M. L., K. L. Hill, J. B. Egan, and W. Hengsten-
berg. 1968. Metabolism of lactose by Staphylococcus
aureus and its genetic basis. J. Bacteriol. 95:2270-2274.

17. Park, Y.-H., and L. L. McKay. 1982. Distinct galactose
phosphoenolpyruvate-dependent phosphotransferase sys-
tem in Streptococcus lactis. J. Bacteriol. 149:420-425.

18. Postma, P. W., and S. Roseman. 1976. The bacterial
phosphoenolpyruvate:sugar phosphotransferase system.
Biochim. Biophys. Acta 457:213-257.

19. Saier, M. H., Jr. 1977. Bacterial phosphoenolpyruvate:su-
gar phosphotransferase systems: structural, functional,
and evolutionary interrelationships. Bacteriol. Rev.
41:856-871.

20. Schafer, A, 0. Schrecker, and W. Hengstenberg. 1981. The
staphylococcal phosphoenolpyruvate-dependent phos-
photransferase. Purification and characterization of the
galactoside-specific membrane component enzyme II.
Eur. J. Biochem. 113:289-294.

21. Schrecker, O., and W. Hengstenberg. 1971. Purification of
the lactose specific factor III of the staphylococcal PEP-
dependent phosphotransferase system. FEBS Lett.
13:209-212.

22. Sherman, J. R. 1963. Rapid enzyme assay technique
utilizing radioactive substrate, ion-exchange paper, and
liquid scintillation counting. Anal. Biochem. 5:548-554.

23. Simoni, R. D., T. Nakazawa, J. B. Hays, and S. Roseman.
1973. Sugar transport. IV. Isolation and characterization
of the lactose phosphotransferase system in Staphylococ-
cus aureus. J. Biol. Chem. 248:932-940.

24. Simoni, R. D., and S. Roseman. 1973. Sugar transport.
VII. Lactose transport in Staphylococcus aureus. J. Biol.
Chem. 248:966-976.

VOL. 154, 1983



1214 CHASSY AND THOMPSON

25. Simoni, R. D., M. F. Smith, and S. Roseman. 1968.
Resolution of a staphylococcal phosphotransferase sys-
tem into four protein components and its relation to sugar
transport. Biochem. Biophys. Res. Commun. 31:804-811.

26. Thomas, T. D., K. W. Turner, and V. L. Crow. 1980.
Galactose fermentation by Streptococcus lactis and Strep-
tococcus cremoris: pathways, products, and regulation. J.
Bacteriol. 144:672-682.

27. Thompson, J. 1979. Lactose metabolism in Streptococcus
lactis: phosphorylation of galactose and glucose moieties
in vivo. J. Bacteriol. 140:774-785.

28. Thompson, J. 1980. Galactose transport systems in Strep-

tococcus lactis. J. Bacteriol. 144:683-691.
29. Thompson, J., and B. M. Chassy. 1981. Uptake and

metabolism of sucrose by Streptococcus lactis. J. Bacter-
iol. 147:543-551.

30. Thompson, J., and B. M. Chassy. 1982. Novel phospho-
enolpyruvate-dependent futile cycle in Streptococcus lac-
tis: 2-deoxy-D-glucose uncouples energy production from
growth. J. Bacteriol. 151:1454-1465.

31. Thompson, J., and T. D. Thomas. 1977. Phosphoenolpyr-
uvate and 2-phosphoglycerate: endogenous energy
source(s) for sugar accumulation by starved cells of
Streptococcus lactis. J. Bacteriol. 130:583-595.

J. BACTERIOL.


