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A futile xylitol cycle appears to be responsible for xylitol-mediated inhibition of growth of Lactobacillus casei
CI-16 at the expense of ribitol. The gratuitously induced xylitol-specific phosphoenolpyruvate-dependent
phosphotransferase accumulates the pentitol as xylitol-5-phosphate, a phosphatase cleaves the latter, and an
export system expels the xylitol. Operation of the cycle rapidly dissipates the ribitol-5-phosphate pool (and
ultimately the energy supply of the cell), thereby producing bacteriostasis.

Those strains of Lactobacillus casei capable of growing at
the expense of ribitol (rtl) are sensitive to xylitol (xtl) when
the former is used as a source of energy (7). Previous studies
have shown that growth at the expense of rtl results in the
coincidental induction of an xtl-specific phosphoenolpyru-
vate (PEP)-dependent phosphotransferase system (PTS).
The xtl PTS transports xtl into the cell to form xylitol-5-
phosphate (xtl-5-P); however, the absence of an xtl-5-P
dehydrogenase prevents the further metabolism of this inter-
mediate, and it accumulates in the cell (7). Depending upon
its external concentration, xtl can either completely inhibit
growth (at >5 mM) or merely increase the generation time of
the organism (at <2 mM). Although much is known about
the metabolic events that occur during the xtl-mediated
inhibition of L. casei, the actual mechanism responsible for
producing the bacteriostatic effects is unknown. Thompson
and Chassy (15) demonstrated that the inhibition of growth
by 2-deoxy-D-glucose (2-DG) in cultures of Streptococcus
lactis 133 growing on lactose or sucrose was due to the
initiation and maintenance of a futile cycle. The 2-DG cycle
catalyzed the import and export of the nonmetabolizable
hexose at the expense of the energy reserves (PEP) of the
cells, thereby inhibiting growth.

In this report, we demonstrate that the bacteriostatic
effects of xtl are probably due to the futile cycling of the
nonmetabolizable pentitol which (like the 2-DG-mediated
inhibition) dissipates the energy reserves of L. casei Cl-16.

MATERIALS AND METHODS
Cultivation and maintenance of L. casei CI-16. L. casei Cl-

16 was obtained from the private collection of M. Rogosa,
National Institute of Dental Research, Bethesda, Md. The
organism was maintained and stored in fortified litmus milk
medium (9). Lactobacillus-carrying medium (5) was used for
all growth experiments and to prepare washed suspensions
for resting-cell studies. All substrates were filter sterilized,
and the microorganism was growth at 37°C in static culture.
Growth experiments. The fate of the metabolic intermedi-

ate products of rtl before and after the addition of xtl was
monitored by periodic sampling of an exponential-phase
culture. Replicate sterile screw-capped test tubes were filled
with 15 ml of filter-sterilized lactobacillus-carrying medium
containing 30 mM [1-'4C]rtl (specific activity, 1 pCi/p.mol)
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and was adjusted to a density of 100 to 110 Klett units (660-
nm filter) with a washed-cell suspension harvested from a
mid-log-phase culture. Samples of 15 ml taken before and
after the addition of 5 mM xtl were injected into 20 ml of
distilled ice water and filtered through a 0.45-p.m HA mem-
brane (47-mm diameter; Millipore Corp., Bedford, Mass.).
Cells retained on the filter were washed twice with 5 ml of
cold (4°C) 0.05 M potassium phosphate buffer (pH 7.0
containing 0.01 M MgC92), immersed in 7 ml of boiling
distilled water for 5 min, and cooled in ice, and the extracted
components were separated from the cells by centrifugation
for 30 min at 18,000 x g. Extracts were lyophilized and
stored at - 20°C until required for analysis.
Where the intracellular levels of xtl were monitored during

growth at the expense of rtl, a similar procedure was
followed up to the sampling step. After the addition of
[1-14C]xtl to a final concentration of 5 mM (specific activity,
1.2 p.Ci/p.mol), 0.5 ml of culture was removed, filtered
through a 0.45-p.m HA membrane (22-mm diameter), and
washed with 4 ml of 0.1 M potassium phosphate buffer (pH
7.0). The filters were dried and placed into glass vials
containing 5 ml of Hydrofluor, and the radioactivity in the
cells was measured with a Beckman model LS 6800 scin-
tillation counter. To identify the xtl intermediate, larger
quantities (1 to 2 ml of cell suspension) were treated as
described above. The calculation of the concentration of
intracellular metabolites was based on the amount of isotope
extracted from 1 mg (dry weight) of cells and the specific
activity of the substrate, assuming a volume of 2 ml/g (dry
weight) of cells (determined by Mizushima et al. [10] for
Lactobacillus plantarum).

Resting-cell transport studies. The procedure of Chassy
and Thompson (1) was used to prepare cell suspensions
harvested from mid-log-phase cultures for transport studies.
Transport assays were performed in accordance with a
procedure described by Thompson (14). The technique dif-
fered only in that ['4C]xtl or [14C]rtl was used as substrate at
concentrations between 0.5 and 5 mM (specific activity, 0.2
p.Ci/p.mol).
Identification of intermediate products of pentitol utiliza-

tion. Radiolabeled intermediate products present in lyo-
philized extracts of growing or resting cells were made up to
a volume of 100 with distilled water (20,000 to 40,000
cpm/10 p.l). Components in the extracts were separated by
polyethyleneimine-cellulose thin-layer chromatography or
descending-paper chromatography (Whatman no. 3) by pre-
viously published procedures (14). The intermediate prod-
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FIG. 1. Accumulation and expulsion of [14C]xtl during the xtl-
mediated inhibition of growth at the expense of rtl. At time zero, 5
mM xtl was added to one of several replicate mid-log-phase cultures
of L. casei C1-16 growing on rtl. Optical density of cultures are given
in Klett units. Symbols: A, control culture growing on rtl; OJ, culture
receiving 5 mM xtl; *, culture receiving 10 mM glucose (arrow); 0,
intracellular level of [14C]xtl.

ucts were identified by cochromatography with the appro-
priate standards.

Phosphatase assay. Phosphatase activity was measured in
cell extracts prepared by treating 2 to 4 g (wet weight) of
cells suspended in 0.02 M MES [2-(N-morpholino)
ethanesulfonic acid] (pH 6.0) containing 5 mM MgCl2 and 10
mM ,-mercaptoethanol with a Branson model 185 sonifier
operating at 70% of total power output. Two treatments of 6-
min duration were used to break the cells; the suspension
was maintained at 4°C during the operation. After an initial
centrifugation at 18,000 x g for 15 min to remove intact
cells, the resultant supernatants were centrifuged at 190,000
x g for 90 min to separate the cytosol from the membrane
fraction. Both fractions were tested for phosphatase activity

with 2-deoxy-D-glucose-6-phosphate (2DG-6P), mannose-6-
phosphate, fructose-i-phosphate, and xtl-5-P as substrates
in the colorimetric phosphate assay of Horder (5). The
composition of the reaction mixture was that described by
Thompson and Chassy (16). Assays were conducted for 60
min, during which time reaction rates were linear and
proportional to the protein concentration.

Protein concentrations in cell extracts or membrane prepa-
rations were measured by the Bio-Rad (Bio-Rad Laborato-
ries, Richmond, Calif.) or biuret technique (3).

RESULTS
Uptake of [14C]xtl during growth on rtl. The effect of the

addition of 5 mM [14C]xtl to a mid-exponential-phase culture
of L. casei Cl-16 was twofold: (i) a rapid, initial uptake of the
radiolabeled pentitol and (ii) an immediate cessation of
growth (Fig. 1). Within 5 min, the intracellular pool of xtl
reached a concentration of 26 mM; the pool size ultimately
stabilized at a concentration of 8 mM. The addition of 10 mM
glucose 5 h after the cessation of growth produced an
immediate resumption of growth as seen in the increase in
optical density. Thus, a major portion of the cells in the
population apparently had retained viability during the pe-
riod of bacteriostasis. Coincident with the resumption of
growth, xtl import occurred, peaking at an intracellular
concentration of 26 mM. This intracellular pool of xtl-5-P
was maintained for 30 min but decreased markedly before
the entry of the culture into the stationary phase of growth.
Despite the rapid onset of exponential growth in the pres-
ence of glucose, the culture only achieved a doubling time of
150 min, a rate that is 80 to 90 min greater than the normal
generation time. The cause of this protracted generation
time and the fluctuations in the pool size of xtl-5-P will be
discussed later.
Uptake and expulsion of [14C]xtl by L. casei C1-16. Resting

cells harvested from exponential-phase cultures growing at
the expense of 30 mM rtl accumulated [14C]xtl (5 mM) as xtl-
5-P to a concentration of 80 to 100 mM over a 15-min period
(Fig. 2A). The addition of 10 mM glucose to the cell
suspension produced a rapid expulsion of xtl-5-P, reducing
the internal concentration of the intermediate product to a
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FIG. 2. Uptake and expulsion of ["4C]xtl by resting cells of L. casei Cl-16. (A) Kinetics of xtl uptake reported as the intracellular
concentration of xtl-5-P. The arrow indicates the point at which 10 mM glucose was added to a duplicate flask. Symbols: 0, control (no
glucose); O, 10 mM glucose. (B) Expulsion of xtl elicited by the addition of glucose or rtl to resting cells preloaded with [ 4C]xtl-5-P. Symbols:
0, control (no substrate added); A, 10 mM 2-DG; E, 10 mM rtl; 0, 10 mM glucose.
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FIG. 3. Fluorographic identification of the intracellular xtl de-
rivative and the expulsion product by paper chromatography. Lanes:
A, boiling-water extract of resting cells incubated with ['4C]xtl; B,
concentrate of extracellular medium after glucose-induced expul-
sion of the intracellular ['4C]xtl-5-P.

steady-state value of between 8 and 10 mM. At external
concentrations of 0.5 mM xtl (a value near the Km of the xtl
PTS), the pentitol accumulates to an internal level 10-fold
lower, i.e., 8 mM (data not shown).
To study the expulsion process, resting cells were pre-

loaded with ['4C]xtl-5-P and exposed to the following com-
pounds at a concentration of 1 or 10 mM; glucose, rtl,
galactose, and 2-DG. Only glucose and rtl mediated the
expulsion of [14C]xtl-5-P, and the efflux rate with glucose
was fourfold greater than that of rtl (Fig. 2B). Galactose did
not cause the expulsion of radiolabeled xtl-5-P because the
rtl-grown cells were not induced for the galactose PTS and
the substrate could not be transported or metabolized by the
cells (unpublished data). The nonmetabolizable glucose ana-
log 2-DG is transported rapidly into resting cells of L. casei
C1-16 by the glucose PTS to form 2DG-6P (data not shown).
However, 2DG-6-P (like xtl-5-P) is a dead-end product and
cannot generate energy for expulsion. To test whether
energy production was a prerequisite for expulsion, cells
preloaded with ['4C]xtl were preincubated with 5 mM
iodoacetic acid, an inhibitor of glyceraldehyde-3-phosphate
dehydrogenase (14), and exposed to 10 mM rtl or glucose.
Under these conditions, neither substrate stimulated expul-
sion of radiolabeled xtl-5-P (data not shown). Since all
energy derived from glycolysis occurs after oxidation of
glyceraldehyde-3-phosphate, the expulsion of xtl appears to
be an energy-dependent process.

Identification of intermediate products of xtl and rtl uptake.
Polyethyleneimine-cellulose thin-layer chromatographic and
fluorographic analyses of the contents of cells preloaded
with [14C]xtl, and the expulsion product in the medium,
revealed that preloaded cells contained two radioactive
components which migrated with Rf s of 0.64 and 0.15,
respectively (data not shown). The more mobile compound,
which constituted more than 90% of the total radioactivity
applied to the plate, comigrated with the xtl-5-P standard.

Analysis of the buffered reaction mixture after expulsion of
the radioactive xtl intermediate revealed only a single radio-
active substance, with a migration rate identical to the
['4C]xtl standard. Identification of xtl-5-P as the major
intermediate product confirmed our earlier observations (7).
Solutions of the intermediate products of [14C]xtl uptake and
expulsion were further concentrated and applied to paper
chromatograms. Only xtl was present as the expulsion
product (Fig. 3). Again, the more mobile component ex-
tracted from preloaded cells migrated with the xtl-5-P stand-
ard, and the less mobile material trailed the ribulose-1,5-
diphosphate standard. Treating eluates of both materials
with commercial alkaline phosphatase yielded products that
migrated with the xtl standard. The chemical structure of
this minor component is, as yet, unknown. However, it may
be a diphosphate ester of xtl.
When strains of L. casei are grown at the expense of a

hexose, several intermediate products, including fructose-
1,6-diphosphate, triose phosphate, and PEP, are maintained
at relatively high levels (1, 2). When ["4C]rtl was substituted
for glucose as the energy source for growth, the pattern of
intracellular metabolites changed dramatically (Fig. 4). Sepa-
ration by thin-layer chromatography showed that only one
major product (rtl-5-P) was detected, and triose phosphate
and PEP were present at low levels. Repeating the separa-
tion by paper chromatography, which readily separates rtl-5-
P from other intermediate products, yielded identical results
(data not shown). Pool sizes of the intermediate products of
rtl metabolism were estimated by analyzing replicate cul-
tures before or shortly after the addition of the xtl (Fig. 4).
During exponential growth on rtl, cells contained concen-
trations of rtl-5-P, triose phosphate, and PEP of 110, 4, and
2.7 mM, respectively. After the addition of xtl, the concen-
trations of these metabolites decreased to 9, 2.5, and 2.3
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FIG. 4. Changes in the levels of intermediate products of ['4C]rtl

fermentation produced by the addition of xtl. Lanes 1, intermediate
product profile 10 min before the addition of xtl; 2, profile 10 min
after the addition of 5 mM xtl.
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FIG. 5. Temporal sequence showing dissipation of intracellular
pools of rtl-derived intermediates by incubating resting cells at 30'C.
Lanes: 1, time zero; 2, 15 min; 3, 30 min; 4, 60 min.

mM, respectively. The sudden decrease in the metabolite
pools should not be interpreted to mean that the cells have
stopped metabolizing rtl after the addition of xtl. It was
demonstrated previously that rtl continues to be transported
and metabolized in the presence of xtl (7). Thus, in both
resting and growing cells, the energy reserve that drives the
initial uptake of xtl appears to be the pool of rtl-5-P. Indeed,
resting cells appear to exchange the rtl-5-P reserve (at
roughly 110 mM) for a pool of xtl-5-P (80 mM).
The stability of the rtl-5-P pool in resting suspensions of L.

casei CI-16 was determined by incubating cells grown on
[14C]rtl at 30°C and measuring the intracellular concentra-
tions of [14C]rtl-5-P over the course of time. In contrast to
strains of S. lactis which maintain intracellular energy re-
serves for hours (18, 19) at ambient temperatures, L. casei
Cl-16 depletes its pool of rtl-5-P within 1 h at 30°C (Fig. 5).
Although the increase in the levels of triose phosphate and
PEP partially compensated for the loss of the rtl-5-P pool, it
represented less than 10% of the initial levels of radioactive
intermediate products. To avoid losses such as these, cell
suspensions were stored in an ice bath at 0°C until required
for transport studies.

Detection of xtl-5-P phosphatase activity in L. casei cell
extracts. The expulsion of 2-DG from S. lacitis cells required
that 2DG-6-P (the dead-end intermediate product) be de-
phosphorylated before export across the cell membrane (15).
This was accomplished by a hexose phosphate:phos-
phohydrolase that exhibited the highest level of catalytic
activity with galactose-6-phosphate and 2DG-6-P (16); the
phosphatase had not been tested, at that time, for activity
with xtl-5-P. Cell extracts of L. caisei CI-16 were tested for a

similar phosphatase activity. Cells harvested from cultures
grown on either glucose or rtl were used to prepare the
extracts, and these were examined for xtl-5-P phosphatase
activity. Xtl-5-P phosphatase activity was detected in both
extracts, but the preparation from rtl-grown cells contained
a level of activity 3.5-fold greater than that found in glucose-
grown cells (data not shown).

In previous publications, the xtl-mediated inhibition of
growth of L. casei at the expense of rtl was shown to involve
the uptake of xtl by a specific PTS and its intracellular
accumulation as xtl-5-P (7). Growth and resting cell experi-
ments reported here established that L. (asei CI-16 is
capable of both importing and exporting xtl (Fig. 2) and that
the two processes require energy for optimum efficiency.
The PEP-dependent xtl PTS functions ultimately at the
expense of the primary energy reserve of the cells (rtl-5-P),
and the latter is rapidly dissipated when xtl is added to a
growing-culture or resting-cell suspension of L. (casei C1-16.
Similarly, the rapid expulsion of xtl also appears to require a
source of energy because resting cells preloaded with ['4C]xtl
export the pentitol at a significant rate only when provided
with a metabolizable substrate. In the presence of a nonme-
tabolizable substrate, e.g., 2-DG or an inhibitor of glycolysis
such as iodoacetic acid (IAA) (which blocks sugar or pentitol
metabolism before ATP and PEP production), the rate of xtl
efflux was no greater than that observed with the control.
The ability of L. casei CI-16 to (i) import xtl via a specific
PTS, (ii) dephosphorylate the transport product to xtl, and
(iii) expel free xtl provides this organism with all of the
components necessary to drive a cyclic mechanism that
pumps xtl into and out of the cell. Thus, the potential exists
for the cell to operate an energetically wasteful futile cycle
during growth on pentoses or pentitols upon addition of xtl
to the medium. Figure 6 summarizes how the futile xtl cycle
might operate in conjunction with rtl metabolism and bears a
number of similarities to the futile 2-DG cycle (15).
The question of whether the futile xtl cycle is actually

responsible for the inhibition of growth on rtl requires
further discussion. Although growing cells accumulate sig-
nificantly less xtl-5-P (26 mM) than resting cells (80 mM), the
former level may be sufficient to inhibit directly some
essential step in rtl metabolism. Evidence from experiments
presented here argues against that possibility. First, it was
demonstrated that the expulsion of xtl from the 60 mM pool
of xtl-5-P is accelerated by the addition of a metabolizable
substrate (Fig. 2A). If xtl-5-P inhibited rtl metabolism, the
latter could not have provided energy for the expulsion of
xtl. Secondly, mid-log cultures of L. casei Cl-16 respond
immediately to the addition of xtl and stop growing, yet
expulsion of xtl continues for 1 h after growth has ceased.
Since the cells do not synthesize storage products from rtl
(unpublished data), energy for expulsion can only be derived
from rtl metabolism. On the other hand, the operation of a
futile cycle would divert only a portion of the energy
supplies of the cells, and although it might prevent growth
from occurring, rtl metabolism could continue at a level
sufficient to meet the maintenance requirements of the
organisms. This would explain how the cells continue to
maintain a constant intracellular level of 8 mM xtl-5-P during
the 5-h stationary period (Fig. 1) in the growth experiment
and why the cells remained poised and capable of growth the
moment glucose was added to the culture. The differential
responses between glucose and rtl-mediated growth to xtl
probably reflect the relative efficiencies with which the two
substrates are metabolized to produce energy.
The portion of the futile cycle responsible for the uptake

of xtl has been well characterized (6-8); however, little is
known about the phosphatase and the xtl export system.
Cell extracts possess an activity which causes the hydrolysis
of xtl-5-P to xtl and Pi. This enzyme is presently being
purified, and preliminary findings suggest that the phospha-
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FIG. 6. Proposed operation of the three-step futile xtl cycle. The
size of the lettering indicates the relative concentrations of the
intracellular metabolite pools during rtl fermentation.

tase is a hydrophobic protein which may function near, or
may be associated with, the cytoplasmic membrane (un-
published data). Exit of xtl is probably mediated by enzyme
IIxtI because this represents the only known transport sys-
tem for this pentitol in L. casei Cl-16 (7).

After the accumulation of rtl-5-P by L. casei Cl-16 cells,
the intracellular derivative was dephosphorylated, and efflux
of free pentitol was observed (Fig. 2B). Furthermore, the
rate of xtl expulsion from the cells was markedly stimulated
by the addition of a metabolizable energy source (e.g.,
glucose, rtl) to the cell suspension. As mentioned earlier,
this stimulation of xtl expulsion was abolished by metabolic
inhibitors, such as IAA, and no stimulation of expulsion
occurred in the presence of nonmetabolizable sugar analogs
(e.g., 2-DG or 6-deoxyglucose [data not shown]). A striking
parallel exists between the dephosphorylation and acceler-
ated expulsion of the nonmetabolizable pentitol from L.
casei and the previously described expulsion of the nonme-
tabolizable hexose-6-phosphate (methyl-3-D-thiogalactopyr-
anoside-6-phosphate) from cells of lactic acid bacteria (12,
13, 17). Studies by Reizer et al. (11) and Thompson and Saier
(17) suggest that energy (possibly ATP) and certain glyco-
lytic intermediate products are involved in the increased rate
of dephosphorylation and expulsion of thiomethylglucoside-
6-phosphate in Streptococcus pyogenes and S. lactis, respec-
tively. The xtl expulsion system of L. casei may operate in
the same fashion.
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