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The glucose transport system of the extremely thermophilic anaerobic bacterium Thermotoga neapolitana was
studied with the nonmetabolizable glucose analog 2-deoxy-p-glucose (2-DOG). T. neapolitana accumulated
2-DOG against a concentration gradient in an intracellular free sugar pool that was exchangeable with external
D-glucose. This active transport of 2-DOG was dependent upon the presence of sodium ion and an external
source of energy, such as pyruvate, and was inhibited by arsenate and gramicidin D. There was no phos-
phoenolpyruvate-dependent phosphorylation of glucose, 2-DOG, or fructose by cell extracts or toluene-treated
cells, indicating the absence of a phosphoenolpyruvate:sugar phosphotransferase system. These data indicate
that p-glucose is taken up by 7. neapolitana via an active transport system that is energized by an ion gradient
generated by ATP, derived from substrate-level phosphorylation.

Cytoplasmic membranes of bacteria serve many functions,
including active transport of nutrients, maintenance of intra-
cellular pH, and regulation of intracellular osmotic pressure.
Accomplishing all of these goals becomes especially compli-
cated for bacteria living at extremely high temperatures (hy-
perthermophiles), because passive ion permeability of the
membrane increases with temperature (7). The mechanisms of
survival at extreme temperatures range from the use of tet-
raether lipids (6) to apparent utilization of ADP-dependent
kinases (14).

Thus far, amino acid transport in two moderately thermo-
philic anaerobic bacteria has been found to be driven by trans-
membrane gradients of Na* ions (10, 30). One of these ther-
mophiles, Clostridium fervidus, was found to completely
depend upon a Na™ gradient for its membrane energetics (29).
However, mechanisms of carbohydrate transport in thermo-
philes, particularly in hyperthermophiles, remain unclear. In
most studies conducted so far, only the overall uptake of ra-
diolabeled metabolizable sugars was measured (5, 9, 25). This
approach did not separate transport from metabolism and
cellular incorporation, and thus it provided only limited infor-
mation on the nature of the transport processes. In one case, in
which a glucose analog was used (4), no active transport was
found, and a facilitated diffusion mechanism was suggested.

Here, we describe a glucose transport system in the hyper-
thermophilic marine bacterium Thermotoga neapolitana. T.
neapolitana is a strict anaerobe that grows by fermentation at
temperatures up to 90°C and can use a number of carbohy-
drates as carbon and energy sources (11, 12). This organism
has evolved relatively slowly since its divergence from other
bacteria (1, 33), so its physiology and modes of sugar transport
may be similar to those of the earliest bacteria.

MATERIALS AND METHODS

Growth of T. neapolitana and preparation of cell suspensions. T. neapolitana
NS-E (12) was maintained as described earlier (31). Cells were grown at 77°C
under strictly anaerobic conditions in seawater-based TB mineral medium (3),
supplemented with 0.2% yeast extract, 0.4% glucose, and 0.1% starch. Typically,
10 ml of overnight culture was inoculated into 500 ml of fresh medium in
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Wheaton medium bottles, grown for 6 to 8 h, and then cooled down to 4°C. The
cells were harvested by centrifugation at 5°C in bottles with rubber-sealed caps
and washed twice with NaTB (the salt portion of the TB medium), containing the
following (per liter): NaCl, 17.55 g; KCl, 2 g; MgSO, - 7TH,0, 0.5 g; NH,C],
0.25 g; CaCl, - 2H,0, 0.05 g; K,HPO,, 0.05 g; HEPES (N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid), 4.8 g; cysteine HCI, 0.5 g, and resazurin, 1 mg
(pH 7.5). The cells were finally resuspended in NaTB medium to 4 to 6 mg of
protein per ml and dispensed in 2.5-ml portions into 5-ml capped serum bottles.
All of the resuspension and dispensing procedures were performed at room
temperature in an anaerobic chamber (Coy Laboratory Products, Grass Lake,
Mich.) under a N,-H, (90:10) atmosphere.

In experiments to determine the effect of Na™ on transport, cells were washed
and resuspended in Na*-free KTB medium, containing 0.3 M KCl instead of
NaCl. The energy source in these experiments was a pyruvic acid solution neu-
tralized with KOH. The concentration of Na* was varied by resuspension of the
cells in 5 ml of NaTB or KTB media, as specified.

Transport measurements. Transport of 2-deoxy-p-[1-'*C]glucose (['*C]2-
DOG) was measured in cell suspensions contained in capped serum bottles kept
at 65°C under a flow of nitrogen, essentially as described by Kashket (13). All
additions and removal of samples were made through the rubber caps with
syringes flushed with nitrogen. Before each experiment, both the cell suspensions
and the transport substrate, ['*C]2-DOG (0.2 mCi/mmol; DuPont NEN Re-
search Products, Boston, Mass.), dissolved in NaTB medium, were made anaer-
obic by being flushed with oxygen-free N,. Our experience was that flushing of
the gas space above the cell suspensions with N, was essential, and any exposure
to oxygen led to loss of transport capacity. Cells were preincubated at 65°C for
15 min in the presence of 50 mM pyruvate before addition of [**C]2-DOG, unless
indicated otherwise. Inhibitors, when used, were added 5 min prior to [**C]2-
DOG addition. Samples of cell suspension (0.25 or 0.5 ml) were removed at
appropriate times with nitrogen-flushed syringes and transferred into 1.5-ml
microcentrifuge tubes containing a silicone oil mixture (0.3 ml of a 75:25 mix of
Dow Corning fluids 550 and 556 covered with 0.2 ml of mineral oil) and imme-
diately centrifuged (16,000 X g, 2 to 3 min) in an Eppendorf microcentrifuge.
After careful removal of supernatants by aspiration, cell pellets were lysed in 0.2
ml of 0.2% Triton X-100. For determination of total radioactivity, the lysates
were mixed with liquid scintillation fluid (Optifluor; Packard) and counted in a
Beckman LS 3801 spectrometer. For determination of intracellular pools of free
or phosphorylated 2-DOG, the lysates were cleared of cell debris by centrifuga-
tion and applied to columns (Bio-Rad Econocolumns; 0.8 by 4 cm) containing
Bio-Rad AG1-X2 anion-exchange resin (analytical grade, 100/200 mesh, chloride
form). Free sugars were eluted first with 20 ml of deionized water, and anionic
sugar phosphates or sugar acids were subsequently eluted with two 3-ml portions
of 1 M LiCl. This procedure allowed recovery of more than 95% of the total
radioactivity applied to the columns.

The volume of intracellular water was measured as the difference between
total space occupied by the permeant species *H,O and the space occupied by a
nonpermeant species, [H]polyethylene glycol (both DuPont NEN Research
Products) (13). The aqueous space was found to be 1.9 pl of H,O per mg of
protein.

To determine the protein content of cell suspensions, samples of suspensions
were centrifuged, cell pellets were resuspended in 0.2 ml of 0.2 M NaOH
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FIG. 1. Effect of energy source and energy inhibitors on the uptake of [**C]2-
DOG by T. neapolitana. Cells were incubated with 0.2 mM ['*C]2-DOG (0.2
mCi/mmol) added at time zero with no further addition (@), with 50 mM
pyruvate added at —15 min (O), or with 50 mM pyruvate added at —15 min and
100 mM sodium arsenate (A) or 10 uM gramicidin D (A) added at —5 min.

containing 1% sodium dodecyl sulfate and lysed by boiling for 10 min, and then
protein was assayed by the method of Lowry et al. (17).

Assay of sugar phosphorylation by cell extracts and toluene-treated cells. Cells
grown as described above were washed and resuspended in a buffer solution
containing 50 mM Tris-HCl, 50 mM K*-HEPES, 25 mM NaF, 10 mM MgCl,, 10
mM dithiothreitol, and 2 mM sodium dithionite (pH 8.0 at 25°C). Cell extracts
were prepared by intermittent sonication of cell suspensions kept in an ice bath
under a nitrogen atmosphere (five 1-min bursts with 1-min cooling periods)
followed by centrifugation at 16,000 X g for 15 min to remove cell debris.
Toluenized (decryptified) cells were prepared with 0.1% (vol/vol) toluene ac-
cording to the method of Kornberg and Reeves (15). Phosphorylation was
measured at 77°C for 10 to 30 min essentially as described previously (18). The
standard assay mixture contained 1 mM #C-labeled sugar substrate (0.2 to 0.5
mCi/mmol), 10 mM phosphoryl donor, cell extract or toluenized cells, and the
suspension buffer specified above in a total volume of 0.1 ml. Reactions were
initiated by the addition of appropriate phosphoryl donors and were stopped by
dilution of the reaction mixtures with 1 ml of ice-cold water. The diluted reaction
mixtures were transferred to Bio-Rad AG1-X2 (chloride form) anion-exchange
columns and analyzed for sugar phosphates as described above.

RESULTS

Cells of T. neapolitana were able to accumulate 2-DOG
against a concentration gradient, provided an external source
of energy was supplied. Figure 1 shows that cells incubated in
the presence of pyruvate were able to effect an intracellular
concentration of 2-DOG that was approximately 25-fold that
of the external medium, on the basis of an intracellular water
content of 1.9 pl per mg of protein. There was essentially no
accumulation of 2-DOG without addition of pyruvate, indicat-
ing that 7. neapolitana cells harvested and washed free of
external nutrients are in an energy-depleted state. Pyruvate
yields intracellular ATP by the combined actions of pyruvate:
ferredoxin oxidoreductase, phosphotransacetylase, and acetate
kinase, a key enzyme system found in Thermotoga maritima (2,
22). The energy dependence of this concentrative uptake of
2-DOG is further demonstrated by its abolition by sodium
arsenate, which inhibits ATP synthesis, and the ionophore
gramicidin D.

Anion-exchange chromatographic analysis of lysates of cells
that had taken up ['*C]2-DOG showed that more than 90% of
the total intracellular radioactivity was nonanionic, indicating
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that there was limited phosphorylation of 2-DOG and that
intracellular 2-DOG was predominantly in a free and unal-
tered state (Fig. 2). Furthermore, addition of excess D-glucose
to cells that had been allowed to accumulate [**C]2-DOG for
30 min provoked a rapid efflux of radioactivity (Fig. 2), showing
that the intracellular pool of [**C]2-DOG was mobile and
rapidly exchangeable with an external homologous species.
Figure 2 also shows that addition of excess D-glucose before
the commencement of ['*C]2-DOG uptake resulted in strong
inhibition of 2-DOG uptake, indicating further that p-glucose
and 2-DOG are transported via a common carrier and that
2-DOG is a suitable nonmetabolizable analog for the study of
D-glucose transport.

While the low intracellular concentration of anionic 2-DOG
did not suggest the operation of a phosphorylative group trans-
location system, such as the phosphoenolpyruvate (PEP):sugar
phosphotransferase system (PTS), assays for this system were
carried out with cell extracts and toluenized cells to determine
whether this system might be operative for the natural sub-
strate D-glucose or for b-fructose, the most common sugar PTS
substrate (19, 20). The results are shown in Table 1. There was
strong ATP-dependent glucose phosphorylation in the cell ex-
tract but no significant PEP-dependent phosphorylation of glu-
cose. There was also no PEP-dependent phosphorylation of
2-DOG, and the low ATP-dependent phosphorylation of this
analog by the cell extract correlated with the small intracellular
pool of phosphorylated 2-DOG that was detected in the whole-
cell transport experiments described above (Fig. 2). PEP-de-
pendent phosphorylation of fructose was also much less than
the ATP-dependent phosphorylation, and not significantly
more than that in the absence of any added phosphoryl donor.

The possibility that the lack of PEP-dependent PTS activity
was due to instability of PEP at 77°C was ruled out by a positive
control experiment in which the PEP-containing reaction mix-
ture was kept at 77°C for 30 min and then was transferred to
37°C. Subsequent addition of a cell extract of Enterococcus
faecalis, which has a PEP:glucose PTS, resulted in a high level
of glucose phosphorylation activity compared with that of a
similarly treated reaction mixture that lacked PEP (not
shown). This showed that the previously heated PEP-contain-
ing reaction mixture was able to support the PTS activity of an
organism known to possess this system.

+ Glucose
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FIG. 2. Effect of glucose on ['*C]2-DOG uptake by T. neapolitana. Cells were
incubated in the presence of 0.2 mM [**C]2-DOG (0.2 mCi/mmol) and 50 mM
pyruvate, with no further addition (O) or with 20 mM p-glucose added at —2 min
(®) or +30 min (A). Intracellular levels of free [**C]2-DOG (m) and anionic,
phosphorylated ['*C]2-DOG (0J) at the time of glucose addition (30 min) and 30
min after glucose addition (60 min) are shown.
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TABLE 1. PEP- or ATP-dependent phosphorylation of D-glucose,
2-DOG, or D-fructose by cell extracts or toluene-treated
T. neapolitana cells

Sugar phosphate formed (nmol/min/mg
of protein) with phosphoryl donor:

Sugar
None PEP ATP

Cell extracts
D-Glucose 3.1 32 117.0
2-DOG 1.6 1.8 16.9
D-Fructose” 4.8 5.1 36.5

Toluene-treated cells

D-Glucose 3.7 3.7 9.0
D-Fructose” 1.7 2.2 12.5

“ Fructose phosphorylation was assayed with cells grown on 0.4% fructose
instead of glucose.

Glucose phosphorylation by the cell extract also took place
in the presence of ADP, but not AMP, carbamyl phosphate,
acetyl phosphate, or pyrophosphate (not shown).

Cells that were washed twice and resuspended in TB me-
dium in which NaCl was replaced by KCl showed essentially no
capacity to transport 2-DOG. This transport capability was
restored by provision of Na* in a concentration-dependent
manner, with full activity at 100 mM Na™ when the total
NaCl-KCl concentration was 300 mM (Fig. 3). Thus, the ability
of T. neapolitana to concentrate 2-DOG intracellularly was
clearly sodium dependent.

DISCUSSION

Extremely thermophilic bacteria and archaea appear to be
the most slowly evolving organisms (1, 33). Studies of their
biochemical functions have already revealed a number of
unique features that provide a better understanding of the
evolution of metabolic pathways (14, 21). As an initial ap-
proach to study the evolution of membrane transport systems,
we have undertaken an investigation of carbohydrate transport
in the phylogenetically deep-rooted bacterium 7. neapolitana.

The results presented in this work demonstrate the presence
of an active transport system for glucose in T. neapolitana. This
system was found to transport the nonmetabolizable analog
2-DOG against a concentration gradient into an intracellular
nonphosphorylated free sugar pool that could be exchanged
for extracellular p-glucose. Energy for this concentrative up-
take was provided by pyruvate, which generates ATP by sub-
strate-level phosphorylation (2). Transport required Na™* and
was inhibited by sodium arsenate, which would inhibit ATP
synthesis and lead to depletion of intracellular ATP, and by
gramicidin D, an ionophore which would collapse an ion gra-
dient that might be generated by ATP. The most reasonable
interpretation of these data is that 7. neapolitana actively trans-
ports glucose via an active transport system energized by an ion
gradient, which is in turn generated from ATP derived from
substrate-level phosphorylation in the fermentative metabo-
lism of this organism. The ion gradient involves Na* in some
way that needs to be determined by further study.

T. neapolitana is a marine organism, so the requirement for
Na™ in the active transport of 2-DOG that has been demon-
strated here would not be unexpected. Participation of Na™ in
transport systems of extremophiles and marine organisms is
common (for reviews, see references 16 and 26-28). The mode
of participation varies in different organisms, however, de-
pending on whether the bioenergetic cycles that power active
transport involve Na™ gradients only or involve both H* and
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Na™ gradients, interconvertible by a Na™/H* antiporter. It is
of interest that the anaerobic thermophile C. fervidus has only
a Na™ cycle and no H" cycle, and it has been suggested that
this system provides a selective advantage to a fermentative
organism with limited capacity for energy generation because
of greater passive transmembrane leakage of H" relative to
Na™ at elevated temperatures (16, 30). It will be of interest to
determine whether a similar situation pertains in Thermotoga
species and other fermentative hyperthermophiles.

An earlier preliminary screening did not reveal any PEP:
sugar phosphotransferase activity in Thermotoga cells (19).
Here, we looked more extensively for evidence of a possible
PTS involvement, but found no PEP-dependent phosphoryla-
tion of glucose, 2-DOG, or fructose in toluenized cells or cell
extracts. Thus, glucose apparently enters the cell unmodified
and is then phosphorylated by glucokinase at the expense of
ATP. ADP-dependent glucose phosphorylation was recently
reported in the hyperthermophilic archaecon Pyrococcus furio-
sus (14). However, phosphorylation of glucose in 7. neapoli-
tana appears to be dependent on ATP; our observation that
addition of ADP to cell extracts of 7. neapolitana resulted in
glucose phosphorylation is probably due to the highly active
and thermostable adenylate kinase, recently discovered in a
close relative, T. maritima (8). Indeed, we found that addition
of ADP caused rapid ATP synthesis in 7. neapolitana cell
extracts. Further glucose fermentation would proceed via the
Embden-Meyerhof-Parnas pathway (23).

It has been suggested that PTS-like systems could have
evolved earlier than the systems of active solute transport (20).
However, the PTS has been found so far only in groups of
bacteria that have branched from the evolutionary tree much
later than Thermotoga species (19). On the other hand, ion-
coupled transport systems have been described in deeply
rooted archaea (24, 27). These findings and the results of this
work are consistent with the suggestion of Wilson and Lin (32)
that early transport processes were linked to ion movements.
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FIG. 3. Effect of Na* on ['*C]2-DOG transport by T. neapolitana. Uptake of
[**C]2-DOG was measured in cells washed in Na*-free KTB solution and re-
suspended in mixtures of NaTB and KTB solutions containing the following
concentrations of NaCl or KCI: O, 300 mM KCI, no NaCl; @, 10 mM NaCl, 290
mM KCI; A, 25 mM NaCl, 275 mM KCI; A, 50 mM NaCl, 250 mM KCI; [J, 100
mM NaCl, 200 mM KCI; m, 200 mM NaCl, 100 mM KCIL.
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