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Acquisition of Glucose by Rickettsia prowazekii through the
Nucleotide Intermediate Uridine 5'-Diphosphoglucose
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The ability of Rickettsia prowazekii to transport potential sources of the glucose moiety of bacterial
polysaccharides was determined. Transport was determined both by filtration assays and by centrifugation
through nonaqueous layers. Uridine 5'-diphosphoglucose (UDPG) was transported, whereas glucose was not
transported; the uptake of glucose phosphates, although greater than that for glucose, was markedly lower
than the transport of UDPG. Furthermore, the activities of hexokinase and phosphoglucomutase, enzymes
required for the metabolism of glucose and glucose 6-phosphate, were undetectable in rickettsial extracts. The
uptake of UDPG had an extended time course and did not reach a plateau until 60 min. The maximum rate of
uptake was 340 pmol/min per mg of protein, and the rate was half-maximal at a UDPG concentration of 220
,IM. Measurement of true influx of UDPG was complicated by the low activity of this transport system and the
metabolism of the UDPG. The uptake of labeled UDPG was markedly inhibited by a 10-fold excess of uridine
monophosphate, uridine diphospho-N-acetylglucosamine, and uridine diphospho-N-acetylgalactosamine but
not by a variety of other structurally related compounds.

Rickettsia prowazekii is an obligate intracellular bacterial
parasite that grows in the cytoplasm of eucaryotic cells
unbounded by any parasitophorus vacuole. It is attractive to
hypothesize that these organisms transport complex mole-
cules from their rich and unusual extracellular environment
rather than synthesize the molecules from simple com-
pounds. Thus, rickettsiae would be auxotrophic for many of
their metabolic intermediates.

Rickettsiae resemble gram-negative bacteria morphologi-
cally and with respect to their polysaccharide components in
that they have lipopolysaccharide, peptidoglycan, and a
capsule (1, 2, 10-12, 14, 20). The composition of these
macromolecules has not been elucidated. Some building
blocks must be transported and appropriately metabolized
by the rickettsiae to form such polysaccharides. The
polysaccharides themselves not only are too large to be
transported, but also are not even found in eucaryotic
cytoplasm. The identity of the source of carbohydrate build-
ing blocks for these macromolecules is an enigma that has
not been addressed in the literature. To initiate the synthesis
of a glucose-containing polysaccharide the rickettsiae must
be able to (i) transport and phosphorylate glucose and
convert the glucose phosphate to a nucleotide sugar, (ii)
transport glucose phosphate and convert it to a nucleotide
sugar, or (iii) transport the nucleotide sugar itself.

In this study, we demonstrate the R. prowazekii uses what
might be considered the most metabolically economical of
these alternatives, that is, it transports the large, highly
charged uridine 5'-diphosphoglucose (UDPG) molecule.

MATERIALS AND METHODS

Rickettsial growth and preparation. R. prowazekii Madrid
E was propagated in 6-day-embryonated, antibiotic-free hen
eggs by inoculation with a dilution of a seed pool (yolk sac
passage no. 273). Infected yolk sacs were harvested 8 days
postinoculation, rickettsial suspensions were prepared from
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heavily infected yolk sacs, and further purification was done
at 4°C as previously described (18). Only fresh (unfrozen)
material was used in these investigations.

Transport assay. The standard buffer used was SPGMg (5,
18), consisting of 218 mM sucrose, 3.76 mM KH2HPO4, 7.1
mM K2HPO4, 10 mM MgCl2, and 5 mM glutamic acid (pH 7).
The assay was initiated by adding 1 volume of rickettsiae (at
a concentration of about 4 mg of protein per ml) to 10
volumes of SPGMg containing UDPG (usually 1.4 or 100
,uM, 0.1 ,uCi/ml, uniformly 14C-labeled in the glucose moiety;
ICN Radiochemicals, Irvine, Calif.) plus any effectors.
When poisoned rickettsiae were used, the poison was pre-
incubated for 10 min at 0°C with the rickettsiae and was also
included in the incubation mixture. At appropriate times,
100-pd portions were taken and filtered on prewetted mem-
brane filters (no. HAWPO25, Millipore Corp., Bedford,
Mass.) and then washed with 5 ml of SPGMg. Filters were
dried and counted by liquid scintillation techniques.
Chase experiments were carried out by transferring a

portion of rickettsiae that had accumulated labeled UDPG
into a second tube containing a small volume of unlabeled
UDPG to yield a final concentration of 1 mM. Exit experi-
ments were performed by diluting preloaded cells 1:250 into
SPGMg. At the indicated times, samples of 25 ml were
filtered and counted as above.
Space measurements were made as previously described

(3) by centrifuging rickettsiae, which had been incubated
with '4-labeled substrate and tritiated water or [14C]sucrose
and tritiated water, through nonaqueous layers into
perchloric acid. The sucrose space measured the extracellu-
lar space, tritiated water measured the total water space, and
their difference measured the intracellular water.
Enzyme assays. For preparation of cell extracts, bacteria

(R. prowazekii or Escherichia coli HB101) were suspended
at 10 mg of protein per ml in 50 mM glycylglycine plus 5 mM
dithiothreitol (pH 7.2) for phosphoglucomutase assays or in
1 mM EDTA (pH 7.4) for hexokinase assays. The cells were
broken in a French press (two passes at 20,000 lb/in2), and
unbroken cells were removed by centrifugation.
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TABLE 1. Uptake of glucose, glucose phosphates, and UDPG'

Substrate'
Uptake of substrate

Filtration assay (pmol/min Space assay
per mg of protein) (concn ratio)

UDPG 111 ± 19 (3) 4.9 ± 0.6 (2)
Glucose 10 ± 2 (2) 0.1 ± 0.1 (2)
G6P 26 ± 2 (3) 1.8 ± 0.3 (2)
GlP-G6P 25 ± 3 (3) 1.4 ± 0.2 (2)

a Uptake was measured at a substrate concentration of 100 pLM at 34°C for
20 min in the filtration assay and 60 min in the space assay. Means and
standard errors of the means are given for the number of experiments shown
in parentheses; each experiment had triplicate assays.

b G6P, Glucose 6-phosphate; G1P-G6P is a mixture of [14C]glucose 6-
phosphate and ['4C]glucose 1-phosphate formed from [14C]glucose 6-
phosphate with phosphoglucomutase.

Phosphoglucomutase was assayed spectrophotometrically
by coupling this activity with glucose-6-phosphate dehydro-
genase in a system that contained 80 mM Tris (pH 7.6), 5
mM MgCl2, 25 mM histidine, 200 ,uM NADP, 0.5 U of
glucose-6-phosphate dehydrogenase, 5 mM glucose 1-
phosphate, and extract. There was no NADPH oxidase
activity detectable in the same buffer system. Hexokinase
was measured by the formation of glucose 6-phosphate from
[14C]glucose, which was assayed by filtration through
Whatman DEAE anion-exchange filters. The assay system
was 10 mM potassium phosphate buffer (pH 7). 1 mM ATP,
7 mM MgCl2, 100 ,M [14C]glucose, and extract in a total
volume of 150 RI. At various times, 10 RI1 of the reaction
mixture was added to 90 p.1 of water, and this 100-pl mixture
was placed on the filter for 10 min without vacuum. The filter
was then washed with 25 ml of water under vacuum. Values
were corrected for recovery of authentic [14C]glucose 6-
phosphate.
Other assays. Protein assays were carried out by the

method of Lowry et al. (8). Hemolytic activity of rickettsiae
was assayed as previously described (15).

RESULTS

Sources of monosaccharides. The ability of glucose, glu-
cose 6-phosphate, glucose 1-phosphate, and UDPG to serve
as sources of glucose for polysaccharide biosynthesis in R.
prowazekii was determined by measuring both the transport
of these compounds and the activity of some key enzymes in
their metabolism. After incubation of rickettsiae with
[14C]glucose very little intracellular substrate was found.
However, small but significant levels were measured after
incubation of rickettsiae with [14C]glucose 6-phosphate or a
[14C]glucose 1-phosphate-[14C]glucose 6-phosphate mixture
formed from [14C]glucose 6-phosphate plus phospho-
glucomutase (Table 1). This was true when the intracellular
pools of these compounds were determined either by
microporous filtration assays (where the extracellular me-
dium was removed by rapid washing) or by space measure-
ments (where no washing of the cells was involved and
correction for contaminating extracellular medium was made
after centrifuging with rickettsiae through nonaqueous lay-
ers).
However, after incubation with UDPG, much higher lev-

els of intracellular radioactivity were observed with both
assay methods (Table 1). This accumulation was observed
with UDPG labeled in either the uridine moiety or the
glucose moiety, suggesting that UDPG was transported
intact as confirmed by the effect of putative inhibitors below.

In three experiments where the 20-min uptake was measured
with UDPG labeled in the uridine moiety, the uptake was 87
± 8% of the uptake measured in the same experiments with
substrate labeled in the glucose moiety.
The enzymes hexokinase and phosphoglucomutase were

measured in identical manners in extracts of R. prowazekii
(either a standard preparation or a Renografin gradient-
purified preparation [16]) and E. coli (a positive control).
Both enzymes would be necessary for the conversion of
intracellular glucose to UDPG, and the latter enzyme would
be necessary for the conversion of glucose 6-phosphate to
UDPG. Neither enzyme activity wad detectable in R.
prowazekii. The sensitivity of the assays was such that if the
extract of R. prowazekii had contained even 1% of the
activity of the E. coli extract this activity would have been
detected.
Uptake of UDPG. The time course for the uptake of

[14C]UDPG at 340C was not especially rapid, and a pro-
nounced plateau was not reached until after 1 h (Fig. 1).
There was no uptake at 0°C and no uptake or significant
binding of UDPG by heat-killed rickettsiae. Purification of
rickettsiae by the Renografin gradient procedure (16) did not
markedly alter either the magnitude (85 ± 24% of control) or
the time course (data not shown) of uptake. When the
rickettsial suspension was diluted 250-fold (exit) or when 1
mM nonradioactive UDPG was added (chase) at the 20-min
point in Fig. 1, there was little further accumulation of
radioactive material, but no efflux of the intracellular radio-
activity occurred.
When rickettsiae which had been incubated for 60 min at

340C with UDP-[U-14C]glucose were extracted with 80%
ethanol at 0°C, approximately one-third of the radioactivity
was recovered in the ethanol-insoluble fraction. UDPG, in
contrast, was soluble under the same conditions. More than
80% (81 ± 14% in four experiments) of the ethanol-soluble
radioactivity was recovered in the neutral fraction after
passage through an anion-exchange column (AG1-X8-
formate). UDPG, in contrast, bound to this resin and was
recovered in the anionic fraction. All of the radioactivity
remaining in the incubation medium was shown to behave
chromatographically as UDPG. These data show conversion
of the UDPG to other compounds within the rickettsiae; the
identity of these compounds is under investigation.

Saturation kinetics and metabolic inhibition of accumula-
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FIG. 1. Uptake of UDPG by R. prowazekii. Organisms were

incubated with UDPG (1.4 ,uM) labeled in the glucose moiety at 34°C
(0) or at 0°C (O). Rickettsiae were killed (A) by heating 60 min at
560C.
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FIG. 2. Substrate saturation of UDPG uptake. Values from five
experiments were normalized to V = 1 at 100 ,uM. The average value
at 100 ILM was 103 prmollmin per mg. The'dotted lines show the
standard errors where they were greater than 10%. The line is the
theoretical curve for a V..ax of 3.3 and a Km of 220 ,uM.

tion of radioactive material. The ability of this UDPG trans-
port system to be saturated by increasing concentrations of
substrate was measured (Fig. 2). These data were obtained
after 20 min of incubation, since earlier times did not provide
sufficient signal for analysis. The data from five experiments
were combined for Fig. 2. The rates obtained at all concen-
trations in each experiment were normalized to the rate
obtained at 100 puM in that experiment to correct for varia-
tion in biological activity. The concentration at which a
half-maximal rate of uptake occurred was approximately 220
,uM, and the maximum rate was approximately 340 pmol/min
per mg of protein. Although these data were uncomplicated
by efflux, they may not represent the true parameters of
influx because of the metabolism of intracellular UDPG.
The effects of the metabolic inhibitors 2,4-dinitrophenol (a

protonophore), KCN (an electron transport inhibitor), and
N-ethylmaleimide (a thiol reagent) on the transport of
[14C]UDPG and [3H]lysine (a substrate for a known active
transport system in R. prowazekii [13j), were compared in
the same rickettsiae by using double-label liquid scintillation
techniques (Table 2). The uptake of UDPG was much less
sensitive to these inhibitors than was the influx of lysine.
Again, the metabolism of intracellular UDPG (in contrast to
lysine, which is not metabolized under these conditions [13])
complicates the interpretation of these results.

Substrate specificity. The ability of a 10-fold excess of
unlabeled putative inhibitor to inhibit the uptake of labeled

TABLE 2. Effect of metabolic inhibitors on UDPG and lysine
uptakea

Treatmentb Uptake (% of control) of:Treatment- ,.
Lysine UDPG

Control 100 100
DNP, 100 ,uM 11 ± 4 73 ± 11
KCN, 1 mM 9 ± 2 86 ± 1
DNP plus KCN 10 ± 3 55 ± 7
NEM,lmM 6±1 55±2

a Inhibitors were preincubated with the rickettsiae for 10 min. Uptake was
measured after 20 min at 34°C. Means and standard errors are shown for three
experiments, each performed in triplicate.

b DNP, 2,4-Dinitrophenol; NEM, N-ethyl maleimide.

TABLE 3. Effect of putative inhibitors on the uptake of UDPG
by R. prowazekiia

Inhibitor

UDP-N-acetylglucosamine
UDP-N-acetylglucosamine
UDP-N-acetylgalactosamine
UDP-N-acetylgalactosamine
UDPG
UDPG
UMP
UMP

UDP-mannose
UDP
UDP-Galactose
Glucose 1-phosphate
Gluconic
3'-UMP
UTP
GMP
CMP
ADP-glucose
ATP
Galactose 6-phosphate
AMP
Glucose
Glucose 6-phosphate
Mannose 6-phosphate
ADP
a-Glycerol phosphate
Fructose 6-P
N-acetylglucosamine

Concn (mM)

1
0.1
1

0.1
1

0.1
1

0.1

Uptake
(% of control)

11 ± 3 (7)
17 ± 2 (4)
19 + 7 (3)
57 ± 1 (2)
18 ± 3 (10)
45 ± 1 (6)
15 ± 1 (8)
57 ± 2 (6)

1 53 7 (6)
1 63 2 (4)
1 73± 4 (7)
1 70± 3 (6)
1 75 ± 2 (2)
1 76 ± 1 (2)
1 86 ± 4 (4)
1 88 ± 1 (2)
1 90 ± 3 (2)
1 90 t 5 (4)
1 90 + 6 (2)
1 97? 1(2)
1 96 ± 2 (4)
1 99 t 1 (2)
1 100 t 2 (2)
1 101 t 2 (2)
1 101 t 2 (2)
1 103 2 (2)
1 111 4 (2)
1 111 + 7 (2)

a The means and standard errors for the numbers of experiments shown in
parentheses are given. Each experiment had triplicate assays at 20 min at 34°C
with [14C]UDPG at 100 FM. UDP-mannose and the compounds listed below
it inhibited less than 50%o when in 10-fold excess.

UDPG (100 ,uM) was used as an index of the specificity of
the UDPG transport system (Table 3). Self-inhibition by
unlabeled UDPG served as a positive control. A high, but
not absolute, level of specificity was found. To obtain an
inhibition greater than 50%, adenine could not be substituted
for the uridine moiety and neither mannose nor galactose
could be substituted for the glucose moiety in the UDPG
molecule. None of the monosaccharides, sugar phosphates,
nucleotide triphosphates, or nucleotide diphosphates tested
was an effective inhibitor. However, substitution of the
glucose moiety of UDPG with either N-acetylglucosamine or
N-acetylgalactosamine resulted in a nucleotide sugar that
was highly inhibitory with as much or more apparent affinity
than UDPG itself. UMP was also an effective inhibitor, but
other nucleotide monophosphates, AMP, GMP, CMP, and
uridine 3'-monophosphate, were not. Compounds that were
found to be highly inhibitory at 1 mM were tested at 100 ,uM
(Table 3). Only uridine 5'-diphospho-N-acetylglucosamine
had a high enough affinity to markedly inhibit at this low
concentration.

DISCUSSION

Rickettsiae are bacteria which have evolved to both
survive in and exploit their external milieu, the cytoplasm of
their eucaryotic host cell. Moulder, by considering the
intracellular niche to be highly hostile, has emphasized the
survival aspect (9). In contrast, we consider this niche to be
a growth medium which contains an incomparably compre-
hensive array of metabolites. Exploitation of such a medium
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could, therefore, entail the acquisition of a transport system
for the last, rather than first, metabolite of a pathway and the
concurrent relinquishment of those enzymes that normally
would be used to form the last from the first metabolite. The
economy of this strategy could be a hallmark of the obligate,
as opposed to facultative, intracytoplasmic parasite.
The rickettsiae use glutamate and the tricarboxylic acid

cycle rather than the catabolism of sugars to generate energy
(4, 17). In fact, no glycolytic enzyme activity has ever been
reported; the absence of detectable activity of several en-
zymes in Rickettsia typhi has been documented (6), and we
have shown the absence of hexokinase and phosphogluco-
mutase in R. prowazekii. However, rickettsiae must synthe-
size their bacterial polysaccharides and the uniquely procar-
yotic components of these polysaccharides such as 2-keto-
3-deoxyoctulosonic acid, which has been found in isolated
outer membranes of R. prowazekii (14). The first step in the
biosynthesis of polysaccharides is the transport of the ap-
propriate substrate. This study begins an investigation of the
mechanisms whereby the rickettsiae accomplish this.
R. prowazekii cells take up UDPG from the incubation

medium better than either glucose or glucose phosphate.
UDPG is large and highly charged, and to our knowledge the
only report of its tranport in a cell is in Agrobacterium
tumefaciens (7). UDPG is the most plentiful of the nucleo-
tide sugars in eucaryotic cells (21). The uptake of UDPG is
saturable and highly specific. No uptake occurs with heat-
killed rickettsiae or at 0°C. The magnitude of the transport of
UDPG is low compared with sugar transport systems in
free-living bacteria. However, R. prowazekii, which has a
long doubling time of 8 h (19), may require no greater uptake
of this substrate, which is a biosynthetic intermediate and
not an energy source. Strikingly, the UDPG transported is
metabolized to ethanol-insoluble and ethanol-soluble neutral
compounds. (The nature of this metabolism will be the
subject of future investigations.) Thus, rickettsiae have the
potential to use the UDPG in the cytoplasm of the host cell
as a source of glucose for their polysaccharides.
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