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Glucose metabolism in Legionella pneumophila was studied by focusing on the Entner-Doudoroff (ED)
pathway with a combined genetic and biochemical approach. The bacterium utilized exogenous glucose for
synthesis of acid-insoluble cell components but manifested no discernible increase in the growth rate. Assays
with permeabilized cell preparations revealed the activities of three enzymes involved in the pathway, i.e.,
glucokinase, phosphogluconate dehydratase, and 2-dehydro-3-deoxy-phosphogluconate aldolase, presumed to
be encoded by the glk, edd, and eda genes, respectively. Gene-disrupted mutants for the three genes and the ywtG
gene encoding a putative sugar transporter were devoid of the ability to metabolize exogenous glucose,
indicating that the pathway is almost exclusively responsible for glucose metabolism and that the ywtG gene
product is the glucose transporter. It was also established that these four genes formed part of an operon in
which the gene order was edd-glk-eda-ywtG, as predicted by genomic information. Intriguingly, while the
mutants exhibited no appreciable change in growth characteristics in vitro, they were defective in multiplication
within eukaryotic cells, strongly indicating that the ED pathway must be functional for the intracellular growth
of the bacterium to occur. Curiously, while the deficient glucose metabolism of the ywtG mutant was success-
fully complemented by the ywtG* gene supplied in trans via plasmid, its defect in intracellular growth was not.
However, the latter defect was also manifested in wild-type cells when a plasmid carrying the mutant ywtG gene
was introduced. This phenomenon, resembling so-called dominant negativity, awaits further investigation.

The Gram-negative bacterium Legionella pneumophila is a
facultative intracellular parasite and a clinically important
pathogen of human beings. In the natural habitat, it replicates
within free-living amoebae in the environment (6). However,
once inhaled into humans as contaminated aerosol, it survives
and replicates in alveolar macrophages and causes severe
pneumonia, Legionnaires’ disease (13).

It is generally believed that L. pneumophila utilizes amino
acids as carbon and energy sources while it neither ferments
nor oxidizes carbohydrates (7). Thus, the formulation of chem-
ically defined media (8, 18, 22) soon led to the discovery that a
certain combination of amino acids is sufficient to support the
growth of L. pneumophila (21). Almost at the same time, it was
also noted that glutamate serves as the principal energy source
(23) whereas glucose has no effect on the growth of the bac-
terium (18, 22). However, despite this widely held notion, there
are a few reports that present evidence that glucose is actually
metabolized by L. pneumophila, mainly through the Entner-
Doudoroff (ED) and/or pentose phosphate pathway (21, 23).
In accordance with these observations, the analysis of the ge-
nome structure of the bacterium identified the complete set of
genes related to the ED pathway (NC_002942), but the phys-
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iological significance of this phenomenon remained unclear.
Recently, it has been shown that the expression of the L.
pneumophila genes involved in the ED pathway is upregulated
within amoebic cells (2). Furthermore, Salmonella enterica se-
rovar Typhimurium, another facultative intracellular patho-
gen, is known to use gluconate and related carbohydrates by
the ED pathway when growing within macrophages (5).

In the present work, we tried to clarify the physiological
roles of the ED pathway (Fig. 1A) more fully by genetic means,
i.e., the construction and characterization of L. prneumophila
mutants in which genes essential to the ED pathway are inac-
tive due to insertion mutations. Our first aim was to estimate
the degree to which the pathway contributes to glucose me-
tabolism in the bacterium. The results described here clearly
showed that the dependence of glucose metabolism on the
pathway was nearly complete, thus excluding the possibility of
significant contributions by the glycolytic and pentose phos-
phate pathways. Our second aim was to know whether an
active ED pathway was required for intracellular growth of L.
pneumophila, as suggested by data obtained with amebic cells
(2). In this respect, our results seem to indicate that the func-
tional ED pathway is actually a requirement.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used are listed in Table 1. Strain AMS11, a streptomycin-resistant,
restriction-negative derivative of strain Philadelphia 1, was used as the wild type
throughout this study. BYE broth contained, per liter, 10 g of yeast extract
(Becton Dickinson, Tokyo, Japan), 0.4 g of L-cysteine—-HCI, 0.25 g of soluble
ferric pyrophosphate, 10 g of ACES [N-(2-acetamido)-2-aminoethanesulfonic
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FIG. 1. (A) The Entner-Doudoroff pathway. The genes zwf, pgl,
edd, glk, and eda encode glucose-6-phosphate dehydrogenase, 6-phospho-
gluconolactonase, phosphogluconate dehydratase, glucokinase, and 2-de-
hydro-3-deoxy-phosphogluconate aldolase, respectively. (B) Schematic
diagram of the DNA fragments used. The large arrows represent genes
relevant to this study; vertical dashed lines, ends of coding regions;
inverted triangles, sites for insertion of the Km" cassette; thick lines,
DNA fragments for preparation of gene-disrupted mutants; thin lines,
DNA inserts in plasmids pMMB207eda (a) and pMMB207ywtG (b)
used in complementation; open circles, DNA segments providing a
promoter and a ribosome-binding site; dotted lines, probes for North-
ern hybridization; thin dotted arrow, cDNA synthesized by RT-PCR
with primer RT-0; dashed lines, PCR products made on the RT-PCR
product as a template with primers RT1 through RT4. For primers and
other details, see Materials and Methods and Table S1 in the supple-
mental material.

acid], and KOH to adjust the pH to 6.9. BCYE agar was BYE broth supple-
mented with 0.2% activated charcoal and solidified with 1.5% (wt/vol) agar. LB
broth and LB agar for Escherichia coli strains contained, per liter, 10 g of
Polypeptone (Daigo Eiyo, Osaka, Japan), 5 g of yeast extract, 5 g of NaCl, and
NaOH to adjust the pH to 7.2, with or without 1.5% agar. All incubation was
done at 37°C. Liquid cultures were grown with gentle shaking, and the growth
was monitored by turbidometry at 600 nm. As required, antibiotics were used at
the following concentrations: kanamycin (Km), 30 pg/ml; chloramphenicol
(Cm), 5 pg/ml (for L. pneumophila) or 25 wg/ml (for E. coli); and ampicillin
(Ap), 50 pg/ml.

DNA manipulations. PCR was performed with Ex Taq or LA Tag DNA
polymerase (Takara Bio, Shiga, Japan) or KOD FX DNA polymerase (Toyobo,
Osaka, Japan) in a T1 Thermocycler (Biometra, Goettingen, Germany). Blunting
of DNA ends was achieved with a DNA Blunting Kit (Takara Bio). Restriction
endonucleases were purchased from Toyobo. All enzyme reactions were carried
out as recommended by the suppliers. Purification of PCR products and prep-
aration of plasmid DNA were carried out by DNA with a Gel Band Purification
Kit (GE Healthcare, Buckinghamshire, United Kingdom) and a Wizard Plus Kit
(Promega, Madison, WI), respectively.

Oligonucleotide primers. The primers used are listed in Table S1 in the
supplemental material. They were designed according to the genomic sequence
of strain Philadelphia 1 (NC_002942).

Construction of gene-disrupted mutants. The construction of gene-disrupted
mutants was carried out by inserting a Km" cassette, Mini-Tn5 Km, excised from
pUT-mini-Tn5 Km (4), into each of the target genes, i.e., edd, glk, eda, and ywtG,
in the following steps. (i) Appropriate DNA segments were amplified with the
primers 1F/1R, 2F/2R, 3F/3R, and 4F/4R (see Table S1 in the supplemental
material) to give the products edd, glk, eda, and ywtG, respectively (Fig. 1B); (ii)
TA cloning of the PCR products with pPGEM-T Easy gave pHRD1, pHRD2,
pHRD?3, and pHRD4, respectively; (iii) for pHRD1 and pHRD?2, insertion of the
Smal-excised Km" cassette into their blunted BanlII sites gave pHRD1Km and
pHRD2Km; in pHRD3 and pHRD4, BamHI sites were introduced using the
primers 5F/5R or 6F/6R and a Quick Change Site-Directed Mutagenesis Kit
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(Stratagene, CA) to give pHRD3B and pHRD4B, which in turn gave rise to
pHRD3Km and pHRD4Km by accepting the BamHI-excised Km" cassette at
their BamHI sites; (iv) ligation of NotI-digested pHRD1Km, pHRD2Km,
pHRD3Km, and pHRD4Km to the NotI site of the allelic-exchange vector
pLAW344 (25) gave pHRDILAW, pHRD2LAW, pHRD3LAW, and
pHRDA4LAW, respectively; (v) each of these plasmids was introduced into cells
of strain AMS511 by electroporation, and transformants were selected for on
BCYE agar plates supplemented with Km (3); (vi) finally, cells of the Km"
transformants were grown and subjected to selection for possession of the Km"
cassette and loss of the integrated pLAW344 on BCYE agar containing Km and
2% sucrose. The strains thus obtained, HRD1, HRD2, HRD3, and HRD4, were
examined by PCR and Southern hybridization for their authenticity.

Construction of other plasmids. To make plasmids carrying the eda™* or ywtG™*
gene to be used for complementation, a functional set of a promoter and a
ribosome-binding site had to be placed ahead of their coding sequences because
of their locations in the terminal portion of an operon (Fig. 1B). Hence, we
separately amplified a region containing both the promoter of the operon and
the ribosome-binding site for the zwf gene with primers 7F and 7R-1 (for eda) or
7R-2 (for ywtG) and the coding region of each gene with primers 8F and 8R (for
eda) or 9F and 9R (for ywtG). By using an overlap consisting of the ribosome-
binding site and the proximal portion of either gene, we then fused the PCR
products by the recombinant-PCR technique. The final products were ligated to
pMMB207 to make pMMB207eda and pMMB207ywtG using the BamHI and
Pstl recognition sequences derived from the primers. pMMB207Km was con-
structed by excision of the cassette from pUT-mini-Tn5 Km with BamHI diges-
tion and its ligation to the BamHI site of pMMB207. pMMB207ywtG::Km" was
made as follows. The ywtG segment of pMMB207ywtG was recloned with pUC19
at its BamHI and PstI sites to generate pUC19ywtG. The Km" cassette excised
from pUT-mini-Tn5 Km with HindIII digestion was blunted and ligated to the
Mscl site of pUC19ywtG to generate pUC19ywtG::Km'. The ywtG::Km" segment
from pUCI9wtG::Km" was then recloned with pMMB207 at its BamHI and
HindIII sites.

Isolation of RNA and Northern hybridization. Total RNA was isolated from
test strains by the standard procedure (1). The isolated RNA was treated with
DNase I (Takara Bio) and stored at —80°C until it was used. For Northern
blotting, 20 p.g of the RNA was size fractionated by electrophoresis through a 1%
agarose gel containing 2.2 M formaldehyde. The RNA was transferred overnight
to a nylon membrane, and hybridization was conducted overnight with the edd,
glk, eda, and ywtG probes (Fig. 1B) generated by PCR with primers N1F/N1R
through N4F/N4R labeled with digoxigenin-dUTP by using a PCR DIG Probe
Synthesis Kit (Roche, Tokyo, Japan). The labeled probes were visualized using
a DIG DNA Labeling and Detection Kit (Roche).

RT-PCR. Reverse transcription (RT)-PCR was performed using the Super-
script III First-Strand Synthesis System (Invitrogen, Tokyo, Japan) with primer
RT-0 according to the manufacturer’s instructions, with 2 ug of total RNA in a
final volume of 20 pl. The cDNA produced was subjected to amplification with
primers RT-1 through RT-4 to give PCR products 1, 2, and 3 (Fig. 1B). The
DNA size markers used were 100-bp and 1-kb DNA ladders (Toyobo).

Spectrophotometric measurements. The Spectronic Genesys 5 spectropho-
tometer (Milton Roy, Rochester, NY) was used for all photometric measure-
ments, including turbidometry. The light path was 1 cm in length.

Determination of the glucose concentration. The glucose concentration was
determined using the Wako Glu 2 kit (L type; Wako, Osaka, Japan).

Assay of glucose uptake. Glucose uptake was assayed by growing cells in the
presence of *C-labeled glucose and following the incorporation of radioactivity
into the acid-insoluble fraction. Cells of L. pneumophila were grown in BYE
broth supplemented with 0.2% p-[U-'“C]glucose (specific activity, 3.3 kBq/pmol)
at 37°C with gentle shaking. Samples (0.3 ml each) were taken at intervals and
mixed into 10 ml of chilled 5% (wt/vol) trichloroacetic acid. After standing for 30
min on ice, they were filtered through nitrocellulose filters (0.45-um pore size;
Millipore, Tokyo, Japan), which were rinsed three times with chilled 5% trichlo-
roacetic acid. The radioactivity held on the filters was determined in a liquid
scintillation counter (LSC 5100; Aloka, Tokyo, Japan) with the Clear-sol scin-
tillation cocktail (Nacalai Tesque; Kyoto, Japan).

Preparation of permeabilized cells for enzyme assays. Bacterial cells were
collected from 50 ml of log-phase cultures (turbidity, ~0.6) and washed twice
with the same buffer used in the assay by centrifugation at 9,400 X g for 5 min.
The cells were resuspended in the buffer and incubated for 1 h at 37°C with
gentle shaking to exhaust the substrate remaining in the cells. After centrifuga-
tion at 9,400 X g for 5 min, the cells were resuspended in 0.2 ml of the buffer. The
cells were then permeabilized by treatment with toluene essentially as previously
described (10).
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TABLE 1. Bacterial strains and plasmids used

Strain or plasmid Genotype and/or relevant information® fgg;iig;

L. pneumophila
AMS511 Str" Res™ Mod™ derivative of strain Philadelphia 1 11
HRD1 AMS511 edd::Km* This study
HRD2 AMS11 glk::Km" This study
HRD3 AMS511 eda::Km” This study
HRD4 AMS511 ywtG::Km" This study
HRD300 AMS511(pMMB207) This study
HRD301 AMS511(pMMB207Km) This study
HRD302 AMS511(pMMB207ywtG) This study
HRD303 AMS511(pMMB207ywtG::Km") This study
HRD310 HRD1(pMMB207ywtG) This study
HRD320 HRD2(pMMB207ywtG) This study
HRD330 HRD3(pMMB207ywtG) This study
HRD340 HRD4(pMMB207ywtG) This study
HRD341 HRD4(pMMB207) This study
HRD331 HRD3(pMMB207eda) This study

E. coli
DH5«a N~ $80dlacZAMIS A(lacZYA-argF)U169 recAl endAl hsdR17(ry my ) 9

supE44 thi-1 gyrA relAl1

Plasmids
pGEM-T Easy Ap" Promega
pLAW344 oriT (RK2) oriR (ColE1l) sacB Cm" Ap* 25
pMMB207 RSF1010 derivative; lncQ lacl? Cm" tacp oriT 15
pMMB207eda pMMB207 Qeda™ with promoter This study
pMMB207ywtG pMMB207 QywtG* with promoter This study
pMMB207Km pMMB207 QOKm* This study
pMMB207ywtG::Km" pMMB207 QywtG::Km" with promoter This study
pUT-mini-Tn5 Km Km" 4
pUC19 Ap" Stratagene
pUC19 ywtG pUC19 QywrG* with promoter This study
pUC19 ywtG::Km" pUC19 QywtG::Km" with promoter This study
pHRD1 pGEM-T Easy Qedd* This study
pHRD1Km pHRD1 Qedd::Km" This study
pHRDILAW pLAW344 Qedd::Km* This study
pHRD2 pGEM-T Easy Qglk* This study
pHRD2Km pHRD2 Qglk::Km" This study
pHRD2LAW pLAW344 Qglk::Km" This study
pHRD3 pGEM-T Easy Qeda™ This study
pHRD3B pGEM-T Easy Qeda with BamHI site This study
pHRD3Km pHRD3B Q eda::Km" This study
pHRD3LAW pLAW344 Qeda::Km" This study
pHRD4 pGEM-T Easy QywtG ™" This study
pHRD4B pGEM-T Easy QywtG with BamHI site This study
pHRD4Km pHRD4B QywtG::Km* This study
pHRD4LAW pLAW344 QywtG::Km" This study

“ Ap', ampicillin resistance; Km*, kanamycin resistance; Cm", chloramphenicol resistance.

Enzyme assays. Glucokinase activity was assessed by measuring ATP-depen-
dent phosphorylation of p-[U-'*C]glucose essentially as described previously (20,
24). The complete reaction mixture consisted of 30 wl of the permeabilized cell
suspension and 150 pl of a solution containing 50 mM Tris-HCI, pH 7.4, 10 mM
MgCl,, 20 mM ATP, and 0.3 mM p-[U-'"“CJglucose (specific activity, 132 kBq/
pmol). After incubation at 37°C for 30 min with shaking, a 50-pl aliquot of each
reaction mixture was mixed with 0.1 ml of isopropyl alcohol to stop the reaction
and 0.5 ml of a 10% glucose solution. This mixture was applied to a column
containing 0.2 ml of DEAE cellulose (DE52; Whatman, Tokyo, Japan). After the
column was washed with 1 ml of water three times, the phosphorylated sugar was
eluted with 1.5 ml of 1 M HCl directly into a scintillation vial. The radioactivity
was measured as described above.

The combined activities of phosphogluconate dehydratase and 2-dehydro-3-
deoxy-phosphogluconate aldolase were determined by two-step procedures es-
sentially as described previously (19). The reaction mixture consisted of 50 wl of
the permeabilized cell suspension and 200 wl of a solution containing 50 mM

Tris-HCI, pH 7.2, 10 mM MgCl, 5 mM 6-phosphogluconate, and 1 mM EDTA.
After being incubated at 37°C for 30 min, the mixtures were heated in a boiling
water bath for 2 min to inactivate all enzymes, including intrinsic NADH oxidase.
After being chilled on ice for 2 min, the mixtures were centrifuged at 16,000 X
g for 5 min and the supernatants were saved for quantitation of the pyruvate
formed, which was carried out as follows. The reaction mixture consisted of 0.2
ml of the supernatant and 1.8 ml of a solution containing 50 mM Tris-HCIl, pH
7.2, 10 mM MgCl, 1 mM EDTA, 0.1 mM NADH, and 0.25 units/ml L-lactate
dehydrogenase from bovine heart (Sigma, St. Louis, MO). Incubation was
done at 37°C with shaking until decrease in absorbance at 340 nm ceased. The
amount of pyruvate formed was calculated using the molar extinction coef-
ficient of NADH.

Intracellular growth of L pneumophila. Intracellular growth of L. pneumophila
was studied by the standard assay (12, 16, 17) using A549 human epithelial cells,
peritoneal macrophages from A/J mice, and Acanthamoeba culbertsoni. Cells of
L. pneumophila strains grown in BYE broth to a cell density of approximately
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2 X 10'° CFU/ml were pelleted by centrifugation at 9,400 X g for 5 min and
resuspended in 500 times the original volume of RPMI 1640 tissue culture
medium containing 10% fetal bovine serum, which was unable to support the
growth of the bacterial cells. A549 cells were maintained in the tissue culture
medium under 5% CO, in air. Peritoneal macrophages of A/J mice were pre-
pared by lavaging the peritoneal cavities of the mice 4 days after an intraperi-
toneal injection of 2.5 ml of 4% (wt/vol) thioglycolate medium (Becton Dickin-
son, Tokyo, Japan). The bacteria (0.5 ml of a 4 X 107-CFU/ml suspension) were
added to monolayers of A549 cells or peritoneal macrophages (~2 X 10° cells in
0.5 ml of the tissue culture medium per well) in 24-well dishes to give a multi-
plicity of infection (MOI) of about 100. The infected cells were incubated at 37°C
under 5% CO, in air for 1.5 h and washed three times with phosphate-buffered
saline (PBS) to remove unadsorbed bacteria. To measure the total number of
bacteria associated with the host cells, 1 ml each of sterile distilled water was
added to control wells, the cells were scraped from the bottoms of the wells with
a rubber policeman to release all bacteria from the host cells, and dilutions of the
lysates were plated on BCYE agar plates. To each of the remaining wells, 0.5 ml
of fresh tissue culture medium was added, and the dishes were incubated at 37°C
under 5% CO, in air. At 24-h intervals, the total number of bacterial cells in each
well was determined as described above. Infection of A. culbertsoni was carried
out in a similar manner, but bacteria were suspended in peptone-yeast extract-
glucose (PYG) buffer instead of RPMI 1640, and AC buffer (14) containing
0.05% Triton X-100 was added to release intracellular bacteria.

To assess the degree of adhesion or internalization of bacteria, A549 cells were
infected with bacteria in RPMI 1640 at an MOI of about 1,000, incubated for
1.5 h, and washed three times with PBS to remove unadsorbed bacteria. Then,
the total number of cell-associated bacteria was determined as described above
to estimate the efficiency of adhesion. For internalization, the infected A549 cells
were washed and incubated in RPMI 1640 containing 100 pg of gentamicin per
ml for 1 h to kill extracellular bacteria. Then, the cells were washed three times
with PBS to remove the antibiotic, and the total number of viable bacteria was
determined as described above.

RESULTS

Evidence for utilization of exogenous glucose in the wild-
type strain. Since '“C-labeled glucose has been shown to be
metabolized in L. pneumophila (21, 23), we first tried to con-
firm the previous findings by growing cells of strain AM511 in
the presence of uniformly labeled [**C]glucose and monitoring
the incorporation of radioactivity into the acid-insoluble frac-
tion of the cells. The uptake of radioactivity was clearly detect-
able, indicating that glucose actually served as a precursor of
cellular macromolecules (Fig. 2A). In accordance with this
finding, when cells of the same strain were grown in BYE broth
supplemented with glucose at 0.2%, the glucose concentration
in the medium started decreasing after the culture entered the
late exponential phase (Fig. 2B). Perhaps the rate of glucose
uptake by each cell was so low that the decrease in the glucose
concentration remained undetectable until the culture attained
a high enough cell density in the late exponential phase. On the
other hand, the addition of glucose to the culture brought
about no detectable increase either in the growth rate or in the
final cell density, even when diluted BYE medium was used
(Fig. 2C). Conceivably, this absence of a growth-promoting
effect of glucose may reflect its minute role as a nutrient,
particularly an energy source, under the overwhelming contri-
bution by amino acids.

Demonstration of enzyme activity of the ED pathway in the
wild-type strain. Tracer studies had previously implicated the
ED pathway in glucose utilization by L. pneumophila (21, 23),
and the recent analysis of its genomic structure had revealed
the presence of an operon-like cluster of genes, i.e., zwf-edd-
glk-eda-ywtG, apparently containing all the genes that are re-
quired for the operation of the pathway (Fig. 1B). However,
the activity of the gene products had not yet been demon-
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FIG. 2. Glucose utilization by strain AM511. The experiment was
performed at least three times, and typical results are shown. (A) In-
corporation of *C into the acid-insoluble fraction from uniformly
labeled glucose. (B) Consumption of exogenous glucose. @, turbidity
of the culture; A, glucose concentration in the culture medium.
(C) Bacterial growth with (solid lines) or without (dotted lines) glucose
(0.2%) added to undiluted BYE medium (®); 30% BYE medium in
ACES buffer, pH 6.9 (A); or 10% BYE medium in ACES buffer (H).

strated in vitro. Using permeabilized cells of strain AM511 as
the enzyme source, we assessed the activities of the signature
enzymes of the pathway, i.e., phosphogluconate dehydratase
(Edd protein) and 2-dehydro-3-deoxy-phosphogluconate aldo-
lase (Eda protein), as well as of glucokinase (Glk protein).

As for the first two enzymes, the formation of pyruvate from
6-phosphogluconate, reflecting the combined actions of both
enzymes, was measured. The results clearly demonstrated that
the conversion actually took place. The amount of pyruvate
produced was significant (25.4 = 2.9 nmol) under the condi-
tions used, while it was undetectable in the absence of 6-phos-
phogluconate (data not shown), a finding consistent with the
notion that glucose is metabolized through the ED pathway.
On the other hand, the assay of glucokinase showed that about
4% of the glucose in each reaction mixture (2,285 = 152 cpm)
became phosphorylated in the presence of ATP under the
conditions used, but not in its absence (data not shown),
indicating that the enzyme is likely to be involved in phos-
phorylation.

Construction of mutants deficient in ED pathway proteins.
To clarify the physiological roles played by the ED pathway, we
constructed gene-disrupted mutants of strain AM511 by insert-
ing the Km" cassette into each of the edd, glk, eda, and ywtG
genes (Fig. 1B and Table 1). The authenticity of the edd, glk,
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and eda mutants obtained was confirmed by assaying the en-
zyme activity as follows. The activity of glucokinase was defec-
tive, not only in the glk mutant HRD2, but also in the edd
mutant HRD1 (Fig. 3A). On the other hand, the conversion of

A (a) edd probe

(b) glk probe
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6-phosphogluconate to pyruvate, representing the combined
activities of Edd and Eda, was diminished, not only in the edd
mutant HRD1 and the eda mutant HRD?3, but also in the glk
mutant HDR2 (Fig. 3B). We interpret these results as indicat-
ing that these three genes actually constitute part of an operon
and that a polar effect due to a strong transcription terminator
in the Km" cassette abolished the expression of the down-
stream genes.

Further evidence for an operon. To substantiate the above-
mentioned interpretation, we determined the presence or ab-
sence of the transcript for each gene by Northern hybridization
against RNA extracted from the mutants (Fig. 4A). The results
demonstrated that the edd, glk, and eda probes each showed a
characteristic pattern of hybridization with respect to the test
RNAs. Thus, the strains whose RNAs gave negative hybridiza-
tion were the edd mutant for the edd probe; the edd and glk
mutants for the glk probe; and the edd, glk, and eda mutants for
the eda probe. These results clearly indicated the existence of
a single transcriptional unit comprising at least the edd, gik,
and eda genes arranged in that order, which accounts for the
apparent polar effect mentioned above.

In the case of the ywtG gene, which is situated at the distal
end of the putative operon, the hybridization signal was too
weak to be discernible, even in the parental strain. Hence, we
subjected the extracted RNA to cDNA synthesis, followed by
PCR amplification of the cDNA. The cDNA synthesis was
carried out using primer RT-0, which hybridizes with the ywtG
gene at its subterminal location downstream of the cassette
insertion site. When the cDNA thus formed was amplified with
the ywtG-specific primers RT-1 and RT-2, PCR product 1 (cf.
Fig. 1B) was detectable with cDNA from the wild type (Fig. 4B,
lane 4), but not with that from the ywtG mutant, HRD4 (Fig.
4B, lane 7). Furthermore, when primer RT-1 was used in

(c) eda probe
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168 =—>
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FIG. 4. Evidence for an operon. (A) Northern hybridization with edd (a), glk (b), and eda (c) probes (cf. Fig. 1B). Lane 1, AM511 (wild type); lane
2, HRD1 (edd mutant); lane 3, HRD2 (glk mutant); lane 4, HRD3 (eda mutant); lane 5, HRD4 (ywtG mutant). 23S and 16S indicate the positions of
rRNA markers. (B) Demonstration of the ywtG gene transcript. Lane 1, 100-bp DNA ladder; lane 2, PCR product 1 (cf. Fig. 1B) made with primers RT-1
and RT-2 and genomic DNA from the wild type as a template (positive control); lane 3, the same as lane 2 but with total RNA from the wild type as
a template (negative control); lane 4, the same as lane 2 but with cDNA for wild-type RNA (synthesized using primer RT-0) as a template; lanes 5, 6,
and 7, the same as lanes 2, 3, and 4, respectively, but with the ywtG mutant HRD4 instead of the wild type; lane 8, 1-kb DNA ladder. (C) Transcription
of the glk-eda-ywtG region in the wild type. Lanes 1 through 4, the same as the corresponding lanes in panel B, serving as references; lanes 5, 6, and 7,
the same as lanes 2, 3, and 4, respectively, but for demonstrating PCR product 2 (cf. Fig. 1B) made with primers RT-1 and RT-3; lane 8, 9, and 10, the
same as lanes 2, 3, and 4, respectively, but for demonstrating PCR product 3 (cf. Fig. 1B) made with primers RT-1 and RT-4; lane 11, 1-kb DNA ladder.
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FIG. 5. Consumption of exogenous glucose by gene-disrupted mu-
tants. @, AM511; A, HRDI1 (edd); B, HRD2 (glk); O, HRD3 (eda); A,
HRD4 (ywtG). Representative results of at least three independent
experiments are shown.

combination with the eda-specific primer RT-3 or the glk-
specific primer RT-4, PCR product 2 or 3 (cf. Figure 1B) was
observed (Fig. 4C, lanes 7 and 10). These results clearly iden-
tified the ywtG gene as the terminal component of the operon.

Physiological effects of the mutations. As expected, all of the
mutants were indistinguishable from the wild type with respect
to growth in BYE medium (data not shown). In contrast, it was
noted that the consumption of glucose in the culture medium
was diminished in all of the mutants (Fig. 5). In addition, when
the mutants were fed with '*C-labeled glucose, the incorpo-
ration of radioactivity into the acid-insoluble fraction of the
cells was practically negligible (Fig. 6A). Overall, these re-
sults seemed to indicate that the ED pathway is responsible for
the utilization of glucose.

Especially worth mentioning is the observation that the ywtG
mutant was defective in metabolizing exogenous glucose. Since
this defect was manifested in the presence of the complete set
of the ED pathway enzymes, it strongly indicated that the ywtG
gene product, previously annotated as a xylose proton sym-
porter (NC_002942), was responsible for glucose uptake by the
bacterium. Because the ywtG gene is situated at the distal end
of the operon, there is no possibility of a polar effect causing
this phenotype.

The above interpretation was supported by complemen-
tation experiments. When each mutant was supplied with
the ywtG ™" gene in trans through the introduction of plasmid
pPMMB207ywtG, the glucose uptake capacity was restored in
the ywtG mutant but not in the others (Fig. 6B). This obser-
vation not only confirmed the identity of the YwtG protein as
the glucose transporter, but also lent further support to the
exclusive role of the ED pathway in glucose metabolism in the
bacterium. Moreover, when the eda mutant was supplied with
the eda™ gene in trans through the introduction of plasmid
pMMB207eda, the enzyme activity of the ED pathway was
recovered (data not shown), but the glucose uptake capacity
was not restored (Fig. 6B). This finding was consistent with the
notion that the ywtG gene is the terminal component of the
operon.

Effect on growth in eukaryotic cells. According to a recent
report (2), the expression of the genes related to the ED
pathway is upregulated when L. pneumophila cells are growing
within amoebae. Therefore, we looked at the behavior of our
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FIG. 6. Incorporation of radioactivity from '*C-labeled glucose
into the acid-insoluble cellular fractions of L. pneumophila strains.
Cells of gene-disrupted mutants (A) and various partial heterozygotes
(B) were incubated for 24 h under the conditions described in Mate-
rials and Methods. The matrix below each graph shows the presence
(+) or absence (—) of the relevant enzymes in each strain. In panel B,
pMMB207 represents the vector used to construct the heterozygotes.
The means and standard deviations of at least three independent
determinations are shown.

mutants within A549 human epithelial cells, peritoneal mac-
rophages from A/J mice, and A. culbertsoni. The results showed
that all of the mutants tested were defective in growth com-
pared with the wild type in the three types of eukaryotic cells
(Fig. 7A, B, and C). In contrast, all of the mutants were indis-
tinguishable from the wild type with respect to adhesion and
internalization (data not shown). These observations strongly
suggested that the functional ED pathway was required for
active intracellular growth of L. pneumophila.

In an attempt to further substantiate the apparent corre-
lation between glucose-utilizing ability and the capacity for
intracellular growth, we looked at the behavior of strain
HRD340, in which the deficiency in glucose utilization due to
the ywrG mutation had been reversed by the ywtG™ gene sup-
plied in frans (see above). Unexpectedly, however, this strain
was incapable of growing in A. culbertsoni (Fig. 8); essentially
the same results were obtained in A549 human epithelial cells
and peritoneal macrophages from A/J mice (data not shown).
Interestingly, strain HRD303, which has the opposite arrange-
ment of the ywrtG alleles, i.e., ywtG™ on the chromosome and
mutant ywtG on the plasmid, was similarly defective in intra-
cellular growth (Fig. 8), whereas it was capable of metabolizing
glucose in vitro, albeit less efficiently than HRD340 (Fig. 6B).
In other words, the complementation of the ywtG mutation by
the wild-type allele was totally negative for growth capacity
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FIG. 7. Intracellular growth of gene-disrupted mutants. The host
cells used were A549 human epithelial cells (A), A/J mouse peritoneal
macrophages (B), and A. culbertsoni (C). ®, AM511; A, HRDI1 (edd);
B, HRD?2 (glk); O, HRD3 (eda); A, HRD4 (ywtG). The means and
standard deviations of at least three independent determinations are
shown.

within eukaryotic cells but did occur with respect to the ability
to metabolize glucose to different degrees, depending on the
positions of both alleles.

DISCUSSION

In L. pneumophila, carbohydrate catabolism has remained
an ill-explored area. Growth stimulation by glucose has never
been demonstrated with this bacterium, despite the evidence
that glucose is actually metabolized (21, 23). After confirming
that strain AMS511 exhibits the ability to metabolize glucose,
we intended to solve unsettled problems with respect to glu-
cose utilization by the bacterium. In doing so through a genetic
approach, we focused our attention on the ED pathway for two
reasons. First, the pathway has been implicated in glucose
metabolism based on the metabolic fate of **C in differentially
labeled glucose (21, 23); second, the intracellular growth of the
bacterium reportedly causes the upregulation of the genes
apparently involved in the pathway, i.e., zwf, pgl, edd, glk, eda,
and ywtG (2).

First of all, the results of enzyme assay, Northern hybridiza-
tion, and RT-PCR with the gene-disrupted mutants provided
corroborative evidence that the genes edd, glk, eda, and ywtG
actually belong to an operon. In addition, the genomic se-
quence strongly suggested that the genes zwf and pgl, situated
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FIG. 8. Intracellular growth of ywtG"-ywtG::Km" partial heterozy-
gotes in A. culbertsoni. ® HRD340 (ywtG on chromosome-ywtG™ on
vector); A, HRD303 (ywtG *-ywtG); B, HRD300 (ywtG"-blank vec-
tor); O, HRD301 (ywtG*"-Km" cassette on vector); A, HRD302
(wtG*ywtG™); [, HRD341 (ywtG-blank vector). The experiments
were repeated at least three times, and typical results are shown.

upstream of the above-mentioned four genes, are also part of
the operon. This notion is undoubtedly compatible with the
observed upregulation of all the genes mentioned above (2).
On the other hand, these observations raise the question of
what serves as the inducing stimulus. We are presently unable
to give a definite answer to this question, but we consider that
neither glucose itself nor its metabolites, e.g., 6-phosphoglu-
conate, is likely to be the inducer, because addition of glucose
to the culture medium increased neither the activity of the
glucokinase nor the combined activities of Edd and Eda (our
unpublished results).

Our observations clearly indicate that the membrane trans-
port and phosphorylation of glucose are carried out by the
YwtG protein, a member of the major facilitator superfamily,
and the GIk protein, a glucokinase, respectively. Thus, the
disruption of the ywtG gene resulted in a total loss of glucose
uptake, which was restored by complementation with the wild-
type gene supplied in frans. In the case of Glk, the gene dis-
ruptant was shown to exhibit practically no activity of glucose
phosphorylation in vitro.

Our results also indicate that glucose is metabolized at least
predominantly via the ED pathway. The critical finding to
support this notion is that the diminished ability of the eda
mutant to metabolize glucose was recovered only slightly, even
when the coexisting deficiency in YwtG due to polar effect was
compensated for by complementation with the ywtG™ gene. In
other words, the decreased utilization of glucose by the ywtG™*-
complemented eda mutant was actually due to the loss of
activity of the Eda protein, which is specific to, and essential
for, the ED pathway. Obviously, this conclusion substantiates
previous reports that suggested the importance of the ED
pathway (21, 23). Additionally, the small amount of glucose
utilization observed in the ywtG " -complemented eda mutant
may be accounted for by the glycolytic pathway and the ac-
companying nonoxidative branch of the pentose phosphate
cycle leading to the formation of ribose 5-phosphate. It is
pertinent to mention that the presence of the enzymes involved
in these pathways was predicted by the genome annotation
(NC_002942).

The gene-disrupted mutants were indistinguishable from the
wild type with respect to the growth rate in culture, which is
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consistent with the observation that exogenously added glucose
did not influence the growth of wild-type cells. In sharp con-
trast, however, all mutants examined were defective in multi-
plication within eukaryotic cells. In most strains, parallelism
was shown to exist between the ability to metabolize glucose
and the ability to multiply within eukaryotic cells, but this
relationship apparently broke down in the ywtG-ywtG™* partial
heterozygotes HRD303 and HRD340. Although this phenom-
enon involving the mutant and wild-type genes suggests the
possibility that the disrupted ywtG gene has a dominant-nega-
tive effect, we have so far been unable to reproduce this state
with various fragments of the ywtG gene (our unpublished
results). Although the functional ED pathway is highly likely to
be a requirement for successful intracellular growth of the
bacterium, this phenomenon must be accounted for before a
complete understanding of the connection is attained.

Apart from the above problem, the most crucial point that
remains to be understood is how the operation of the ED
pathway supports the intracellular growth of L. pneumophila.
The simplest possibility would be that the intraphagosomal or
intravacuolar environment may pose a nutritional difficulty for
L. pneumophila cells, e.g., some sort of amino acid deficiency,
which makes glucose an indispensable substrate for growth. If
this is the case, carefully designed in vitro experiments may be
sufficient to answer the question.
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