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Role of Intracellular Carbon Metabolism Pathways in Shigella flexneri
Virulence

E. A. Waligora, C. R. Fisher, N. J. Hanovice, A. Rodou, E. E. Wyckoff, S. M. Payne

Department of Molecular Biosciences and Institute for Cellular and Molecular Biology, University of Texas at Austin, Austin, Texas, USA

Shigella flexneri, which replicates in the cytoplasm of intestinal epithelial cells, can use the Embden-Meyerhof-Parnas, Entner-
Doudoroff, or pentose phosphate pathway for glycolytic carbon metabolism. To determine which of these pathways is used by
intracellular S. flexneri, mutants were constructed and tested in a plaque assay for the ability to invade, replicate intracellularly,
and spread to adjacent epithelial cells. Mutants blocked in the Embden-Meyerhof-Parnas pathway (pfkAB and pykAF mutants)
invaded the cells but formed very small plaques. Loss of the Entner-Doudoroff pathway gene eda resulted in small plaques, but
the double eda edd mutant formed normal-size plaques. This suggested that the plaque defect of the eda mutant was due to
buildup of the toxic intermediate 2-keto-3-deoxy-6-phosphogluconic acid rather than a specific requirement for this pathway.
Loss of the pentose phosphate pathway had no effect on plaque formation, indicating that it is not critical for intracellular S.
flexneri. Supplementation of the epithelial cell culture medium with pyruvate allowed the glycolysis mutants to form larger
plaques than those observed with unsupplemented medium, consistent with data from phenotypic microarrays (Biolog) indicat-
ing that pyruvate metabolism was not disrupted in these mutants. Interestingly, the wild-type S. flexneri also formed larger
plaques in the presence of supplemental pyruvate or glucose, with pyruvate yielding the largest plaques. Analysis of the metabo-
lites in the cultured cells showed increased intracellular levels of the added compound. Pyruvate increased the growth rate of S.

flexneri in vitro, suggesting that it may be a preferred carbon source inside host cells.

higella spp. are the causative agents of bacillary dysentery, an

invasive disease of the colonic epithelium that is associated
with as many as 1,000,000 deaths per year (1). Shigella species are
closely related to Escherichia coli (2), but its virulence is facilitated
by the presence of a large virulence plasmid which encodes a type
III secretion system (T3SS) as well as secreted effector proteins.
Pathogenesis of Shigella is best characterized in Shigella flexneri.
Following ingestion, S. flexneri transits to the large intestine, and
upon contact with colonic epithelial cells, it uses its T3SS to induce
uptake of the bacterium into a vacuole (3). S. flexneri quickly lyses
the vacuole membrane and replicates within the host cell cyto-
plasm. IcsA, which is located at a single pole on the surface of S.
flexneri, polymerizes host cell actin, promoting movement of the
bacteria into adjacent cells (4, 5). Subsequent damage to the epi-
thelium and the resulting host inflammatory response are respon-
sible for most of the symptoms of shigellosis (3, 6).

Studies of Shigella pathogenesis have benefitted from the avail-
ability of cell culture models that allow analysis of the interactions
between S. flexneri and eukaryotic cells. Invasion of cultured epi-
thelial cells can be visualized by microscopy, while intracellular
replication and cell-to-cell spread are assessed by the formation of
plaques in confluent cell monolayers (7). Analysis of S. flexneri
mutants in invasion and plaque assays have allowed the identifi-
cation of genes required for invasion, intracellular replication, and
spread of bacteria (8—10), primarily those encoding the T3SS, se-
creted effector proteins, and IcsA. The expression of most of these
genes requires the activator protein VirB and its upstream activa-
tor VirF. Expression of virF and virB is modulated in response to
various environmental signals, including temperature, pH, osmo-
larity, and iron levels (11-18).

It is less well understood how Shigella adapts to the intracellu-
lar environment and which metabolic pathways it uses for growth
and multiplication within the host cell. Extracellular bacteria mi-
croinjected into the eukaryotic cell cytoplasm fail to replicate (19),
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suggesting that intracellular cytosolic pathogens have adaptations
for growth inside cells. This is supported by studies of the tran-
scriptome and proteome of intracellular shigellae, which reveal
specific responses to growth in the intracellular environment (20—
24). For example, the increased expression of iron transport genes
and high levels of iron transport proteins indicate that the eukary-
otic cytosol is an iron-restricted environment.

The carbon sources available to bacteria growing in the eukary-
otic cell cytosol and the pathways used to metabolize those carbon
sources are not well understood. Changes in gene expression pat-
terns suggest that the bacteria make adaptations to efficiently use
the carbon sources available inside the cell (22, 23). One potential
intracellular carbon source is glucose and related sugars, but the
gene expression studies do not give a clear picture of the role of
glucose metabolism in intracellular growth and plaque formation.
Genes encoding proteins in the Embden-Meyerhof-Parnas (EMP)
glycolytic pathway were downregulated in intracellular S. flexneri
compared to in vitro-grown bacteria (20), as were the genes for the
regulatory proteins CsrA, which promotes glycolysis while reduc-
ing gluconeogenesis and glycogen storage (25, 26), and Cra,
which, conversely, promotes gluconeogenesis while reducing gly-
colysis (27). In spite of downregulation c¢srA and cra, S. flexneri
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FIG 1 Major glycolytic pathways in S. flexneri. Pathways are indicated in
boxes. Solid arrows indicate a single enzymatic reaction, while dashed arrows
indicate multiple steps that are not shown. Genes discussed in this paper are
indicated in parentheses beside the reaction. EMP, Embden-Meyerhof-Parnas
pathway; PPP, pentose phosphate pathway; EDP, Entner-Doudoroff pathway.

strains carrying mutations in either of these genes failed to form
normal plaques in Henle cell monolayers (28). This suggests that
the properly regulated flow of carbon through glycolytic and glu-
coneogenesis pathways is required for virulence. Carbon flux
analysis (29) of an intracellular pathogen closely related to Shi-
gella, enteroinvasive E. coli, growing in the mammalian cell cyto-
plasm supports a model in which glucose and glucose phosphate
are used by the bacteria, largely through glycolysis, but C; com-
pounds such as glycerol and pyruvate can be used by mutants
blocked in glucose uptake.

Although the EMP pathway likely plays a major role in sugar
catabolism by intracellular S. flexneri, these bacteria also have the
genes for both the Entner-Doudoroff (ED) and the pentose phos-
phate (PP) pathways, shown in Fig. 1 (30, 31). However, the rela-
tive contribution of these pathways to carbon utilization by intra-
cellular Shigella is unknown. In this work, we constructed strains
blocked in each of these carbon catabolism pathways and tested
their ability to form plaques in epithelial cell monolayers. Muta-
tions blocking the EMP pathway prevented the formation of wild-
type plaques, while the pentose phosphate pathway was not re-
quired for normal plaque phenotype. We also present evidence
that the Entner-Doudoroff pathway is used, but is not essential,
for intracellular replication. Supplementation of the cell culture
medium with pyruvate increased the intracellular level of pyruvate
and led to increased plaque size for both the wild type and all
mutant strains tested.

MATERIALS AND METHODS

Media and growth conditions. Bacterial strains and plasmids used in this
study are shown in Table 1. All strains were routinely maintained at
—80°C in tryptic soy broth (TSB) supplemented with 20% (vol/vol) glyc-
erol. Escherichia coli strains were grown in LB (1% tryptone, 0.5% yeast
extract, 1% NaCl) or on LB agar plates. Shigella flexneri was grown on TSB
agar containing 0.01% (wt/vol) Congo red (CR) to select for red colonies
(CR™), indicative of a functional T3SS. When needed, antibiotics were
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added at final concentrations of 25 ng of ampicillin per ml, 50 ng of
kanamycin per ml, or 20 pg of gentamicin per ml.

To determine growth of the bacteria with glucose, pyruvate or gluco-
nate as carbon sources, CR™ colonies were grown overnight at 30°C with
aeration. Bacteria were harvested by centrifugation and resuspended in
sterile saline. The optical density of the bacterial suspension was deter-
mined, and the bacteria were diluted to a final optical density at 650 nm
(ODgs5) of 0.05 in M63 medium supplemented with 0.2 mg/ml of nico-
tinic acid and glucose (11.1 mM), pyruvate (22.2 mM), or a mixture of the
two (5.55 mM glucose and 11.1 mM pyruvate). The concentrations were
chosen to provide equal amounts of carbon. To test for growth in gluco-
nate, M63 medium contained 0.2% gluconate. The cultures were grown at
37°C with aeration, and the optical density was evaluated at least hourly
for 8 h total. The doubling time was calculated by exponential regression
analysis as described by Roth (32).

Construction of bacterial mutant strains. Most of the S. flexneri mu-
tant strains were constructed using the in-frame E. coli mutants compris-
ing the Keio Collection (33) via bacteriophage P1 transduction of the
mutant allele into wild-type S. flexneri 2457T. CR™ strains were tested for
the Kan insertion by PCR and confirmed by the change in size of the PCR
product. Primers were gene specific for pykA (pykA_F and pykA_R), pykF
(pykF-F-Alex and pykF-R-Alex), pfkB (pfkB_fwd and pfkB_rev), pfkA
(ptkA_fwd and pfkA_rev), edd (edd_fwd and edd_rev), eda (eda_fwd3
and eda_rev3), ged (gcd FWD and ged REV), zwf (zwf_F3 and zwf_R3),
and gntK (gntK For2 and gntK Rev). In the cases in which the gene was
similar in size to the Kan cassette, internal Kan cassette primers kt and k2
(33) were used in conjunction with external gene-specific primers to con-
firm proper insertion of the Kan cassette.

Double pfkAB (EAWS122), pykAF (EAWS124), and zwfgcd (NHS104)

TABLE 1 Strains and plasmids used in this study

Strain or
plasmid Characteristic(s) Source or reference
Strains
E. coli
DH5a E. coli cloning strain; Apir J. Kaper
JW0120 ged::Kan Keio Collection
JW1666 pykF:Kan Keio Collection
JW1839 eda::Kan Keio Collection
JW1840 edd::Kan Keio Collection
JW1841 zwf:Kan Keio Collection
JW1843 pykA:Kan Keio Collection
JW3887 pfkA:Kan Keio Collection
JW5280 pfkB::Kan Keio Collection
JW3400 gntK::Kan Keio Collection
S. flexneri
2457T Wild-type serotype 2a Walter Reed Army
Institute of Research
EAWS132  2457T pfkA::Kan This study
EAWS130  2457T pfkB:Kan This study
EAWS118  2457T ApfkA This study
EAWS122  2457T ApfkA pfkB::Kan This study
EAWS105  2457T pykA::Kan This study
EAWS107  2457T pykF:Kan This study
EAWS120  2457T ApykF This study
EAWS124  2457T ApykF pykA::Kan This study
AGS200 2457T ppsA::Kan 54
EAWS134  2457T eda:Kan This study
EAWS135  2457T edd::Kan This study
EAWS144  2457T Aeda edd:Kan This study
CFS103 2457T gntK::Kan This study
CFS104 2457T gnd::Kan This study
ARS100 2457T zwf::Kan This study
ARS101 2457T ged::Kan This study
NHS102 2457T Azwf This study
NHS104 2457T Azwf ged::Kan This study
Plasmids
pCP20 Flp recombinase, Amp", ts 55
pEda eda cloned into Smal site of pWKS30 This study
pWKS30 Low-copy-number cloning vector, Amp* 56
pPykF pykF cloned into Smal site of pWKS30 This study
pWP{kA pfkA cloned into pWSK29 28
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TABLE 2 Primers used in this study

Primer Sequence (5'—3")

pykA_F ATCGCGGCGTTATTTCATTCG
pykA_R ATCCGGCAACGTACTTACTC
pykF-F-Alex CTCACACTGACAACTTCGGC
pykE-R-Alex GCAGAGTAGAACCCAGGATTACC
ptkB_fwd TTCGGTGCCAGACTGAAATC
pfkB_rev AATGCTGGGGGAATGTTTTT
pfkA_fwd AGCCAGACCCGCATTTTGTG
pfkA_rev TTCATCGCCCGACTCTCTTATG
edd_fwd TGAAACGCGTTGTGAATCAT
edd_rev TCAGAGTTTTCTCTCGCCTGA
edd_Keio_fwd CGCGGTGTGAATCATCCTGCTCTGACAACTCAATTT

CAGGAGCCTTTATGATTCCGGGGATCCGTCGAC
GCCCGATCCTAGATCGGGCATTTTGACTTTTACAGC
TTAGCGCCTTCTACTGTAGGCTGGAGCTGCTTC

eda_Keio_rev

eda_fwd3 ACCTGCAAATCACCAAGCTG

eda_rev3 TGCCGTTATTCTGCCACAAC

gcd FWD AAAGCTCGAATTGTGATGACG

gcd REV AAATATGCCCGGATCTCTCC

zwf_F3 AAATTACAAGTATACCCTGGCTTAAGTA

zwf_R3 ACAACGCGTTTCATTCAGAGGATTTAT

gntK For2 ATGGAGCCACGACTTGCGAG

gntK Rev ACTTCAAAGAACAGCGGTAGCG

gnd Keio 3’ GCCTCAATTTTATTGTTGGTTAAATCAGATTAATCC
AGCCATTCAGTATGTGTAGGCTGGAGCTGCTTCG

gnd Keio 5 TATAACGGTTAATAGACGGTTAATAATATAGAAGAC
AGGAGTAAACAATGATTCCGGGGATCCGTCGACC

kt CGGCCACAGTCGATGAATCC

k2 CGGTGCCCTGAATGAACTGC

mutants were constructed using a two-step procedure wherein the kana-
mycin resistance cassette that created the first mutation was excised using
the plasmid pCP20 (30), forming EAWS118, EAWS120, and NHS102.
These mutants had the same plaque phenotype as the parent strain (data
not shown). The second mutation was then introduced by P1 transduc-
tion. PCR analysis was used to confirm excision of the first gene and
proper Kan insertion into the second gene. The edd and eda genes are
adjacent, and the method of Datsenko and Wanner (34) was used to create
a single deletion that removed both genes. The primers used to create this
deletion were edd_Keio_fwd and eda_Keio_rev (Table 2). The gnd mu-
tant was also made by the method of Datsenko and Wanner (34), because
differences in the flanking sequences between E. coli K-12 and S. flexneri
prevented transfer of the mutation from E. coli by transduction. The prim-
ers for gnd were gnd Keio 3’ and gnd Keio 5" (Table 2). All strains grew at
similar rates in minimal medium M63 with sodium lactate as the sole
carbon source, confirming that there was no overall defect in growth.

Plasmid construction. pPykF and pEda were constructed by PCR am-
plification of the pykF and eda genes from wild-type S. flexneri strain
2457T DNA using the primer pairs pykF-F-Alex/pykF-R-Alex and
eda_fwd/eda_rev, respectively (Table 2). The PCR product was cloned
into the Smal site of pWKS30. The correct sequence of the plasmid inserts
was confirmed by DNA sequencing at the University of Texas DNA se-
quencing facility.

Cell culture assays. Henle cells (intestinal 407; American Type Cul-
ture Collection) were cultured in minimal essential medium (MEM;
Gibco) augmented with 10% Bacto tryptone phosphate broth (Difco,
Becton, Dickinson and Company, Franklin Lakes, NJ), 10% fetal bovine
serum (Gibco), 2 mM glutamine, and 1X nonessential amino acids
(Gibco) (Henle medium). Henle cells were incubated at 37°C with 5%
CO,. Invasion assays were performed using a modification of a previously
described protocol (28). Briefly, CR™ colonies were inoculated into LB.
After overnight growth at 30°C with shaking, the culture was diluted 1:100
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into LB and grown at 37°C with shaking to mid-log phase (OD5, = 0.6 to
0.9). The bacteria were centrifuged and resuspended in sterile saline at a
final concentration of 2 X 10° CFU/ml. One hundred microliters of this
suspension was added per well to a subconfluent monolayer of Henle cells
in 35-mm six-well polystyrene plates (Corning) and centrifuged for 10
min at 1,000 X g. The monolayers were incubated at 37°C with 5% CO,
for 30 min and then washed 4 times with phosphate-buffered saline
(PBS-D; 1.98 g of KCl, 8 gof NaCl, 0.02 g of KH,PO,, and 1.4 g of K,HPO,,
per liter; pH = 7.5) to remove extracellular bacteria. Fresh medium con-
taining gentamicin, to prevent growth of extracellular bacteria, was
added, and the infected monolayers were incubated for an additional 40
min at 37°Cwith 5% CO,. The monolayers were washed twice with PBS-D
and stained with Wright-Giemsa stain (Camco, Ft. Lauderdale, FL). In-
ternalized bacteria were visualized by microscopy. At least 300 Henle cells
were examined per well, and cells containing three or more internal bac-
teria were scored positive for invasion. The invasion rate per assay was
calculated based on the average of three wells, and each strain was assayed
a minimum of three times. Dilution plate counts were made of the inoc-
ulum to ensure that similar numbers of bacteria were added.

Plaque assays were performed as previously described (24). Briefly, S.
flexneri was grown as described for the invasion assay. The bacteria were
centrifuged and resuspended in sterile saline to a final concentration of
10° CFU/ml, and 100 .l of this suspension was added per well to a con-
fluent monolayer of Henle cells incubated in 35-mm six-well polystyrene
plates (Corning). The plates were centrifuged for 10 min at 1,000 X gand
incubated at 37°C with 5% CO, for 1 h. Then the monolayers were washed
four times with phosphate-buffered saline and incubated in Henle me-
dium with gentamicin for 72 h at 37°C with 5% CO,, with a change of
medium after 24 to 48 h. The monolayers were stained with Wright-
Giemsa stain (Camco, Ft. Lauderdale, FL) to allow visualization of the
plaques. Dilution plate counts were done on the inoculum to ensure that
similar numbers of CR™ bacteria were added to each well.

For the competitive plaque assay, the wild-type and mutant strains
were grown as described for the plaque assay and mixed in a 1:1 ratio, for
a total bacterial count of 10> CFU/ml. Dilution plate counts were done on
CR agar with or without kanamycin to determine the total number of
bacteria and the number of mutant bacteria, respectively, in the inocu-
lum. Bacterial infection and incubation were performed as described
above for the plaque assay protocol, except that at 72 h, the infected Henle
monolayers were washed twice with PBS-D and then lysed in 1 ml of
deionized sterile water. The lysate was diluted and plated in parallel on CR
agar with or without kanamycin. The competitive index was calculated by
dividing the ratio of mutant bacteria recovered by the ratio of mutant
bacteria in the inoculum.

To determine the effects of added glucose or pyruvate, the plaque assay
was performed as described above, except that during the first 48 h of the
assay, the Henle medium was left unsupplemented or was supplemented
with either 44.4 mM glucose or pyruvate as indicated below.

Biolog phenotypic microarray. The modified version of the Biolog
(Hayward, CA) protocol was performed (35). In brief, bacteria were
grown to late log phase at 37°C with aeration in LB and then centrifuged
and resuspended in sterile saline. A master mix consisting of inoculating
fluid, redox dye A, 5 X 107 CFU/ml of bacteria, and 2 pg of nicotinic acid
per ml was prepared, and 100 .l of the mix was added to each well of plates
PM1 and PM2A. Reduction of tetrazolium dye by respiring cells was mea-
sured by optical density. Data were collected every 15 min for 24 h.

Metabolomics analysis. To assess changes in the relative concentra-
tion of intracellular carbon metabolites when cells were incubated in
Henle medium with or without supplemental pyruvate or glucose, ap-
proximately 3 X 10° Henle cells were seeded onto tissue culture-treated
plates (Cellstar; 100- by 20-mm TC dish) and incubated at 37°C with 5%
CO, in standard Henle medium. After overnight incubation, the medium
was changed to fresh Henle medium or to Henle medium supplemented
with 44.4 mM glucose or 44.4 mM pyruvate, and cells were incubated for
24 h at 37°C with 5% CO,. The medium was removed, and the cells were
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FIG 2 Effect of mutations in Embden-Meyerhof-Parnas pathway carbon metabolism genes on S. flexneri plaque formation. Mutants with defects in EMP
pathway genes were tested for the ability to invade, replicate, and spread by assessing the plaque phenotype on a Henle cell monolayer. Where indicated, the
mutant strain was carrying a plasmid encoding a wild-type gene. The invasiveness of wild-type and selected mutant strains was determined and is indicated below
the picture as the percentage of Henle cells containing three or more intracellular bacteria (average * standard deviation for =3 assays).

detached by trypsin treatment, resuspended in sterile PBS, and transferred
to sterile 15-ml conical tubes. The Henle cells were pelleted, the PBS was
removed and the cell pellet was flash-frozen in a dry ice-ethanol bath
before storage at —80°C. The cells were lysed and the intracellular con-
tents were analyzed by gas chromatography-mass spectrometry (GC-MS)
at the University of Utah Metabolomics Core Facility. Internal standards
were added for normalization of the data. The values of each metabolite
were compared between samples from cells incubated in unsupplemented
Henle medium with those incubated in Henle medium with supplemental
glucose or pyruvate. The values of at least three biological samples were
analyzed for each condition. A two-tailed Student ¢ test was used to iden-
tify statistically significant differences.

RESULTS

The EMP pathway is essential for intracellular growth of S. flex-
neri. To assess the role of carbon metabolism in S. flexneri virulence,
isogenic strains with mutations blocking the Embden-Meyerhof-
Parnas (EMP), pentose phosphate (PP), or Entner-Doudoroff
(ED) glycolytic pathway (Fig. 1) were constructed. These were
tested in a plaque assay to assess the ability of each mutant to
invade epithelial cells, grow intracellularly, and spread to adjacent
cells, characteristics of wild-type S. flexneri. To determine the role
of the EMP pathway, we constructed mutants defective in the
phosphofructokinase or pyruvate kinase enzymes, which catalyze
reactions that occur near the beginning or the end of the pathway,
respectively. Unlike other enzymes in the EMP pathway, these
enzymes catalyze reactions that are irreversible and do not func-
tion in gluconeogenesis. Both the phosphofructokinase and pyru-
vate kinase activities are carried out by two isoenzymes, with one
responsible for approximately 90% of the activity (PfkI and PykF)
and the other performing a minor role (PfkII, PykA) (36-38).
Analysis of strains with single mutations showed that loss of either
of the major enzymes, PfkI (pfkA) or PykF (pykF), resulted in a
small plaque phenotype, while those with mutations in genes en-
coding the minor enzymes, P{KII (pfkB) or PykA (pykA), formed
plaques with wild-type morphology (Fig. 2). pfkAB and pykAF
double mutants were also constructed, and each of these had a
plaque phenotype that was more severe than that observed with
the single mutants in the major enzyme gene, the pfkA and pykF
mutants. The pykAF mutant formed plaques that were smaller
than those formed by the pfkAB mutant (Fig. 2).
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The number of small plaques visible with both the pfkA and
pykF mutants was similar to that observed with the wild type,
suggesting that these mutants could invade the cell normally but
had a defect in intracellular replication or spread. This was con-
firmed by measuring invasion rates of the pfkAB and pykAF mu-
tants, both of which were similar to that of the wild-type parent
(Fig. 2). This is in contrast to results with a pfkA mutant we iso-
lated previously, which had reduced invasion (28). The reasons
for the differences in invasion are not clear, but they likely indicate
other differences in the two mutant strains. To confirm that the
plaque defect was solely due to loss of the glycolytic enzymes, we
complemented the pfkAB and pykAF double mutants with plas-
mids expressing pfkA and pykF, respectively, and observed resto-
ration of the wild-type plaque phenotype (Fig. 2). In contrast,
ppsA, which encodes the enzyme for the first committed step in
gluconeogenesis, the conversion of pyruvate to phosphoenolpy-
ruvate, was not required for plaque formation (Fig. 2).

The pentose phosphate pathway is not required for plaque
formation. The first enzyme in the pentose phosphate pathway,
the glucose 6-phosphate dehydrogenase encoded by zwf, is rate
limiting and tightly regulated (39-41). A zwf mutant was con-
structed and found to have a wild-type phenotype in the plaque
assay (Fig. 3). To prevent a potential reroute from glucose to glu-
conate that would bypass the dehydrogenase (Fig. 1), a gcd mutant
and a zwf gcd double mutant were constructed and tested in the
plaque assay. Neither of these mutants showed a defect in plaque
formation (Fig. 3). Carbon could also enter the pentose phosphate
pathway via uptake of exogenous gluconate, which could be me-
tabolized to gluconate-6 phosphate by gluconate kinase, encoded
by gntK, and then to ribulose 5-phosphate by Gnd. Therefore,
both gntK and gnd mutants were constructed to block the pentose
phosphate pathway downstream of gluconate. Neither mutation
prevented plaque formation (Fig. 3). These data indicate that the
pentose phosphate pathway is not needed for plaque formation by
S. flexneri. Further, we assayed S. flexneri for growth with gluco-
nate as the sole carbon source. The wild-type strain grew poorly in
minimal medium with gluconate (Fig. 4) and failed to grow on
solid medium containing gluconate as the carbon source (data not
shown). Thus, it is unlikely that the pentose phosphate pathway or
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FIG 3 Effect of mutations in pentose phosphate pathway or Entner-Doudoroff pathway genes on S. flexneri plaque formation. Mutants with defects in carbon
metabolism genes were assayed for invasion and plaque formation as described for Fig. 2.

gluconate metabolism plays a major role in growth of intracellular
Shigella.

The Entner-Doudoroff pathway is not essential but is uti-
lized intracellularly. The two genes encoding enzymes specific to
the Entner-Doudoroff pathway, edd and eda, were mutated to
assess their role in plaque formation. While the eda mutant
formed very small plaques, the edd formed wild-type-size plaques.
Both had rates of invasion similar to that of the wild type, suggest-
ing that the defect in plaque formation occurred after invasion
(Fig. 3). Complementation of eda on the low-copy-number plas-
mid pWKS30 restored the wild-type plaque size.

A possible explanation for the eda, but not the edd, mutant
having a plaque defect is the accumulation of the bacteriostatic
Entner-Doudoroff intermediate 2-keto-3-deoxy-6-phosphoglu-
conic acid (KDPG) in the absence of Eda (42). To distinguish
between the effect of loss of one or more products of Eda enzy-
matic activity and the potential buildup of its substrate KDPG, an
eda edd double mutant was constructed. The eda edd mutant
formed wild-type-size plaques, suggesting that the defect in the
eda mutant is due to buildup of KDPG. This may indicate that
there is sufficient carbon flow through this pathway during intra-
cellular growth to build up toxic levels of KDPG but that other

10.0
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e

3
a
o
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4 6 8 10
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0 2

Time (h)

FIG 4 Growth of S. flexneri with glucose or gluconate as the sole carbon
source. Wild-type S. flexneri 2457T was grown in minimal medium with glu-
cose or gluconate (0.2%) as the sole carbon source. The ODy5, was monitored
every 30 min for 8 h.
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pathways for sugar utilization are sufficient for carbon metabo-
lism in the double mutant.

Wild-type S. flexneri has a competitive advantage over
PfkAB, pykAF, and eda mutants in cell culture. To directly com-
pare the relative fitness of the EMP and ED pathway mutants, we
used a competition assay with the wild type in a Henle monolayer.
Equal numbers of the mutant and its wild-type parent 2457 T were
mixed, inoculated onto a Henle cell monolayer, and allowed to
form plaques. The monolayers were harvested at 72 h, and the
ratio of mutant and wild-type bacteria recovered from the infected
monolayers was determined and compared to the inoculum. A
ratio of less than 1.0 for the mutant relative to the wild type indi-
cates reduced fitness for growth in Henle cells. As shown in Table
3, the wild type had a competitive advantage over the pfkAB,
pykAF, and eda mutants. The relative competitive index correlated
with plaque size, and the pykAF mutant, which produced the
smallest plaques, had the lowest competitive index.

Phenotype microarray reveals global defects in utilization of
carbon sources. The eukaryotic intracellular environment is ex-
pected to contain a number of potential carbon sources available
for use by S. flexneri. To better characterize the carbon sources that
can be used by wild-type S. flexneri and the carbon metabolism
mutants, we used the Biolog Phenotypic MicroArray carbon
source plates PM1 and PM2A to compare the pfkAB, pykAF, and
eda mutants with the utilization pattern of wild-type 2457T (Fig.
5). The Biolog array measures cell respiration when the indicated

TABLE 3 pfk, pyk, and eda mutants have reduced fitness in the plaque
assay

Competitive
Strain Mutation(s) index”
EAWS122 pfkAB 0.379*
EAWS124 PYkAF 0.043*
EAWS134 eda 0.268*

“ The competitive index for intracellular growth of the mutants was determined by
coinfection of Henle cells with equal numbers of the wild type and mutant and
comparing the recovery of each strain after 72 h, as described in Materials and
Methods. A competitive index of <1.0 indicates that the mutant has a disadvantage
compared to the wild type. ¥, P < 0.02, and **, P < 0.01, by  test.
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FIG 5 Use of carbon sources by wild-type and carbon metabolism mutants of
S. flexneri. Phenotypic microarray carbon utilization plates PM1 and PM2A
(Biolog, Hayward, CA) were used to measure use of the indicated carbon
sources. Use of the compound resulted in a colorimetric change, and the op-
tical density was measured every 15 min for 24 h. The data for the wild type
were plotted in dark gray and overlaid with the data for the mutant in light
gray. Carbon sources used by both the wild type and mutant strains are indi-
cated by the plots filled with light gray, while sources used only by the wild-type
strain are indicated by plots filled with dark gray. None of the carbon sources
shown was preferentially used by a mutant strain compared with the wild type.

compound is the sole carbon source. Both EMP pathway mutants
failed to metabolize, or showed reduced metabolism of, a number
of the carbon sources. The pfkAB mutant did not metabolize glu-
cose, but the pykAF mutant, which is blocked at a later step in the
EMP pathway than the pfkAB mutant, did use glucose, though ata
reduced rate relative to the wild type. Both mutants displayed
slower metabolism of glucose-6-phosphate and were defective in
metabolism of fructose-6-phosphate, the second and third inter-
mediates in the pathway (Fig. 1). E. coli pfkA mutants are defective
in uptake of glucose (43), and it is likely that a similar defect in
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Additive: None Glucose

Pyruvate

FIG 6 Effect of supplementation of the Henle cell medium with glucose and
pyruvate on plaque size of the wild type and carbon metabolism mutants of S.
flexneri. The indicated supplement was added to the Henle medium for the
first 48 h. Incubation was continued in unsupplemented medium, and plaques
were visualized at 72 h.

uptake is responsible for the poor growth of the S. flexneri pfkA
mutant when glucose is the sole carbon source. The S. flexneri pykAF
mutant may metabolize glucose in vitro through the Entner-Dou-
doroff pathway to bypass the requirement for pyruvate kinase
(Fig. 1). Both the pykAF and the pfkAB mutants were able to me-
tabolize pyruvate and grew well with this carbon source (Fig. 5).

The eda mutant had a carbon utilization profile similar to the
wild-type strain. However, the mutant failed to respire in the pres-
ence of D-glucuronic acid or D-galacturonic acid (Fig. 5), indicat-
ing alack of metabolism of these compounds or inhibition by their
metabolic product. In E. coli, these substrates are ultimately con-
verted to 2-keto-3-deoxy-D-gluconic acid, which is phosphory-
lated by ATP to yield 2-keto-3-deoxy-6-phosphogluconic acid
(KDPG), the substrate of Eda (44, 45). Accumulation of KDPG
would be toxic to the bacteria.

Addition of exogenous pyruvate partially restores plaque
formation by the pfkAB, pykAF, and eda mutants. The pykAF
mutant, which had the most severe plaque defect, is defective in
the last step in the EMP pathway, the conversion of phosphoenol-
pyruvate to pyruvate. Therefore, we determined whether the ad-
dition of pyruvate to the cell culture medium could compensate
for the reduction in pyruvate synthesis by the mutants during intra-
cellular growth. As shown in Fig. 6, the presence of supplemental
pyruvate, but not glucose, increased the size of the plaques formed by
the pfkAB, pykAF, and eda mutants relative to the size of the plaques
they formed in unsupplemented medium. This suggested that sup-
plemental pyruvate increased the intracellular pyruvate pool and al-
lowed the mutants to bypass the block in glycolysis. Interestingly, the
addition of either supplemental glucose or pyruvate to the medium
increased the size of the plaques formed by the wild-type bacteria,
with pyruvate having the larger effect.

Exogenous pyruvate increases the level of intracellular pyru-
vate and of several glycolytic and TCA cycle intermediates.
Metabolomic analysis was used to determine the effects of glucose
and pyruvate supplementation on potential carbon sources pres-
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TABLE 4 Changes in levels of selected compounds in Henle cells grown
with glucose or pyruvate

Ratio of amt of metabolite in
cells grown in supplemented
medium to amt in cells grown
in unsupplemented medium”

Glucose Pyruvate
Compound Pathway” supplemented  supplemented
Glucose Glycolysis 18.9%%* 0.8
Glucose-1-phosphate  Glycolysis 1.7 1.3
Glucose-6-phosphate  Glycolysis 2.0 0.6
Fructose-6-phosphate  EMP 2.8 3.4%
3-Phosphoglycerate EMP 2.9 2.3%
2-Phosphoglycerate EMP 4.1%* 2.8
Phosphoenolpyruvate EMP 1.7* 1.7
Pyruvic acid Glycolysis 0.9 2.0*
Citric acid TCA 3.7%%% 12.9%
Aconitate TCA 3.67%F 12.3%*
Isocitric acid TCA 3.100% 5.9%*
2-Ketoglutaric acid TCA 1.8 6.1%
Succinic acid TCA 0.8 1.2
Fumaric acid TCA 1.4 3.9%*
Malic acid TCA 1.3%%* 2.1
Gluconic acid PP, ED precursor ~ 2.1% 7.8%

“ Compounds are substrates or intermediates in glycolysis, the TCA cycle, or specific
glycolytic pathways: Embden-Meyerhof-Parnas (EMP), pentose phosphate (PP), or
Entner-Doudoroff (ED).

b Average ratios for =3 independent determinations. Differences that are statistically
different using the Student two-tailed ¢ test are shown by asterisks: *, P < 0.05; **, P =
0.01; and ***, P < 0.001. The complete metabolome is shown in the supplemental
material.

ent within the Henle cell cytoplasm. The Henle cells were incu-
bated in medium with or without glucose or pyruvate supplemen-
tation and washed to remove the extracellular medium prior to
determination of the metabolome. The relative amounts of se-
lected metabolites in the cells grown in the supplemented com-
pared to unsupplemented medium are shown in Table 4, and the
complete data from the metabolomic analysis is shown in the sup-
plemental material. The glucose-treated cells had a much higher
level of intracellular glucose than the untreated cells or pyruvate-
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supplemented cells. They also had elevated levels of several glycol-
ysis and tricarboxylic acid (TCA) cycle intermediates but did not
show an increase in intracellular pyruvate. The addition of pyru-
vate significantly increased intracellular pyruvate levels. Several of
the glycolytic intermediates that were elevated, especially glucose-
6-phosphate and fructose-6-phosphate, were metabolized by the
wild type but not by the EMP pathway mutants in the phenotype
arrays (Fig. 5), suggesting that the increases in these compounds
do not explain the increased plaque size of the mutants. Several of
the TCA cycle intermediates were higher in Henle cells grown in
pyruvate-supplemented medium, but malic acid was the only one
of these that was used with reasonable efficiency by any of the S.
flexneri mutant strains tested in the phenotype analysis. Fumaric
acid was used weakly, and neither 2-ketoglutaric acid nor citric
acid was used by the bacteria (Fig. 5).

Pyruvate is a carbon source for both the wild type and glycol-
ysis mutants. The ability of these strains to use glucose or pyru-
vate as a carbon source was tested directly by measuring the
growth of the strains in minimal medium with these carbon
sources. As expected, the wild-type S. flexneri grew with glucose as
the sole carbon source, while neither the pfkAB nor the pykAF
mutants showed significant growth over the time course of the
experiment (Fig. 7A). The eda mutant grew at an intermediate rate
(Fig. 7A). In contrast, all strains grew similarly when pyruvate was
the sole carbon source (Fig. 7B), suggesting that the elevated level
of intracellular pyruvate in the pyruvate-supplemented cultures
has the potential to stimulate the growth of the mutants. It is of
interest that the plaque size of wild-type S. flexneri was increased
by supplementation of the medium with either glucose or pyru-
vate. The increased plaque size with glucose supplementation may
be due primarily to the large increase in the level of intracellular
glucose (Table 4), which is known to be an excellent carbon
source. To gain insight into the increased plaque size observed
with pyruvate supplementation, we compared the growth of wild-
type S. flexneri when either glucose, pyruvate, or an equal mixture
of the two was the carbon source available in minimal medium. As
seen in Fig. 7C, the bacteria grew faster with pyruvate than with
glucose as the sole carbon source. The average doubling times for
2457T in minimal medium with glucose and with pyruvate were

C Glucose + Pyruvate

TGlu
& Pyr
TGlu + Pyr

OD 650nm

0.01
4 6 8 0 2 4 6 8
Time (h)

FIG 7 Growth of S. flexneri with pyruvate as the carbon source. The S. flexneri wild type or mutants (eda, pfkAB, and pykAF mutants) were grown in minimal
medium with glucose (A), pyruvate (B), or a mixture of glucose and pyruvate (C) as the carbon source. Cultures were grown at 37°C with aeration for 8 h, and
growth was monitored by measuring ODy5, (average; bars indicate 1 standard deviation).
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2.3 hand 1.5 h, respectively (Fig. 7C). Both glucose and pyruvate
should be available to the Henle cells, and when both carbon
sources were present in the minimal medium, the bacteria grew
more rapidly than with either carbon source alone (average dou-
bling time of 1.1 h) (Fig. 7C).

DISCUSSION

Catabolism of sugars plays an important role in colonization and
pathogenesis of enteric pathogens. Most Enterobacteriaceae can
use sugars via the Embden-Meyerhof-Parnas, Entner-Doudoroff,
or pentose phosphate pathways (Fig. 1). Studies with Salmonella,
various E. coli pathovars, and commensal E. coli have shown that
at least one of these carbon pathways is required for initiation or
maintenance of infection (29, 46-48). The intestine is rich in sug-
ars due to degradation of intestinal mucins, releasing the sugars
for potential use by bacteria. Thus, it is not surprising that intes-
tinal pathogens or commensals would take advantage of this
abundant carbon source when colonizing the intestine. In con-
trast, peptides and amino acids appear to be the primary carbon
sources for uropathogenic E. coli during infection of the urinary
tract (49), indicating that different strains are adapted to growth
in different environments of the host.

Shigella spp. differ from most other human enteric bacteria in
their ability to grow within the cytoplasm of human epithelial
cells. Following invasion, the bacteria escape the vacuole and rap-
idly multiply within the cytoplasm. Although some of the path-
ways required for intracellular growth have been defined, the spe-
cific carbon metabolism pathways and carbon sources used by
intracellular bacteria are poorly understood. We are beginning to
gain a better understanding of the physiology and metabolism of
bacteria growing within the host cell through an analysis of the
bacterial genes and proteins expressed in this environment. In this
study, we have focused on a genetic approach to analyzing the
carbon metabolism pathways that play a role in the intracellular
lifestyle.

A number of studies have indicated that sugar metabolism is
important for Shigella intracellular replication, but the specific
sugars used and the pathways for their catabolism in this environ-
ment are not fully characterized. There is reduced expression of
genes encoding the glucose uptake proteins ptsG, manX, many,
and manZ during intracellular growth (22, 23). However, analysis
of the proteome of intracellular S. flexneri showed that two of these
proteins (ManZ and ManX), as well as other proteins involved in
sugar transport (FruA and FruB), were present at high levels in
intracellular bacteria (24). The relative abundance of these pro-
teins suggests that the bacteria can import sugars during intracel-
lular growth.

Shigella, like other Enterobacteriaceae, can metabolize sugars
through the multiple pathways. Each of the sugar catabolism
pathways has been shown to be important for certain enteric
pathogens. Glycolysis through the EMP pathway is necessary for
Salmonella virulence. A pfkAB double mutant was severely atten-
uated in macrophage replication, and it was recovered in lower
numbers than the wild type from murine organs (50). Glycolysis
was also important for initial colonization and maintenance of an
enterohemorrhagic E. coli (EHEC) strain in the mouse intestine
(47). There is no small-animal model for shigellosis that would
allow testing the effect of mutations in glycolysis or other carbon
pathways on intestinal colonization by S. flexneri, but analysis in
cell culture shows that the EMP pathway is necessary for intracel-
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lular growth. In this study, we show that blocking either an early
(Ptk) or late (Pyk) step in the EMP pathway resulted in loss of
wild-type plaque formation. The importance of this glycolytic
pathway for intracellular growth was supported by the observa-
tion that enzymes for the pathway were found at higher levels in
intracellular S. flexneri than in bacteria grown in vitro (24), even
though transcriptome analysis showed reduced expression of the
genes (20). The EMP pathway may be important not only in using
sugars as an energy source but also in the production of essential
metabolic intermediates.

The pentose phosphate pathway contributes to virulence in the
intracellular pathogen Salmonella enterica Typhimurium. A zwf
mutant was attenuated in a mouse model, and the attenuation was
due to increased susceptibility to reactive oxygen and nitrogen
intermediates in the absence of glucose-6-phosphate dehydroge-
nase (51). The zwf mutant of S. flexneri was not affected in its
ability to infect and spread in epithelial cells (Fig. 3) but has not
been tested in macrophages. Taken together, these data suggest
that the pentose pathway may generate NADPH for antioxidant
defense but is not required for carbon assimilation during intra-
cellular growth.

The presence of gluconate in murine cecal material (52) sug-
gests that the Entner-Doudoroff pathway may be induced in bac-
teria that colonize the intestinal tract. S. flexneri does not use ex-
ogenous gluconate as a carbon source, but carbon could enter this
pathway from glucose or glucose-phosphate. In E. coli, the Entner-
Doudoroff pathway is necessary for colonization initiation and
maintenance in a mouse model (45). The Entner-Doudoroff
pathway also contributes to colonization and production of dis-
ease by Vibrio cholerae, as an edd mutant strain failed to colonize in
a mouse model or to induce fluid accumulation in ligated rabbit
ileal loops (53). Analysis of the S. flexneri edd eda double mutant
indicated that the pathway is not essential for intracellular growth,
since it produced wild-type plaques in cultured cells (Fig. 3).
However, the eda mutant had a small plaque phenotype, indica-
tive of accumulation of the intermediate KDPG, resulting in a
bacteriostatic effect. This suggests that the pathway is used intra-
cellularly and that sufficient carbon flows through the pathway to
generate toxic levels of KDPG in the eda mutant in the intracellu-
lar environment.

Although sugars appear to represent a major source of carbon
for intracellular bacteria, the eukaryotic cytosol has multiple po-
tential carbon sources, and it is likely that Shigella uses a variety of
compounds for growth inside the host cell. The proteome analysis
of intracellular shigellae showed that enzymes for mixed acid fer-
mentation were present at high levels in the intracellular bacteria,
and mutational analysis confirmed that this pathway was essential
for normal intracellular growth (24). The pyruvate metabolized
by this pathway could be a product of glycolysis, but exogenous
pyruvate can also be used as a carbon source (Fig. 7), indicating
that it could also be obtained from the host cell. The addition of
pyruvate to the cell culture medium supported plaque formation
by mutants blocked in the EMD or ED pathway, and analysis of
the metabolites within the Henle cell showed that the addition of
exogenous pyruvate significantly increased the pool of pyruvate
within the cell. Pyruvate supplementation also increased the size
of plaques produced by wild-type S. flexneri, suggesting that this is
a good carbon source for the intracellular bacteria. This is consis-
tent with our previous studies showing that genes for mixed-acid
fermentation of pyruvate are necessary for wild-type plaque for-
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mation by S. flexneri (24). The increased amount of pyruvate may
lead to a larger number of bacteria in the cell by increasing the
carrying capacity. This could result in more rapid spread of the
bacteria to adjacent cells, creating larger plaques. In vitro analysis
showed that S. flexneri grows faster when pyruvate is the sole car-
bon source than with glucose alone, but the highest growth rate
was achieved when the bacteria were grown on a mixture of pyru-
vate and glucose. This likely reflects the preferred carbon sources
for the intracellular bacteria, which could use the intracellular
sugars along with pyruvate to grow rapidly within the intestinal
epithelial cells. Our results indicate that Shigella has the ability to
use varied and multiple carbon sources when growing intracellu-
larly. This allows it to adapt to the changing environment within
the cell cytoplasm and maximize its ability to extract nutrients and
energy sources from the host cell.
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