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ABSTRACT Galactitol degradation by salmonellae remains underinvestigated, al-
though this metabolic capability contributes to growth in animals (R. R. Chaudhuri
et al, PLoS Genet 9:e1003456, 2013, https://doi.org/10.1371/journal.pgen.1003456).
The genes responsible for this metabolic capability are part of a 9.6-kb gene cluster
that spans from gatY to gatR (STM3253 to STM3262) and encodes a phosphotrans-
ferase system, four enzymes, and a transporter of the major facilitator superfamily.
Genome comparison revealed the presence of this genetic determinant in nearly all
Salmonella strains. The generation time of Salmonella enterica serovar Typhimurium
strain ST4/74 was higher in minimal medium with galactitol than with glucose.
Knockout of STM3254 and gatC resulted in a growth-deficient phenotype of S. Ty-
phimurium, with galactitol as the sole carbon source. Partial deletion of gatR
strongly reduced the lag phase of growth with galactitol, whereas strains overpro-
ducing GatR exhibited a near-zero growth phenotype. Luciferase reporter assays
demonstrated strong induction of the gatY and gatZ promoters, which control all
genes of this cluster except gatR, in the presence of galactitol but not glucose. Puri-
fied GatR bound to these two main gat gene cluster promoters as well as to its own
promoter, demonstrating that this autoregulated repressor controls galactitol degra-
dation. Surface plasmon resonance spectroscopy revealed distinct binding properties
of GatR toward the three promoters, resulting in a model of differential gat gene ex-
pression. The cyclic AMP receptor protein (CRP) bound these promoters with simi-
larly high affinities, and a mutant lacking crp showed severe growth attenuation,
demonstrating that galactitol utilization is subject to catabolite repression. Here, we
provide the first genetic characterization of galactitol degradation in Salmonella, re-
vealing novel insights into the regulation of this dissimilatory pathway.

IMPORTANCE The knowledge of how pathogens adapt their metabolism to the
compartments encountered in hosts is pivotal to our understanding of bacterial in-
fections. Recent research revealed that enteropathogens have adapted specific meta-
bolic pathways that contribute to their virulence properties, for example, by helping
to overcome limitations in nutrient availability in the gut due to colonization resis-
tance. The capability of Salmonella enterica serovar Typhimurium to degrade galacti-
tol has already been demonstrated to play a role in vivo, but it has not been investi-
gated so far on the genetic level. To our knowledge, this is the first molecular
description of the galactitol degradation pathway of a pathogen.
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almonella enterica serovar Typhimurium is a Gram-negative, facultative anaerobic

microorganism that causes nontyphoidal gastroenteritis in humans and typhoid-like
disease in mice (1). Specifically, it is a foodborne pathogen that invades its host
following ingestion of contaminated food or water, eventually leading to salmonellosis
(2). S. Typhimurium is also one of the most important model organisms for investigation
of bacterial genetics and microbial pathogenicity. Because effector proteins are trans-
located by two type lll secretion systems encoded by separate Salmonella pathogenic-
ity islands (SPIs), Salmonella strains can invade epithelial cells and survive in macro-
phages within the so-called Salmonella-containing vacuoles (SCVs) (3-6). During
infection, S. Typhimurium requires sufficient energy as well as carbon and nitrogen
sources to proliferate, produce its virulence factors, and withstand the host immune
response. However, the acquisition of nutrients is a major challenge for S. Typhimurium
in the intestine because of the colonization resistance of the commensal microbiota,
which confers a highly competitive host environment for substrate availability. To
overcome these limitations, enteropathogens have developed specific metabolic ca-
pacities that include the utilization of ethanolamine, propanediol, or myo-inositol
(7-13). These catabolic properties are considered critical to virulence; therefore, further
characterization of the metabolic profile of S. Typhimurium is of interest.

More than 60 carbon sources can be utilized by S. Typhimurium. Among them are
fructose, galactose, glucose, glycerol, meso-inositol, mannitol, mannose, and ribose
(14), but a detailed characterization of the degradation pathway for some of these is still
lacking. An example is galactitol (dulcitol), one of the three naturally occurring hexitols
(the others are glucitol and mannitol) produced by many plants of genera such as
Cordylanthus, Leptorhabdos, Melampyrum, and Digitalis. About one-half of Escherichia
coli isolates ferment galactitol (15). The galactitol analogues L-fucitol and 2-desoxy-p-
galactitol inhibit the growth of E. coli, but not that of S. Typhimurium, with this hexitol
(16). Temperature-sensitive mutations that lead to constitutive expression of the gat
operon have been isolated, and one was identified in gatR (17-19). As this mutation
could be complemented by a gatR* allele to yield an inducible phenotype, and
because a truncated gatR resulted in constitutive expression of gat genes, GatR was
proposed to act as a repressor (20). A prerequisite for galactitol dissimilation is the
uptake by a phosphotransferase system (PTS) involving a specific enzyme Il that
phosphorylates galactitol and three enzymes that sequentially convert galactitol-1-
phosphate to p-tagatose 6-phosphate by an NAD-linked dehydrogenase, phosphory-
late this intermediate, and finally catalyze the production of dihydroxyacetone-
phosphate (DHAP) and glyceraldehyde-phosphate (GAP) (21). For utilization of
galactitol, S. Typhimurium contains a putative galactitol-specific PTS that enables
galactitol uptake. This putative transport system is thought to be encoded by the gat
gene cluster of 9.6-kb length encompassing 10 genes. Transposon insertion in this
region yields a slightly attenuated growth phenotype in different hosts, such as
chicken, mouse, pig, and calf (22).

The molecular genetics of galactitol degradation by a pathogen have not been
investigated. Here, we demonstrate that the knockout of several genes in the S.
Typhimurium gat gene cluster results in a growth-negative phenotype with galactitol
as the sole carbon source. The activities of gat gene promoters under various growth
conditions are quantified using luciferase or green fluorescent protein (GFP) as report-
ers. The interaction of the regulatory protein GatR is demonstrated by reporter assays,
electrophoretic mobility shift assays (EMSAs), and surface plasmon resonance (SPR)
spectroscopy, identifying GatR as a repressor of Salmonella galactitol utilization that
also controls its own expression.

RESULTS

Growth properties of Salmonella strains in the presence of galactitol. Salmo-
nella bongori, S. enterica serovar Enteritidis, S. enterica serovar Newport, S. Typhimurium
ST4/74, S. Typhimurium 14028S, and S. enterica serotype 4,[5],12:i:— strain CYM23701
were cultivated in microtiter plates containing minimal medium (MM) with 54.9 mM
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FIG 1 Growth curves of Salmonella strains in MM containing galactitol as the sole carbon source. S. Typhimurium ST4/74, S.
bongori, S. Enteritidis, S. Newport, and S. enterica serotype 4,[5],12:i:— strain CVM23701 were grown overnight in LB medium.
MM containing 1% galactitol was inoculated at 1:100 and incubated for 19 h at 37°C without shaking. OD,, was measured
each hour. The insets document growth of these strains on agar plates with galactitol-containing MM.

galactitol as the sole carbon and energy source (Fig. 1). While the latter two strains
exhibited nearly zero growth, all other strains grew to an optical density at 600 nm
(ODgq0) of approximately 0.45 to 0.5. The generation time of strain ST4/74 was 4.66 h.
By comparison, strain ST4/74 reached a maximum ODg,, of 0.7, with a shorter gener-
ation time of 1.94 h, when galactitol was exchanged for glucose (see Fig. S1 in the
supplemental material). Growth of S. Newport and S. Typhimurium ST4/74 in MM-
galactitol was characterized by extended lag phases of 6 and 8 h, respectively. No
growth of S. Typhimurium 14028S and Salmonella 4,[5],12:i— (23) was observed on agar
plates with galactitol-containing MM. Although strain ST4/74 grew equally at concen-
trations of 0.3% to 1.0% galactitol (data not shown), we used 1% for all further
experiments. To investigate the genetic mechanisms underlying the capability of
Salmonella strains to utilize galactitol, we deleted the gene cluster STM3779-STM3785,
which is part of Salmonella pathogenicity island 3 (SPI-3) and harbors a gene that
encodes a putative galactitol-specific llc protein. As the deletion mutant still grew in
galactitol, we reinvestigated the S. Typhimurium LT2 genome for a gene cluster
responsible for utilization of this hexitol and identified STM3253-STM3262 as a candi-
date cluster because it carries a gene coding for a tagatose-1-phosphokinase.

The gene cluster STM3253 to STM3262 is responsible for galactitol utilization
by S. enterica serovar Typhimurium. To test this prediction, we generated mutants of
S. Typhimurium strain ST4/74 lacking STM3254, encoding a putative phosphofructoki-
nase, gatC, coding for a putative galactitol-specific IIC component, and the regulatory
gene gatR. The ST4/74 AgatC and ST4/74 ASTM3254 mutants showed zero growth in
galactitol but reverted to a wild-type-like phenotype when transformed with plasmids
pBR-gatC and pBAD-STM3254, respectively (Fig. 2). We also generated two partial
deletion mutants lacking either the putative DNA-binding domain (AgatR-HTH) or the
putative oligomerization domain (AgatR-DeoR) of GatR. Both mutants exhibited a
reduced lag phase during growth with galactitol, whereas growth was inhibited when
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FIG 2 Growth of deletion mutants and effects of complementation. S. Typhimurium ST4/74 and its ST4/74 AgatR-HTH, ST4/74 AgatR-DeoR,
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and ST4/74 AgatC mutants were cultivated, and the OD,,, was monitored as described in the legend to Fig. 1. The ST4/74 AgatC mutant

did not grow with galactitol, and the presence of complementing plasmid pBR-gatC restored the growth behavior of the parental strain.

ST4/74 AgatR-HTH and ST4/74 AgatR-DeoR mutants exhibited a reduced lag phase but did not grow when transfected with comple-

menting plasmid pBR-gatR.

the gatR gene was provided in trans by pBR-gatR (Fig. 2). All strains investigated here
were also grown in MM with glucose to confirm that attenuation specifically occurs in the
presence of galactitol (Fig. S1). These data demonstrate that the gene cluster STM3253 to
STM3262, which encodes a PTS and catabolic enzymes (Fig. 3A), is responsible for the
utilization of galactitol by salmonellae.

Distribution of the gat genes in salmonellae and other bacteria. Investigation of
all available Salmonella genomes identified two distinct gat gene clusters. The first one
is represented by genes STM3253 to STM3262 of S. Typhimurium strain ST4/74 (Fig. 3B)
and was found in the genomes of a further 32 S. enterica serovars (see the supplemental
material). It is flanked by agaR and yral and carries three additional genes of hypo-
thetical function in tagatose uptake and metabolization (STM3254 to STM3256) that are
absent from the second cluster. The second gat gene cluster, which is flanked by garD
and yral, has a genetic organization resembling that of E. coli (Fig. 3B) and is found in
the genomes of 30 S. enterica serovars, including S. Agona (see the supplemental
material), and of the species S. bongori. The latter species and the two serovars, S.
Enteritidis and S. Newport, showed growth similar to that of strain ST4/74 in MM with
1% galactitol (Fig. 1). In contrast, sequence analysis revealed that the genome of strain
S. Typhimurium 14028S harbors gatY, STM3254, gatD, and gatR but only the first 682 bp
of STM3255 and the last 121 bp of gatC, while the genes STM2356, gatZ (STM3257),
gatA, and gatB are missing (Fig. 3B). The genome of S. enterica serotype 4,[5],12:i:—
strain CYM23701 lacks STM3256, gatZ, gatA, gatB, and gatC. Thus, the reduced gat gene
cluster in both strains sufficiently explains their growth on MM with galactitol (Fig. 1).

The GC content of the gene cluster STM3253 to STM3262 (50.23%) does not
significantly differ from that of the whole genome (52.2%), a finding that suggests
ancient acquisition of the Salmonella gat gene cluster by horizontal gene transfer.
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architecture. The galactitol operon consists of 10 genes (gatY-gatR). garD encodes galactarate dehydratase, agaR encodes a
transcriptional regulator, yral encodes a methyltransferase, and yegS encodes a phosphatidylglycerol kinase. The (hypothetical)
functions of the proteins encoded by the gat genes are listed above the symbols. Putative promoters are shown as arrows, and
putative terminator regions are shown as hairpins.

Transcriptional activity of genes involved in the degradation of galactitol. The
promoter prediction program BPROM identified three putative promoters, P ..y, Pyarz
and P, within the gene cluster STM3253-STM3262. To evaluate their activities, the
promoters were chromosomally fused with the reporter gene gfp, and gene transcrip-
tion was measured by fluorometry. During growth in MM with galactitol as the sole
carbon source, all three strains exhibited a strong fluorescence signal. Promoter P,
showed the highest transcriptional activity (maximal relative light units [RLU]/OD, of
1.7 X 10% versus 8.1 X 10 for P, and 3.6 X 10* for P_,) (Fig. 4). Fluorescence was
detectable when the lag phase ended, and it stagnated and decreased when the
culture reached the stationary phase. No light emission was observed when the three
reporter strains were cultivated in medium lacking galactitol, indicating a specific
growth response to the presence of this hexitol. As a control, we fused gfp with the
promoter of the housekeeping gene rpsM (P,,.,:gfp) on the chromosome and found
transcriptional activity between that of P, and P,

The promoters of gatZ, gatY, and gatR are negatively regulated by GatR. To
determine the function of the putative regulator GatR, we introduced plasmid pBAD-
gatR into the ST4/74 P, :lux and ST4/74 P,,.:lux reporter strains. Luminescence
activities were then measured during growth in MM with galactitol in the presence of
GatR overproduced by addition of arabinose at a 5-h postinoculation time point. Under
this condition, ST4/74 continued to grow with galactitol, albeit at a reduced division
rate. As controls, we used strains harboring the empty vector pBAD-Myc/His and

gatz-

February 2017 Volume 199 Issue 4 e00595-16

Journal of Bacteriology

jb.asm.org 5


http://jb.asm.org

Nolle et al.

1.00 1

600

a
o o.10
0.01
0 e 2 3 4 5 6 7 8 9 10 11 12 13 14 15 24
time [h]
— Pgaty::gfp Pgafz'.:gfp . PgatR::gfp _— PrpsM::gfp
" Poarigfp Poatz - 0fP — P 0fD

Journal of Bacteriology

2.0*10°

1.8%10°

- 1.6*10%

1.4*10°

1.2*10°

1.0%10°

RLU/OD,q,

- 8.0*10%

6.0*10%

- 4.0*10%

2.0*10%

-0

30

-¥-- ST4/74

FIG 4 Transcriptional activities of Py, Pyuiz Pgae @nd P,y Reporter strains ST4/74 P, ,ugfp, STA/74 P, q:gfp, STA/74 P ,.gfp, and ST4/74 P,,.,:gfp were
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wells each are indicated (*+standard deviations).

pBAD-reiD, carrying a regulatory gene encoding ReiD, which plays a role in another
dissimilatory pathway (24). Both ST4/74 P :lux and ST4/74 P,,.,:lux strains showed
reduced transcriptional activity in the presence of overproduced GatR (to 17% and 1%,
respectively) but not upon overproduction of ReiD (Table 1). When arabinose was
added immediately after inoculation, no growth of the strains in MM with galactitol was
observed. These findings suggested that GatR has an inhibitory role in the galactitol

utilization pathway.

TABLE 1 Quantification of gat promoter activities?

Activity for ST4/74 grown

Genotype in M9 with galactitol®

and

promoter Plasmid RLU/ODgq0 SD (%) P value

gatY
Pgarvilux pBAD 1,559,216 11.29 Reference

saerilux pBAD-gatR 259,972 9.23 0.00012¢

Pgarvilux pBAD-reiD 2,239,118 0.43 0.41

gatZ
Pgarzlux pBAD 449,647 4.04 Reference
P gacz:lux pBAD-gatR 4,557 4.95 9.17 X 1077¢
Pgarzlux pBAD-reiD 479,851 9.24 0.63

gatR
P gatri:lux pBAD 402,563 7.26 Reference
P gacri:lux pBAD-gatR 27,506 7.72 3.77 X 10-6¢
Pgam::lux pBAD-reiD 316,429 1.83 0.032

aSamples were taken from the late exponential phase.

bLuminescence of ST4/74 strains growing in M9 containing galactitol as the sole carbon source was
measured in late exponential phase. Arabinose (0.02%) was added 5 h after inoculation. Data are averages
from three independent experiments.

<P value of <0.0005.
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the standard deviations. *, P < 0.05; **, P < 0.005; ***, P < 0.0005.

The expression of gatR in the ST4/74 P, gz:lux strain with pBAD-Myc/His (RLU/ODg,
of 1.94 X 106; standard deviation [SD], 3.35%) was strongly reduced in the presence of
pBAD-gatR after addition of arabinose at 20 h (RLU/ODg, of 7.59 X 10%; SD, 6.37%) (Fig.
5), indicating that gatR is negatively regulated by its own product.

Interaction of GatR with P, P ..y and P,,.,. To assess the binding activity of
GatR to its own promoter, complex formation of purified His-tagged GatR overpro-
duced via pBAD-gatR (pBAD-Myc/His) was tested by EMSAs. Specific binding of GatR-
Hisg to P, was obtained regardless of the medium (LB medium or MM with galactitol)
used for ST4/74 AaraA strain cultivation prior to protein isolation (Fig. S2A), thus not
supporting the hypothesis that there is an inducer, possibly formed during galactitol
utilization, that lowers the binding affinity of GatR. For quantitative binding of the P,
fragment, a molar excess of at least 60 was required. We then investigated the binding
of GatR-His, isolated from bacteria grown in MM/galactitol to P, and P While the
binding affinity of GatR-His, to P, was similar to that of GatR to its own promoter, a
much higher molar excess of approximately 400 was required for quantitative binding
of Py, (Fig. S2B). Again, GatR-His, isolated from the strain grown in LB medium
showed a similar binding affinity (data not shown). Fragments upstream of the remain-
ing genes responsible for galactitol uptake and metabolization were also tested but
were not bound by GatR (data not shown).

To narrow down the binding sites of GatR, the three promoter fragments were split
into smaller fragments that were subjected to binding experiments. EMSAs demon-
strated that GatR binds two distinct fragments amplified from the gatZ promoter,
suggesting the presence of at least two GatR binding sites. In contrast, GatR bound only
to one 100-bp and one 52-bp fragment of the promoters P, and P, respectively
(Fig. 6). Multiple-sequence alignment of these fragments enabled the identification of
a putative consensus sequence of GatR binding within the gat gene cluster (Fig. 7A).
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FIG 6 Localization of GatR target sequences. (A) Overproduced GatR-His, was purified from the ST4/74 AaraA strain cultivated in LB medium. The protein was
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CRP is required for activation of the galactitol-specific PTS. Bioinformatic anal-
ysis via virtual footprinting revealed the presence of putative binding sites for CRP
within Py, Pyaz and P, (Fig. 7B) due to their sequence similarity with the cyclic
AMP (cAMP)-CRP consensus sequence 5'-TGTGA-N4-TCACA-3’, identified previously
(25) (Fig. 7C). Deletion of crp resulted in zero growth of strain ST4/74 in MM containing
galactitol as the sole carbon source (Fig. 8) but not in LB medium (Fig. S3), indicating
that cAMP-CRP acts as an activator for this galactitol-specific PTS. When the deletion
mutant was transformed with plasmid pBAD-crp, the growth phenotype of the parental
strain ST4/74 was partially restored.

To demonstrate the interaction of CRP with gat promoters by EMSA, CRP-Hisg was
purified, mixed with 25 mM cAMP, and added in increasing concentrations to the
300-bp fragments located upstream of gatY, gatZ, gatR, and gatB. Fragments and
DNA-protein complexes were then separated by gels at 8°C. Motility retardation of all
fragments except gatB, which served as a negative control, revealed specific binding of
CAMP-CRP-Hisg t0 Pyurys Pyarzn @and P, (Fig. 9). A molar excess of approximately 100
was sufficient for nearly quantitative cAMP-CRP-His, binding to these three promoter
fragments. Compared to GatR, cCAMP-CRP-His, bound most strongly to Py, with lower
affinities to P,z and P These data showed that cAMP-CRP binds to the promoters

gatz:
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of gatY, gatZ, and gatR, confirming that the expression of galactitol degradation is
subject to catabolite repression.

Quantification of GatR-DNA and CRP-DNA binding. The interactions of GatR and
cAMP-CRP with the promoters of gatY (P,,.y), gatZ (P,,.), and gatR (P,,.z) were then
quantified by SPR analysis. The DNA fragments were captured onto an SPR sensor chip,
and different concentrations of GatR and CRP (with 20 uM cAMP) were injected over
the surface. All sensorgrams revealed high-affinity binding of GatR to the three pro-
moters (Fig. T0A to C). As a nonspecific control, GatR was also tested against the
unrelated pcf promoter region of Photorhabdus luminescens. Lack of interaction (data
not shown) demonstrated the specificity of GatR-DNA binding. GatR showed not only
the highest affinity for P,z (Pyacz 3.2 NM; Pyppy, 6.6 NM; P e, 18.8 NM) but also the
highest maximal response (R,,,.,) to this promoter (approximately 1,300 response units
[RU] versus 300 to P, and 700 to P_,). Since the R, for a 1:1 interaction (e.g., one
molecule of GatR binds one DNA fragment) would correspond to ~150 RU, we
conclude that GatR binds as a higher oligomer to P, but not to P, and P,z and/or
that there are multiple binding sites for GatR within the gatZ promoter region but only
one each within the other two promoter regions. Binding of GatR to P, showed slow
on/slow off kinetics (absorption rate constant [k.], 24 X 10* M—' s—'; dissociation rate
constant [K], 1.6 X 10~%s~), whereas the dissociation rates of the other two interactions
were approximately 10-fold higher (P, k,, 3.7 X 10° M~' s~%; P Ky 12 X1073s7T;
Poarr ko 21 X 10 M~1 7% P 0 K, 39 X 1072 570),

cAMP-CRP also bound all three promoter regions with high affinity, namely, P,
(36.0 nM), P~ (37.6 nM), and P, (22.8 nM) (Fig. 10D to F). Although it is known that
cAMP-CRP does not follow a simple 1:1 binding mechanism (26) as presumed here, we
conclude that the molecular binding mechanism of cAMP-CRP is the same at all three

max

gatZ
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FIG 8 Involvement of CRP in the growth of ST4/74 with galactitol. Growth curves of ST4/74, ST4/74 Acrp, and ST4/74
Acrp/pBAD-crp strains in MM with galactitol.

promoters, as evidenced by the similar R,,,,, values, association rates, and dissociation
rates.

DISCUSSION

The full spectrum of metabolic capacities used by pathogens during proliferation
under changing environments in vitro and in vivo is still unknown. Moreover, many of
these pathways still lack genetic characterization, as exemplified by the gene cluster

Molar excess 0 16 31 47 62 78 93 109 Molar excess 0 1S 30 46 61 76 91 106
DNA/CRP > (G W ==Tw=Tl Tl DNA/CRP >
complex complex
ey
Ny [
Pga/y > A u u L.JL.J { . | J Pga/Z >

argS > ‘“‘L—dhﬂ-‘uuu—‘hﬂd argS >

Molar excess 0 17 33 50 67 83 100 117  Molar excess 0 15 31 46 62 77 93 108

upstream gatB
9

argS >

FIG 9 CRP binding activities toward promoter fragments of gatY, gatZ, gatR, and a fragment upstream of gatB that served as a
negative control. For details of EMSAs, see the legend to Fig. 6.
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FIG 10 Quantification of GatR and CRP DNA binding using SPR spectroscopy. The biotin-labeled DNA fragments P, (A and D), Py, (B
and E), and P gatr (C and F) were captured onto a streptavidin-coated sensor chip, and purified GatR (A, B, and C) or cAMP-CRP (D, E, and
F) was passed over the chip at a flow rate of 30 ul/min at 25°C (in concentrations of 0, 0.5, 2.5, 5, 10, 15, 20, 25, 50 [two times], 125, 250,
and 500 nM for GatR and 0, 1, 5, 10, 20, 30, 50, 100 [two times], 250, 500, and 1,000 nM for CRP) using a contact (association) time of 180
s, followed by a 300-s dissociation phase. The increase of the RU correlates with the rising GatR or CRP concentration. Below the
sensorgrams, quantification of the binding kinetics assuming 1:1 binding are indicated as association (k,) and dissociation (K,) rates, as
are overall affinities (Kp).

responsible for galactitol dissimilation. The capability to utilize the four related carbo-
hydrates galactitol, b-tagatose, p-galactosamine, and N-acetyl-galactosamine has been
identified in many pathogenic and nonpathogenic strains of enteric bacteria.
N-acetylgalactosamine is a main component of mucin (27), and p-tagatose is a degra-
dation product of galactosamine and N-acetylgalactosamine. These four carbohydrates
are transported into the cell by PTSs and are degraded by homologous or identical
enzymes by metabolic pathways sharing the intermediate tagatose-1,6-bisphosphate
and its conversion to DHAP and GAP by a common aldolase (28, 29).

To examine whether the gat gene cluster is relevant for the colonization of
food-producing animals, we analyzed the TraDIS data from Chaudhuri and cowork-
ers (22). Colonization by the STM3254, STM3255, and gatR transposon mutants was
markedly attenuated in all three food-producing animals. A knockout of gene gatY
resulted in attenuation of growth during colonization of chickens and pigs (see
Table S2 in the supplemental material). Thus, the capability to degrade galactitol
contributes to the proliferation of S. enterica strains during infection of livestock. It
remains unclear, however, why a knockout of gatR resulted in a growth-attenuated
phenotype. Possible reasons are yet-unknown regulatory functions of this repressor
or an untimely and inappropriate expression of gat genes that results in a growth
disadvantage.

Galactitol utilization genes have not been identified in Bacillus subtilis or Listeria spp.
but have been identified in Citrobacter rodentium; however, C. rodentium does not grow
in galactitol, probably due to a phage insertion into gatD (30). The Salmonella gat gene
cluster investigated here carries genes involved in both galactitol and tagatose utili-
zation. The genes STM3254-STM3256 are missing from S. Agona as well as E. coli (Fig.
3B). As STM3254 is annotated as tagatose-1-phosphokinase, its deletion mutant in
ST4/74 was tested here for growth in MM with 1% tagatose, and zero growth was
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observed, in contrast to the case for the LB control (data not shown). Therefore, this
putative tagatose-1-phosphokinase indeed plays a role in both pathways and links
tagatose with galactitol degradation in S. Typhimurium, as suggested previously (29). S.
bongori and S. Enteritidis, which do not carry the genes STM3254-STM3257, also do not
grow in MM with tagatose but grow faster in MM with galactitol than does strain
ST4/74. Therefore, it can be concluded that the genes STM3254-STM3257 are required
to utilize tagatose as a carbon source but also decelerate bacterial growth during
degradation of galactitol.

In the presence of cAMP, the activator CRP recognizes the three promoters Py,
Pyatz @and P,z (Fig. 9). The number of CRP molecules required for DNA binding and the
binding kinetics of CRP were similar for the three promoters. As EMSAs performed with
GatR isolated from medium with and without galactitol revealed similar binding
patterns, we exclude the presence of possible inducers of GatR, such as galactitol-
phosphate, that might relax the repressor binding. Therefore, the expression patterns
of gatY, gatZ, and gatR (Fig. 4) are mediated by the distinct binding properties of GatR
rather than of CRP, and our experiments demonstrated that the differential regulation
of genes involved in galactitol utilization is predominantly conferred by GatR. There-
fore, this repressor, which belongs to the DeoR family of proteins and contains a
helix-turn-helix (HTH) domain and a DeoR C-terminal sensor domain, was investigated
here in more detail. Sequence comparison of all fragments that are bound by GatR
revealed a 19-bp consensus sequence motif (Fig. 7A). SPR sensorgrams exhibiting
individual patterns suggest that GatR interacts differently with its target sequences.
This interaction does not follow a simple 1:1 stoichiometry (as presumed for the
quantifications) but is more complex and mimics that described recently for the
bacterial response regulator YpdB (31). The YpdB binding involves sequential and
cooperative promoter interaction and rapid, successive promoter clearance, a pattern
that may allow for pulsed target gene expression.

Promoter activity after overexpression of gatR was lowest for P,,., (1% compared
with the control), followed by P, (17%) and P, (54%) (Table 1). This is in accord
with the higher affinity of GatR toward P, than P, as determined by SPR, and
also with the higher molar excess required for quantitative binding of P,,,, than is
required for that of P, (Fig. S2). These findings indicate a correlation between binding
affinity and the transcriptional activity observed in the reporter strains and support the
hypothesis that the molecular binding mechanisms of GatR differ between the indi-
vidual gat promoters. This might be due to dissimilar numbers of GatR-binding sites
within the three promoters or distinct numbers of GatR molecules required to occupy
the DNA. EMSAs shown in Fig. 6 indeed demonstrate that GatR binds at least at two
different locations in P, In line with its putative ability to form oligomers (see the SPR
sensograms in Fig. 10), these data provide evidence for a mechanistic model in which
GatR creates DNA-protein-DNA bridges within the gatZ promoter, thus stalling the RNA
polymerase and inhibiting transcription. Such a regulatory mechanism is also known for
the regulator H-NS (32). The strong repression of P, may be a mechanism to prevent
untimely expression of the gatZ-gatD operon in the presence of low galactitol concen-
trations or under conditions of varying substrate availability. With respect to the
promoter P, binding of GatR seems to interfere with superior binding of cAMP-CRP
due to an overlap between the two binding sites (Fig. 7B), a finding that may explain
the weak inhibition of P . after GatR overexpression. Such a constellation was also
observed for AgaR and the promoter of agaZ in the N-acetylgalactosamine metabolism
(33).

Taken together, we provide experimental evidence for a regulatory antagonism
between CRP and GatR in which both proteins play a pivotal role in the control of gat
gene expression. However, the environmental circumstances under which galactitol
utilization provides a selection advantage for S. enterica serovars remain to be eluci-
dated.
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TABLE 2 Strains and plasmids used in this study

Journal of Bacteriology

Strain or plasmid

Description and/or relevant feature(s)

Reference
and/or source

E. coli
DH5«
S17.1 A-pir

S. Typhimurium
ST4/74

ST4/74 ASTM3254
ST4/74 AgatR-HTH
ST4/74 AgatR-DeoR

ST4/74 AgatC
ST4/74 Acrp
ST4/74 P ygegi:lux
ST4/74 P ygeyiilux
ST4/74 P, r:lux

gatzZ*

ST4/74 P ,uez:gfp

ST4/74 P yqy:gfp
ST4/74 P .. 7:gfp

Plasmids
pKD4
pKD46
pCP20
pBR322
pBR-STM3254
pBR-gatC
pBR-gatR

pUTs-lux (Cm)

pUTs-gfp (Cm)
pUTs-P,::gfp
pUTs-P,:lux
pBAD-Myc/His

pBAD-gatR
pBAD-HisA(Tet")
pBAD-crp

deoR endA1 gyrA96 hsdR17(rc~ my™) recAl relA1 supE44 A thi-1 A(lacZYA-argF)U169
A-pir lysogen of $17.1 [Tpr Smr thi pro hsdR(r,~ my*) recA RP4:2-Tc:Mu-Km:Tn7]

Nalr

Nonpolar STM3254 deletion mutant

Nonpolar gatR-HTH deletion mutant (deletion of putative DNA-binding domain)

Nonpolar gatR-DeoR deletion mutant (deletion of putative substrate-binding domain)

Nonpolar gatC deletion mutant

Nonpolar crp deletion mutant

Chromosomal fusion of JuxCDABE to the promoter of gatR obtained with pUTs-P:lux
constructs via homologous recombination

Like ST4/74 Pgqzi:lux but with the promoter of gatY

Like ST4/74 P, g:lux but with the promoter of gatZ (STM3257)

Chromosomal fusion of gfp to the promoter of gatR obtained with pUTs-P_z:gfp
constructs via homologous recombination

Like ST4/74 P ,.z:gfp but with the promoter of gatY

Like ST4/74 P,z:gfp but with the promoter of gatZ

Kan', pir dependent, FRT sites

A-Red helper plasmid, Amp*

FLP recombinase plasmid, Cm" Amp"

Amp’ Tet"

STM3254 cloned via Pstl and Pvul into pBR322 for complementation

Like pBR-STM3254 but with gatC

Gene gatR with putative promoter region cloned via Scal and Pstl into pBR322 for
complementation

Cmr; transposase-negative derivative of pUT mini-Tn5 luxCDABE Km2; suicide plasmid in
pir-negative strains

Like pUTs-lux (Cm) but with gfp

pUTs-gfp with ca. 300 bp upstream of gatY, gatR, gatZ, or rpsM cloned via Kpnl and Notl

pUTs-lux with ca. 300 bp upstream of gatY, gatR, or gatZ cloned via Sacl and Xmal

Amp’

Like pBAD-Myc/His but for GatR overproduction, cloned via Xhol and Hindlll
Derivative of pBAD/HisA, Tet" instead of Ampr
Like pBAD-HisA(Tet") but for CRP-Hisg overproduction

Mark Stevens
This study
This study
This study
This study
This study
This study

This study
This study
This study

This study
This study

CGSC, Yale (34)
CGSC, Yale (34)
CGSC, Yale (34)
Fermentas
This study
This study
This study

35

Mandy Starke
This study
This study
Invitrogen,
Carlsbad, CA

This study

36

This study

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this
study are listed in Table 2. S. Typhimurium and Escherichia coli cultures were grown in Luria-Bertani (LB)
broth (10 g/liter tryptone, 5 g/liter yeast extract, 5 g/liter NaCl) or in minimal medium (MM) consisting
of M9 medium supplemented with 2 mM MgSO,, 0.1 mM CaCl,, and 54.9 mM (1%, wt/vol) galactitol or
55.5 mM (1%, wt/vol) glucose. If necessary, the media were supplemented with one of the following
antibiotics: ampicillin (150 pg/ml), kanamycin (50 wg/ml), nalidixic acid (20 wg/ml), chloramphenicol (20
rg/ml), tetracycline (12 pg/ml), or streptomycin (50 wg/ml). For solid media, 1.5% (wt/vol) agar was
added. For all growth experiments, bacterial strains were first grown in LB medium overnight at 37°C and
inoculated 1:100 in the appropriate liquid growth medium for specific experimental applications. Growth
curves were obtained from bacterial cultures incubated at 37°C with or without agitation in 250-ml bulb
flasks containing 50 ml of medium. The optical density at 600 nm (OD4,,) was measured at appropriate

time intervals as indicated.

Standard procedures. DNA manipulations and isolation of chromosomal or plasmid DNA were
performed according to standard protocols (37) and by following the manufacturers’ instructions.
GeneRuler DNA ladder mix (Fermentas, St. Leon-Rot, Germany) was used as a marker for DNA analysis.
Plasmid DNA was transformed via electroporation by a Bio-Rad Gene Pulser Il as recommended by the
manufacturer and as described previously (38). PCRs were carried out with Tag polymerase (Fermentas).
Chromosomal DNA, plasmid DNA, or an aliquot of a single colony resuspended in 100 ul H,O was used
as the template for PCR. Oligonucleotides used in this study are listed in Table S1 in the supplemental
material. S. Typhimurium ST4/74 gene numbers refer to the LT2 annotation (GenBank accession number
NC_003197). The NCBI homepage was used to determine the distribution of S. Typhimurium open
reading frames in the genomes of Gram-negative species. Promoter sequences located upstream of the
identified genes were predicted by BPROM (39), domain functions by NCBI's CDD (40) and SMART (41),
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and CRP binding sites by Virtual Footprint (42). Multiple-sequence alignments were computed using
ClustalQ) (43), and sequence conservation was graphically represented as a sequence logo (44).

Generation of deletion mutants and complementing plasmids. In-frame deletion mutants of
STM3254, gatC (STM3260), gatR-HTH, and gatR-DeoR were constructed by the one-step method based on
the phage A Red recombinase (34). Briefly, PCR products comprising the kanamycin resistance (Kan")
cassette of plasmid pKD4, including the flanking FLP recombination target (FRT) sites, were generated
using pairs of 70-nucleotide primers that included 20-nucleotide priming sequences for pKD4 as the
template DNA. Homology extensions of 50 bp overlapped 18 nucleotides of the target gene 5’ end and
36 nucleotides of the 3’ end (45). Fragment DNA (500 to 1000 ng) was transferred into S. Typhimurium
strain ST4/74 cells harboring plasmid pKD46. Allelic replacement of the target gene by the Kanr cassette
was controlled by PCR, and nonpolar deletion mutants were obtained upon transformation of pCP20.
Gene deletions were verified by DNA sequencing.

To complement single-gene deletions, the coding sequences of STM3254, gatC, and gatR (STM3262)
were amplified from chromosomal DNA of strain ST4/74 using the primers listed in Table S1. PCR
products were digested as indicated in Table 2 and ligated with T4 DNA ligase (Gibco, Hudson, NY) into
vector pBR322 to generate pBR-STM3254, pBR-gatC, and pBR-gatR. Constructions were verified by
restriction analysis and sequencing.

Cloning of putative promoters into pUTs-gfp and pUTs-lux. Putative promoter regions spanning
approximately 300 bp upstream of the start codons of gatY (STM3253), gatZ (STM3257), gatR (STM3262),
and arg$S (STM1909) were amplified from chromosomal DNA of S. Typhimurium 4/74 by PCR using the
primers listed in Table S1. The fragments were then cloned via Sacl and Xmal (Fermentas) upstream of
the promoterless luxCDABE genes into the multiple-cloning site of pUTs-lux(Cm). For cloning putative
promoters into the suicide vector pUTs-gfp(Cm"), Notl and Kpnl (Fermentas) were used. After transfor-
mation of E. coli S17.1 cells, plasmids containing the correct transcriptional lux-gfp fusions were verified
by PCR. Subsequently, the plasmids were transferred into ST4/74 via conjugation. Strains with chromo-
somal insertions were selected and validated as described above.

Quantification of promoter activity. Bioluminescence and fluorescence measurements were per-
formed in 96-well plates. Briefly, the cells were grown in MM containing either 27.8 mM glucose or 55.6
mM (1%) galactitol at 37°C for 24 h without agitation. The optical density at 600 nm and the
bioluminescence/fluorescence, measured as relative light units (RLU), were recorded in a Wallac Victor?
1420 multilabel counter (PerkinElmer Life Sciences, Turku, Finland).

Overproduction of GatR-His, and CRP-His,. Gene gatR without its stop codon was cloned into
plasmid pBAD-Myc/His (Amp) using the restriction sites Xhol and Hindlll, thereby introducing a
C-terminal 6 XHis tag for protein purification. pBAD-gatR was transformed into the ST4/74 AaraA strain,
and the expected clone was verified by sequencing. The same method was used for cloning the gene crp
into the vector pBAD/His (Tet"). Overnight cultures of these strains were diluted 1:100 in 100 ml LB or
M9-galactitol medium supplemented with 150 wg/ml of ampicillin or 12 ug/ml of tetracycline and
incubated for 3 h at 37°C under shaking at 180 rpm. Heterologous expression of gatR and crp was then
induced by adding 0.2% arabinose. After incubation for 4 or 12 h at 37°C under 180-rpm shaking, the cells
were harvested by centrifugation at 4°C (30 min, 7,500 rpm) and resuspended in 5 to 10 ml of lysis buffer
(50 mM NaH,PO,, 300 mM NaCl, 10 mM imidazole, pH 8.0) containing 0.5 mM protease inhibitor
(Pefabloc SC; Sigma-Aldrich), 125 to 250 g lysozyme, and 12.5 to 25 U DNase I. The cells were
subsequently lysed by three passages through a French press (SLM Aminco Instruments, Rochester, NY),
and residual cell debris was removed by centrifugation at 4°C (2 cycles of 30 min each at 9,000 rpm). The
supernatant was sterile filtered, and 24 ul was mixed with 6 ul of 5X Laemmli buffer. The mixture was
subjected to SDS-PAGE to verify GatR-His, and CRP-His, overproduction. Separated proteins were stained
with Coomassie blue (37). GatR and CRP were isolated with a HisTrap HP column using an AKTA purifier
10 system (GE Healthcare). The protein concentration was determined using RotiQuant solution (Carl
Roth GmbH, Karlsruhe, Germany) based on the method of Bradford (46), and the purity of eluted fractions
was analyzed by separation on 12% SDS-polyacrylamide gels.

Electrophoretic mobility shift assays with purified GatR-His, and CRP-His,. Fragments repre-
senting parts of putative promoter regions of gatY, STM3254, STM3255, STM3256, gatZ, gatA, gatB, gatC,
gatD, gatR, and argS were amplified as described above (for oligonucleotides, see Table S1), and 100 ng
of DNA was mixed with increasing amounts of purified GatR-His, in binding buffer (1X Tris-borate-EDTA).
As a control, 100 ng of competitor DNA (argS) was added. The total volume was 20 ul. After incubation
for 45 min at room temperature, the samples were loaded with 4 ul of 6X loading dye (Fermentas) on
12% polyacrylamide gels and separated at 120 V for 3 h at 4°C in the same buffer precooled to 4°C. DNA
was stained in GelRed (Biotium, Hayward, CA) and visualized by UV irradiation. For EMSAs with CRP-His,,
the binding buffer, the polyacrylamide gel, and the PAGE running buffer all contained 25 mM cAMP.

Preparation of biotinylated dsDNA fragments. BIOT-dsDNA fragments were obtained by anneal-
ing single-stranded DNA (ssDNA) oligonucleotides or via PCR. BIOT-P,,, BIOT-P,,,, and BIOT-P,, were
amplified by PCR using the respective biotinylated DNA oligonucleotides (MWG Biotech, Eurofins
Genomics, Ebersberg, Germany) and chromosomal DNA from ST4/74 as the template. To assemble the
additional control promoter region P, from Photorhabdus luminescens (47), oligonucleotides P4568-
btn_fw and P4568_rev were incubated for 5 min at 100°C, mixed, and cooled for annealing. Biotin-
labeled double-stranded DNA (dsDNA) fragments were then immobilized to sensor chips with strepta-
vidin.

SPR spectroscopy and CFCA. Surface plasmon resonance (SPR) spectroscopy and calibration-free
concentration analysis (CFCA) assays were performed in a Biacore T200 (GE Healthcare, Munich, Ger-
many) using Xantec SAD500-L carboxymethyl dextran sensor chips precoated with streptavidin (XanTec
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Bioanalytics GmbH, Dusseldorf, Germany). All experiments were carried out at 25°C with HBS-EP+ buffer
(10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.05% [vol/vol] detergent P20) as described previously
(31). Data were analyzed with Biacore T200 evaluation software 2.0 (GE Healthcare) and TraceDrawer
software 1.5 (Ridgeview Diagnostics AB, Uppsala, Sweden) using the 1:1 binding algorithm.

CFCA was performed using a 1,000 nM solution of purified GatR (calculated from Lowry-based

protein determination), which was diluted stepwise 1:2, 1:5, 1:10, 1:20, and 1:40. Each protein dilution
sample was injected twice, once at a flow rate of 5 ul/min and again at 100 ul/min. The initial binding
rate (dR/dt) was measured at two different flow rates dependent on the diffusion constant of the protein.
The diffusion coefficient of GatR was calculated using the Biacore diffusion constant calculator and
converter web tool (https://www.biacore.com), assuming a globular-shaped protein. The diffusion coef-
ficient (D) of GatR was estimated as 1.014 X 10~ m2/s. The initial rates for those dilutions that differed
by a factor of at least 1.5 were considered for calculation of the active GatR concentration that actually
interacts with the ligand. This active protein concentration (determined to be 450 nM [or 45% of the total
protein concentration]) was then used for calculation of the binding kinetic constants and steady-state
affinity. Subjecting CRP and 20 uM cAMP to CFCA analysis resulted in initial rates differing by only <1.5
at all dilutions tested; therefore, 100% active protein was assumed for quantification of SPR sensorgrams.
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