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ABSTRACT

Pathogens enhance their survival during infections by manipulating host defenses. Francisella tular-
ensis evades innate immune responses, which we have found to be dependent on an understudied
gene ybeX (FTL_0883/FTT_0615c). To understand the function of YbeX, we sought protein interactors
in F. tularensis subsp. holarctica live vaccine strain (LVS). An unstudied Francisella protein co-
immunoprecipitated with recombinant YbeX, which is a predicted glycosyltransferase with a DXD-
motif. There are up to four genomic copies of this gene with identical sequence in strains of
F. tularensis pathogenic to humans, despite ongoing genome decay. Disruption mutations were
generated by intron insertion into all three copies of this glycosyltransferase domain containing
gene in LVS, gdcA; ;. The resulting strains stimulated more cytokines from macrophages in vitro than
wild-type LVS and were attenuated in two in vivo infection models. GdcA was released from LVS
during culture and was sufficient to block NF-«B activation when expressed in eukaryotic cells. When
co-expressed in zebrafish, GdcA and YbeX were synergistically lethal to embryo development.
Glycosyltransferases with DXD-motifs are found in a variety of pathogens including NleB, an
Escherichia coli type-lll secretion system effector that inhibits NF-«xB by antagonizing death receptor
signaling. To our knowledge, GdcA is the first DXD-motif glycosyltransferase that inhibits NF-xB in
immune cells. Together, these findings suggest DXD-motif glycosyltransferases may be a conserved
virulence mechanism used by pathogenic bacteria to remodel host defenses.
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Introduction interventions, such as vaccines against pneumococcal
capsular polysaccharides [8].

Francisella tularensis is a bacterial pathogen known
for its ability to cause severe disease in a wide range of
hosts, including humans [9]. Because of the critical
disease caused in humans and its ease of cultivation
and dissemination, F. tularensis was a preferred biowar-
fare weapon [10]. More recently, these attributes have
raised concerns that F. tularensis could be intentionally
released as a bioterrorism agent [10]. Because of these
threats, considerable effort has gone into studying the
pathogenesis of tularemia, the disease caused by
F. tularensis.

Evasion of host responses is a characteristic shared
among many pathogens that successfully colonize and
invade their hosts. Examples include IgA protease in
Neisseria [1], capsule production in organisms like
Streptococcus pneumoniae and Klebsiella pneumoniae
[2,3], alteration of phagolysosome maturation by
Mpycobacterium tuberculosis and Legionella pneumoniae
[4,5], and escape from a phagosome into the host cell’s
cytosol by Listeria monocytogenes and F. tularensis
[6,7]. Delineating these mechanisms of evasion is
important to understand pathogenesis, to probe host
cell biology, and ultimately to develop antimicrobial
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Important characteristics of F. tularensis include its
ability to infect and replicate in a diverse assortment of
eukaryotic cells and to weakly activate cells of the mam-
malian innate immune system compared to other Gram-
negative pathogens. Limited activation of innate immu-
nity has been ascribed to passive and active mechanisms
[11-14]. Passive mechanisms include LPS that does not
trigger inflammation [15]. The pathogen also actively
suppresses host cell responses [16-22]. Accumulating
evidence, therefore, suggests F. tularensis has multiple
modes of evading host defenses.

We found that ybeX contributes to F. tularensis
pathogenesis and evasion of innate immunity [23].
Wild-type F. tularensis subsp. holarctica live vaccine
strain (LVS) and the virulent F. tularensis subsp. tular-
ensis Schu S4 strain elicit a limited pro-inflammatory
innate immune response, but this response increases
significantly after disruption or deletion of ybeX in
LVS and Schu S4, FTL_0883 and FTT_0615c, respec-
tively [23,24]. Importantly, strains without these genes
are attenuated in vivo [23,24]. Further supporting the
significance of ybeX, the homolog in F. novicida was
identified in two independent in vivo negative selection
screens [25,26]. Despite accumulating evidence for its
relevance, the mechanism(s) by which YbeX contri-
butes to Francisella pathogenesis are not understood.

FTL_0883 in LVS and FTT _0615c in Schu S4 have
homology with ybeX found in many other bacteria. In
Escherichia coli, the gene was originally named ybeX
because the open reading frame (ORF) was functionally
uncharacterized [27,28]. ybeX was subsequently identified
as a member of the 0”>-regulon associated with the E. coli
response to heat stress [29]. The homolog in Salmonella
enterica serovar Typhimurium was recovered in a screen
for resistance to cobalt and named corC [30]. The authors
concluded that corC and related loci contribute to efflux
of divalent cations, either by coupling the major cation
transport CorA to an energy source or by sensing cations
[30]. Francisellae and other bacteria, including Neisseria
gonorrhoeae and Legionella pneumophila, have homologs
to corC but not to the cation transporter corA. Therefore,
YbeX/CorC may have a broader role in microbial phy-
siology than ion transport. corC has also been described in
other reports [31,32], but there is either no definitive
function ascribed to the gene [32] or there is ambiguity
between corC and a related gene, tlyC, which shares two
similar protein domains [31]. Because the function of this
protein is uncertain, the E. coli ybeX/YbeX nomenclature
will be used in this manuscript.

The objective of this research was to gain a better
understanding of the Francisella ybeX homologs and
their specific contribution to F. tularensis immune eva-
sion [23]. We used a biochemical approach to discover

protein-protein interactors as a means to characterize
the function of F. tularensis YbeX. In this work, we
identify and characterize one protein interacting with
YbeX that has several notable genomic and physiologic
features, including a contribution to suppressing host
cell activation. Moreover, YbeX and the interactor act
synergistically. These results have broader implications
for bacterial pathogenesis since the F. tularensis PPI has
homology with DXD-containing glycosyltransferases
found in many bacterial genera, some of which have
been defined as virulence factors in other pathogens.

Results

Biochemical identification of a Francisella YbeX
interactor

As an approach to understand YbeX’s function and
how it contributes to the pathogenesis of F. tularensis,
we sought to identify proteins that interact with YbeX.
Whole-cell lysates of wild-type (WT) LVS were incu-
bated with beads that were coated with recombinant
LVS YbeX or with beads alone. Adherent proteins were
characterized by silver staining of SDS-PAGE gels.
A distinct protein band at 39 kDa was found only on
YbeX-coated beads, which was identified by mass spec-
trometry as the predicted protein product of FTL_0265
(Figure la). Additional bands were identified as YbeX
migrating at 32.7 kDa (predicted 31.5 kDa) and higher
molecular weight forms (42.7 and 45 kDa) (Figure la).
The protein encoded by FTL_0265 is annotated to
contain a glycosyltransferase sugar-binding region,
which we have designated glycosyltransferase domain
containing protein A (GdcA). To confirm the protein
interaction, recombinant YbeX with an S-tag and GdcA
with a V5 tag were produced independently in E. coli,
purified by affinity chromatography, and tested by co-
immunoprecipitation. S-tag specific antibodies immu-
noprecipitated YbeX-S, but not GdcA-V5 (Figure 1b).
GdcA-V5 was detected in the pellet after the anti-S
immunoprecipitation only when YbeX-S was included
(Figure 1b). This result was consistent with the YbeX-
GdcA interaction observed using whole cell lysates
(Figure 1a) and suggested the interaction is direct with-
out the requirement for other Francisella proteins.
Although the gene encoding GdcA has several notable
features described in the next section, little is known about
the protein. PSORTD 3.0 reported GdcA’s subcellular loca-
tion as unknown [33]. An alternative tool, FUEL-mLoc
[34], predicted an extracellular location. To resolve this
discrepancy, we tested whether GdcA could be found
extracellularly in LVS cultures. A construct was created
that encoded gdcA bearing a Strep Tag II tag and upstream
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Figure 1. Biochemical isolation and identification of GdcA by its interaction with YbeX. (a) Whole cell lysates of LVS were passed over
a column comprised beads or beads coupled with recombinant YbeX. Bands seen only in the eluates from YbeX-beads were
identified by mass spectrometry, corresponding to GdcA and YbeX. (b) Immunoprecipitation (i.p.) of V5-tagged recombinant GdcA
using S-tagged recombinant YbeX as bait. (c) GdcA is found in culture supernatants from LVS with a plasmid bearing a gdcA allele
tagged with Strep Tag Il that is used for genetic complementation in Figure 3. Top: Western blot analysis using a Strep Tag ll-reactive
antibody identified a band at approximately 39 kD, the predicted molecular weight of GdcA, but not from wild-type LVS. Bottom:
Lanes from a parallel SDS-PAGE gel stained for total protein using Sypro Ruby according to the manufacturer’s directions. Location of
molecular weight markers, in kDa, is on the left side. Similar results were seen with supernatants derived from three independent

experiments.

sequence to capture the native gdcA promoter.
Immunoblot analysis performed on cell-free culture super-
natants showed a specific band from LVS carrying the
gdcA-Strep Tag II construct, but not in LVS (Figure 1c,
top). Both lanes contained proteins readily detected by
staining for total protein content (Figure lc, bottom).
These results showed GdcA interacted with YbeX, which
we have already associated with virulence, and GdcA was
found in culture supernatant, raising the possibility it
could interact with host cells. Therefore, GdcA was studied
further for a potential role in Francisella pathogenesis.

GdcA genomic organization and inactivation

Comparative analysis of 17 Francisella strains revealed
two to four copies of genes encoding the putative
glycosyltransferase are found in F. tularensis strains
that cause disease in humans, but not in the genomes
of other Francisella strains found in the environment
[35]. The genomic context of the three loci in LVS is
shown in Figure 2a. These paralogs are associated with
IS elements that may be responsible for gene duplica-
tion events [35]. We have designated the three identical
copies in LVS as gdcA;, gdcA,, and gdcAs;.

To test the functional role of GdcA, we used
Targetron insertional mutagenesis to inactivate all three
copies of gdcA in LVS [36]. The Targetron system inte-
grates group II introns into homologous target sites in
the bacterial genome [37] and two independent insertion
sites were selected (Figure 2b, black triangles). The first
insertion placed the intron between the 139 and 140
nucleotides of gdcA;; generating LVS strain TT139.
An independent strain named TT168 was created using
a second insertion site in frame between nucleotides 168
and 169 of the ORF. Both of these targets are in the 5’
region of the predicted glycosyltransferase sugar-binding
region (white box, Figure 2b), and the 1 kb insertions
were confirmed by PCR (Figure 2c¢).

Loss of GdcA increases cytokine production by host
innate immune cells

We then tested if GdcA contributed to F. tularensis patho-
genesis by assessing the interaction of the two mutant
strains, TT139 and TT168, with human macrophages.
As we have described previously [18,23,38], wild-type
LVS stimulates low levels of cytokine production from
macrophages in vitro (Figure 3a). In contrast, the AybeX
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Figure 2. Genomic organization and insertional mutagenesis of alleles encoding GdcA. (a) Schematic maps depicting the three gdcA
alleles (red) in the LVS genome. The two ORFs comprising the transposase of isftu2 (FTL_1318 and FTL_1319; FTL_1893 and
FTL_1894) are represented by a single arrow for simplicity. Intergenic regions are not drawn to scale. (b) Relative locations of
Targetron (TT) intron insertions after the 139" (TT139) and 168" (TT168) nucleotides of gdcA; 3. The white segment corresponds to
the predicted glycosyltransferase sugar-binding region and the gray segment has high similarity to TcdA/B that includes the DXD
motif (pfam04488). The alignment of GdcA (top) and TcdB (bottom) is shown below the diagram with conserved aspartic acids
identified with asterisks and a bracket identifying the portion that was deleted in the domain deletion. C. PCR from genomic DNA
using locus-specific primers depicting the shift of amplicon size by ~ 1 kb corresponding to intron insertions into each locus.

strain of LVS stimulates significantly higher levels of pro-
inflammatory cytokines (Figure 3a and [23]). The LVS
strains with disruptions of the gdcA genes showed cyto-
kine phenotypes similar to AybeX; macrophages pro-
duced higher levels of TNF when they were co-cultured

with TT139 or TT168 (Figure 3a). Therefore, loss of GdcA
resulted in strains that were more stimulatory to human
macrophages.

Growth within macrophages is another characteristic
of wild-type Francisella species that is associated with
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Figure 3. Phenotypes resulting from insertional mutagenesis of gdcA; ;. (a) Cytokine production by human macrophages cultured
with media, WT LVS, a deletion mutant of YbeX (AybeX), or strains with Targetron insertions in the gdcA paralogs (TT139, TT168).
Results are means of TNF levels normalized to the maximal signal within an experiment + SEM, n = 3 experiments for Targetron
strains, n = 2 for AybeX. ** p < 0.01, *** p < 0.001 compared to LVS by one-way ANOVA with Tukey post-test. NS = not significant.
(b) Intracellular growth of wild-type LVS and mutant strains TT139 and TT168 in human macrophages. Data are from one experiment
with similar results seen in a second iteration. (c) Cytokine production by human macrophages cultured with media (white bar) or
LVS strains with no plasmid (black bars), with a plasmid containing gdcA including 354 base pairs of upstream sequence and a Strep
Tag Il tag (red bars), or with an unrelated construct expressing tdTomato in the same vector [39] (gray bars). Results are means of
normalized TNF levels + SEM, n = 3 experiments. **** p < 0.0001 by one-way ANOVA with Tukey post-test. TNF levels stimulated by
complemented Targetron strains were statistically indistinguishable from wild-type LVS. (d) Increased NF-«B activation after culture
with TT139. RAW264.7 cells with an NF-kB reporter were cultured overnight with media, wild-type LVS, TT139, or LPS. Wells were

imaged using constant exposure times. Similar results were seen in two independent experiments. Scale bar = 100 pum.

pathogenicity [14]. We previously found that LVS AybeX
replicated poorly in macrophages [23]. gdcA mutants
TT139 and TT168, however, grew as well as wild-type
LVS within macrophages (Figure 3b). Mutation of gdcA 3
did not affect intracellular growth of LVS.

Although the genomic organization of the gdcA alleles
suggested polar effects would be unlikely (Figure 2a), there
was a formal possibility that second site mutations were
responsible for the observed phenotypes (Figure 3a). We,
therefore, performed genetic complementation to confirm
the cytokine stimulation phenotype was attributable to the
disruption of the gdcA genes. As seen previously, TT139
and TT168 stimulated more TNF release from macro-
phages than wild-type LVS (Figure 3c, black bars). Using
the construct described in Figure 1¢, gdcA in trans reduced
the level of TNF stimulated by the gdcA mutant strains
(Figure 3c, red bars). Similar results were obtained using
non-tagged or hexahistidine-tagged versions of gdcA (data
not shown). The same vector plasmid with an irrelevant
construct expressing tdTomato, pTCD3 [39], had no
demonstrable effect on cytokine stimulation by TT139
and TT168 (Figure 3c, gray bars). Therefore, the

expression of gdcA in trans was sufficient to complement
the insertion mutations.

TNF is a prototypical, pro-inflammatory gene that is
positively regulated by NF-kB [40,41]. LVS downregu-
lates intracellular signaling and cytokine production
[42], and we have found that deletion of ybeX leads to
increased TNF secretion and NF-kB activation [23].
Since TNF production increased after inactivation of
gdcA; 3, we tested whether NF-kB was also affected by
the gdcA mutation. For this we used RAW264.7 cells
bearing a reporter construct of NF-kB-dependent pro-
moter upstream of a GFP allele [23]. These cells showed
low fluorescence when cultured with media, but
responded to LPS by producing GFP visualized on
fluorescence microscopy (Figure 3d). Wild-type LVS
elicited low levels of fluorescence in the cells, similar
to our previous observation [23]. In contrast, fluores-
cence signal stimulated by the TT139 strain was similar
to that seen with LPS, consistent with NF-kB activation
(Figure 3d). Therefore, both TNF production by
macrophages and NF-xB activation by host cells
increased after gdcA mutation in LVS.
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Loss of GdcA attenuates LVS

LVS and the insertion mutants were then compared
in vivo. We first used the Galleria mellonella model host
to assess attenuation of the TT139 and TT168 strains
[43]. Injecting wild-type LVS into the hemocoel of the
larvae led to nearly 100% mortality in five days (Figure
4a-b), similar to previous observations [43]. In contrast,
the gdcA insertion mutants survived significantly longer
(Figure 4a-b). We next tested these strains in a model of
pulmonary tularemia in mice. Animals inoculated intra-
tracheally with wild-type LVS succumbed to infection
within two weeks, with one outlier that survived the
experiment (Figure 4c). Mice survived longer, however,
if they were infected with the LVS strains containing
insertions in gdcA; ; (Figure 4c). All of these mice lost
weight, indicating that they were infected successfully
(data not shown). Together, these results indicated
that disruption of gdcA attenuated F. tularensis LVS.

Ectopically expressed GdcA is sufficient to block
activation of NFkB

Analysis of the predicted primary structure of GdcA reveals
a glycosyltransferase-binding region with a DXD motif
(Figure 2b). This region is homologous with other DXD-
motif-containing glycosyltransferases, including toxins
A and B from Clostridium difficile. An alignment between
GdcA and TcdB in the region with the highest amino acid
similarity is displayed below the schematic in Figure 2b,
which corresponds to the region of TcdA/B’s catalytic
domain. Another bacterial glycosyltransferase containing
a DXD motif was shown to block signal transduction path-
ways in eukaryotic cells [44,45]. Since cytokine production
increased after disruption of the gdcA alleles (Figure 3a), we
hypothesized that GdcA might act by blocking signal trans-
duction that would otherwise lead to synthesis of proin-
flammatory cytokines. To test this hypothesis, we evaluated
the effect of GdcA on NF-kB activation using Jurkat T cells
[46]. This approach permitted testing of GdcA in isolation
and in a non-macrophage system with different signals that
activate NF-kB [47]. Jurkat T cells were transfected with
areporter construct of luciferase cloned behind a promoter
with NF-kB binding sites. In addition, Jurkat cells received
either a construct expressing GdcA or a negative control,
empty vector. After stimulation through the T cell receptor
using antibodies targeting the TCR and CD28 (C305/
CD28) or bypassing the T cell receptor with phorbol ester
and calcium ionophore (PMA/IONO), luciferase was pro-
duced by cells transfected with the reporter construct and
the negative control vector (Figure 5a). When the GdcA-
expressing construct was co-transfected along with the
reporter construct, however, there was a dose-dependent
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Figure 4. Attenuation of LVS strains with insertions into gdcA;._s.
(a) Survival of G. mellonella larvae injected with LVS, TT139, or PBS
control. CFU: LVS = 7.2 x 10%/larva, TT139 = 7.0 x 10%/larva. n = 11
larvae per group. Similar results were seen in three independent
experiments. (b) Larva survival injected as above but using TT168.
CFU: LVS = 1.7 x 10%/larva, TT168 = 2.9 x 10%/larva. n = 16 larvae
per group. Similar results were seen in two independent experi-
ments. (c) Survival of mice infected intratracheally with LVS, TT139,
or TT168. n = 5 mice per group in one iteration. The survival of
animals infected with LVS and TT139 or LVS and TT168 were
compared using a log-rank test. NS = not significant.

reduction in NF-«B activation (Figure 5a). This suggested
gdcA was sufficient to disrupt the pathway of NF-«B activa-
tion in a mammalian cell.
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Figure 5. GdcA inhibits NF-kB activation in Jurkat cells. (a) Cells were transfected with 15 pg of the NF-kB reporter construct and the
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To investigate the inhibition of NF-kB activation
further, the putative active site of GdcA was altered with
two different mutations. Twenty amino acids of the pro-
posed active site were deleted to create a domain deletion
mutant. The deleted residues are identified by the bracket
below the GdcA sequence in Figure 2b. In a second con-
struct, alanine residues were substituted for the aspartic
acid residues generating the AXA mutant. These residues
are identified by the asterisks in Figure 2b. As seen pre-
viously, wild-type gdcA significantly reduced NF-kB acti-
vation in response to stimulation by either the T cell
receptor or bypassing the antigen receptor (Figure 5b).
In contrast to the wild-type coding sequence, the domain
deletion or the alanine substitution forms of gdcA had no
significant effect on NF-kB activation (Figure 5b). As an
additional control, cell viability was assessed to determine
if death of the Jurkat cells accounted for the decreases of
NF-kB activation. Jurkat cells were co-transfected with
a construct expressing GFP and either empty vector or
one of the constructs expressing gdcA. Flow cytometric
analysis of transfected cells showed none of the gdcA
constructs affected Jurkat cell survival as assessed by
GFP expression (Figure 5c). The mechanism of inhibi-
tion, therefore, does not appear to involve death of the
Jurkat cells or a non-specific inhibition of transcription or
translation. Together, these data suggested an intact cod-
ing sequence for GdcA was required to inhibit NF-xB
activation.

GdcA and YbeX act synergistically in zebrafish

The preceding results demonstrated gdcA was sufficient
to exert a biological effect on mammalian cells. Since
GdcA was identified by its physical association with
YbeX (Figure 1), we hypothesized that YbeX might
enhance the activity of GdcA. To test this hypothesis, we
microinjected mRNA encoding GdcA, YbeX, or both into
single-cell zebrafish embryos, and allowed them to
develop for 24 h. Compared to co-transfection of tissue
culture cells, this approach provides more control over
protein expression by delivering known amounts of syn-
thetic mRNAs, alone or in combination, and greater con-
fidence that all cells receive the specific mRNA by using
direct visualization [48]. Preliminary experiments showed

that mRNA encoding GdcA was lethal to the zebrafish
embryos in the range of 100-200 pg/embryo (data not
shown). Therefore, we tested dilution series with 10 to
100-fold less mRNA. Individually, mRNA encoding
GdcA and YbeX had little effect on the embryos at 5 pg
doses of mRNA and lower (Figure 6a, b). At 10 pg of
mRNA and higher, embryos exhibited more death or
severe developmental defects (Figure 6a, b). To test if
GdcA and YbeX acted synergistically, therefore, embryos
were injected with 1 pg of mRNA encoding either GdcA
or YbeX. Alone, this amount of mRNA caused only
a small reduction in the number of normal embryos that
was not significantly different from control injections
(Figure 6c). In contrast, combining the two mRNAs
caused a significant reduction in the number of normal
embryos with a concomitant increase of severe develop-
mental defects or death (Figure 6¢). These results suggest
the physical interaction observed with YbeX and GdcA
had functional consequences.

Discussion

The mechanisms by which F. tularensis evades host
defenses are the subject of ongoing investigation, and
this work contributes to our understanding of these
mechanisms. We identified GdcA, a proposed glycosyl-
transferase from F. tularensis that affects host cell stimu-
lation and NF-«B activation in immune cells. Disruption
of gdcA; ; generated strains that were more stimulatory
to macrophages and that led to more NF-«kB activation.
Transfected gdcA was sufficient to disrupt NF-kB activa-
tion. GdcA, therefore, appears to be a new mechanism
that is necessary and sufficient for LVS to suppress host
cell responses.

GdcA has homology with DXD-glycosyltransferases,
which is of interest because these enzymes contribute to
diseases caused by notable bacterial pathogens. As
described above (Figure 2b), GdcA shares homology with
the A and B toxins produced by C. difficile. TcdA/B is
sufficient to cause disease in vivo through a well-defined
mechanism of glucosylating small GTPases that ultimately
results in cell death [49]. Cytotoxicity is also associated with
other DXD-motif glycosyltransferases, including Lgtl
from Legionella pneumophila and a cytotoxin found in

indicated amounts of gdcA construct. Transfected cells were stimulated through the TCR (C305/CD28) or bypassing the TCR (PMA/
IONO). Results are mean + SEM of percent maximum luminescence with respect to cells receiving vector only. * p < 0.05, ** p < 0.01;
n = 4 experiments. (b) Cells were transfected with 15 pg of the NF-kB reporter, 10 ug of plasmids with wild-type gdcA or with alanine
substitution or domain deletion mutations. Transfected cells were stimulated as above. Results are mean + SEM of normalized
luminescence as described above. *** p < 0.001; differences between vector, domain deletion, and AXA mutation were not
significant. n = 3 experiments. (c) Viability of Jurkat cells after co-transfection of 15 ug of NF-kB reporter, 3 ug of pMAX-GFP,
and 10 ug of pCDEF3 constructs. The GFP expressing cells measured by flow cytometry are represented as a percentage with respect
to the pCDEF3 vector alone, n = 3 experiments. For all panels, data were analyzed using one-way ANOVA among samples treated

with the same stimulus followed by Tukey post-test.
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Figure 6. GdcA interacts synergistically with YbeX in zebrafish embryos. (a) Titration of mRNA encoding GdcA in embryos and
outcomes were scored after 24 h. (b) Titration of ybeX mRNA. (c) Combined effects of RNA encoding GdcA and YbeX where 1 pg of
each mRNA were co-injected, and embryos were scored for phenotypes after 24 h. Results are the mean percentage from two
independent experiments + SD, where 25-50 embryos were used per condition per experiment. ** p < 0.01, * p < 0.05 by two-way

ANOVA and Tukey post-test. ND = not detected.

Chlamydia trachomatis [50,51]. Our data indicate that
GdcA is distinct from these DXD-glycosyltransferases
because viability and morphology are unaffected in cell
culture (Figure 5¢). Although zebrafish embryos exhibited
higher death rates after exposure to GdcA (Figure 6¢), this is
more likely to be a consequence of the known role of
NF-xB in normal embryonic development [52,53].
Another DXD-motif glycosyltransferase from entero-
pathogenic E. coli (EPEC) has been shown to alter host
cell signaling. NleB is an effector protein secreted by the
type III secretion system in EPEC, which modifies several
death domain proteins in eukaryotic cells to block signal
transduction, NF-kB activation, and cell death induced by
TNF [44,45]. Our data thus far indicate that GdcA blocks
the expression of NF-kB-responsive genes like cytokines,
possibly by interfering with signal transduction. GdcA’s
activity, however, appears distinct from NleB because NF-
kB activation from different receptors and signal trans-
duction pathways are inhibited in different cell types,
namely Toll-like receptors in macrophages and the anti-
gen receptor-signaling pathway in T cells. GdcA does not
have a membrane translocation domain associated with
TcdA/B, and there is no type-3 secretion system in
Francisellae to deliver effectors as found in EPEC. GdcA,
however, is released into the surrounding media during

culture (Figure 1). Because Francisella escapes from the
phagosome during its intracellular life cycle, GdcA release
from the bacterium into the host cytosol would give the
protein access to the NF-«B signaling apparatus. Taken
together, GdcA appears to contribute to LVS pathogenesis
differently than TcdA/C and NleB. The mechanism by
which GdcA alters the host cell is under investigation.

While the origins of GdcA remain unclear, genomic
analysis of F. tularensis strains indicates gdcA has been
duplicated and maintained under strong selective pres-
sure [35]. Orthologs of gdcA,; 3 are found in Francisella
strains that infect humans including F. tularensis subsp.
tularensis, where there can be up to four alleles of gdcA
homologs. Non-tularensis species also infect humans,
notably F. hispaniensis and the F. novicida-like strain
3523 [54,55], each has a single allele with similarity to
gdcA. GdcA, therefore, appears to be correlated with
Francisella pathogenicity in humans.

In sum, this work identifies a predicted glycosyl-
transferase that contributes to the pathogenesis of
LVS in cellular and animal models of infection. This
establishes a new role for this DXD glycosyltransferase
and Francisella pathogenesis and underscores the value
of comparing related proteins across a spectrum of
organisms to delineate mechanisms of pathogenesis.
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Materials and methods
Bacterial strains and culture

Routine culture of Francisella was performed by streak-
ing frozen bacterial stocks on chocolate agar that
includes GC medium base (BD #228950), hemoglobin
(BD #212392), and IsoVitaleX (BD #211876) as pre-
viously described [18]. Briefly, bacteria were grown on
plates for three days at 37°C with 5% CO, and used to
inoculate overnight cultures. Overnight cultures were
grown in trypticase soy broth (BD #211768) supple-
mented with L-cysteine (Fisher #BP376) (TSB-c) at
37°C and shaken at 250 rpm. Routine cloning was
performed using the Escherichia coli DH5a or
EC100D strains.

Identification of GdcA

Recombinant YbeX was produced by cloning the
FTL_0883 ORF from LVS into pET45b(+), inducing its
expression in E. coli ER2566 using IPTG (Thermo Fisher
#R0393), and purification by nickel chromatography (GE
Healthcare #28401351). This construct incorporated an
N-terminal 6His-tag and C-terminal S-tag. After eluting
with imidazole, eluate material containing recombinant
YbeX was further purified by a second round of affinity
purification using magnetic beads (Dynal #112.01D)
coated with anti-S antibodies (EMD #71549). This
resulted in greater than 95% purity as determined by
SDS-PAGE stained with Coomassie blue. This recombi-
nant YbeX preparation was bound to magnetic beads
coated with an anti-6His monoclonal antibody (GE
Healthcare #27-4710-01) per the protocol of the manu-
facturer and then blocked with BSA. Whole-cell lysates of
LVS were generated by sonication and were passed over
magnetic beads with anti-6His or anti-6His coupled with
recombinant YbeX. After washing, bound proteins were
eluted with 1X Laemmli buffer. Proteins were separated
by standard SDS-PAGE followed by silver staining
(BioRad #1610449). Bands corresponding to proteins
found in the YbeX beads were isolated and identified by
LC-MS/MS. Recombinant GDCA was produced by clon-
ing the gdcA ORF into pYes and expression in ER2566,
which incorporated an N-terminal His and C-terminal
V5-tag. Recombinant GdcA was purified by nickel chro-
matography followed by affinity chromatography using
anti-V5 antibodies (Thermo Fisher #R960-25). For co-
immunoprecipitation assays, recombinant, tagged YbeX
was bound to anti-S beads (Dynal). Purified recombinant
GdcA was added to these beads or beads not treated with
recombinant YbeX, followed by washing and elution with
1X Laemmli buffer. Eluates were subjected to SDS-PAGE
followed by immunoblotting.

Macrophage culture and in vitro infections

Human macrophages were differentiated from peripheral
blood monocytes as described previously [18,56]. Briefly,
peripheral blood mononuclear cells (PBMC) were har-
vested from buffy coats or leukocyte reduction filters
followed by density gradient centrifugation over a Ficoll-
Paque Plus (GE Healthcare #17-1440-02). Monocytes
were purified from 2 x 10° PBMC using Optiprep
(Sigma #D1556) and panning in 60 mm tissue culture
dishes, followed by culturing for seven days. Macrophages
were harvested using 4 mg/ml lidocaine and 5 mM EDTA
in PBS and plated into 96-well plates for infection. The
optical density of overnight LVS cultures was used to
estimate CFU/ml, which were confirmed by plating serial
dilutions on chocolate agar plates. Replicate wells of
macrophages were infected with a multiplicity of infection
of 10 bacteria per cell for cytokine stimulation and 500 for
intracellular growth assays as we had done previously
[18,56]. CFU analysis showed MOI differences among
strains of twofold or less within an experiment.
Supernatants from wells were harvested individually for
cytokine analysis after 24 h of incubation. Experiments
using human cells were approved by the Institutional
Review Boards of the University of Pittsburgh School of
Medicine and Rhode Island Hospital.

Insertional mutagenesis using group Il introns and
GdcA cloning

The Targetron system of gene inactivation was used to
disrupt all three copies of gdcA, FTL_0265, FTL_1317,
and FTL_1892, using published techniques for Francisella
[36]. Primers were designed to target two independent
locations in gdcA using the proprietary software from
Sigma-Aldrich (Supplemental Table 1). These two inde-
pendent targets the gdcA sequence were selected based on
their predicted likelihood of success and their proximity
to the 5" end of the ORF. Retargeted PCR products were
generated by splice overlap PCR and cloned into
pKEK1140 by Xhol/BsrGI restriction digests. The result-
ing plasmids were electroporated into LVS, followed by
serial passage at 30°C. Individual colonies were periodi-
cally tested by PCR of genomic DNA for the presence of
the 915 bp intron insertion and the wild-type GDCA open
reading frame. When the amplicons of these reactions
demonstrated intron insertion and no sizes consistent
with wild-type template (data not shown), locus-specific
PCR reactions were performed to demonstrate insertion
into all three genomic sites (Figure 2).

Complementation of the LVS strains with disruptions
in all the gdcA alleles was performed in trans using the
plasmid pFNLTP8 [57]. The gdcA open reading frame and
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PCR using a shared 5’ primer and one of three 3’ primers
encoding native GdcA or a Strep Tag II tag (Supplemental
Table I). Amplicons were cloned into pBluescript using
BamHI and Kpnl restriction digests. After sequence con-
firmation, inserts were subcloned into pFNLTP8 using the
same enzymes. Plasmids were introduced into wild-type
LVS and gdcA disruption strains by electroporation as we
have done previously [56].

NF-kB GFP reporter assay

RAW264.7 macrophage cells stably transfected with an NF-
kB-GFP reporter construct were used similarly to our pre-
vious work [23,58]. For experiments, the reporter cells were
distributed into 24-well Primaria culture dishes (Primaria,
BD Biosciences) at 2.5 x 10° cells per well. Wells were
treated with media, Escherichia coli lipopolysaccharide
(LPS), or strains of LVS. Twenty-two hours post-
infection, wells were washed with Hank’s Balanced Salt
Solution and GFP fluorescence was visualized on a Zeiss
Axiovert 200M microscope. Images were collected by using
the Zeiss Axiovision software, converted to tiff files using
Image], and the brightness and contrast were adjusted
consistently across all images using Microsoft Powerpoint.

Galleria infections

Galleria infection was performed according to previously
published protocols [43]. Briefly, Francisella cultures
were maintained in TSB supplemented with cysteine.
On the day of infection, overnight cultures were diluted
in PBS to a density of approximately 1 x 10° CFU/ml.
Actual doses were confirmed by plating serial dilutions
and counting CFUs 72 h post plating. Galleria mellonella
caterpillars in their final larval stage (Grubco) were
maintained in wood shavings at RT and protected
from sunlight. Larvae were inspected visually to ensure
similar sizes were distributed in all treatments. A 50 pl
Hamilton syringe was used to inoculate 10 pl aliquots of
the inoculum into the hemocoel behind the last left or
right proleg. Prior to injection, the area was swabbed
with 75% ethanol. After injection, larvae were placed in
plastic petri dishes at 37°C and were inspected daily.
Larval death was defined as an absence of movement
in response to prodding, and numbers of dead larvae
were scored daily. PBS injection and no injection control
groups were included in all studies.

Mouse infections

Infections of mice were performed as previously described
with the approval of the University of Pittsburgh’s
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Institutional Animal Care and Use Committee. C57BL/
6] mice (Jackson Laboratory, female, 6-8 weeks old). The
mice were infected intratracheally (i.t.) via oropharyngeal
instillation with ~10* CFU of LVS. The health of the
mice was monitored using a scoring system once or
twice daily, and animals were euthanized after reaching
a predetermined score [59].

Jurkat cell transfection and luciferase reporter
assays

A eukaryotic expression construct containing the cod-
ing sequence of gdcA was generated by PCR amplifica-
tion to include a 5’ Kozak sequence, 2A peptide [60],
and mCherry [61]. This construct was cloned behind an
EF-1a promoter in pCDEF3 by restriction digest using
EcoRI and Xbal [62]. Generation of GdcA mutations
was performed using splice-by-overlap PCR of wild-
type gdcA [63]. Primers are listed in Supplemental
Table 1. After cloning amplicons with pGEM-T, the
mutated sequences were mobilized into gdcA/pCDEF3
using restriction digests with Hpal and Ndel.

Jurkat T cells were transfected as described previously
using purified plasmids containing NF-kB-luciferase repor-
ter, the constructs in pCDEF3, and a construct constitu-
tively expressing GFP as a control for transfection efficiency
and viability [64]. The transfected cells were cultured over-
night; then, stimulated with anti-TCR (clone C305, Envigo
B.BSI200) and anti-CD28 (clone CD28.2, Tonbo,
#70-0289-U100) for 6 h, after which the cells were lysed
and luciferase activity was determined with an Orion
luminometer (Zylux, Oak Ridge, TN). Normalization was
performed to compare across experiments. Background
luminescence was first subtracted from raw luminescence
values within a treatment, i.e. plasmid, group. Percent max-
imum of the background-corrected values was then calcu-
lated compared to cells receiving the pCDEF3 vector
control within a given stimulus. For viability studies, GFP
expression was measured using flow cytometry and repre-
sented as the percent of cells positive for GFP relative to the
cells that received pCDEF3.

Zebrafish embryo studies

Capped mRNAs for injections were synthesized in vitro
from linearized pCS2" plasmid containing open read-
ing frames for GdcA or YbeX using SP6 mMessage
mMachine kit (Ambion). The mRNA at 2.5 to 20 pg/
nl was microinjected into the embryos at the one-cell
stage. For synergy experiments, the two mRNA were
mixed at 1 pg/nl concentration and 1 nl was microin-
jected. After injections, the embryos were incubated in
1xE3 medium (5mM NaCl, 0.17 mM KCl, 0.33 mM
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CaCl,, 0.33 mM MgSQO,, 0.01% methylene blue) at 28°C
overnight, and then assessed for viability and develop-
mental defects at the 24-somite stage. Dead embryos
were counted based on lack of movement and the
presence of decay. Embryos were scored with a severe
development defect if they showed a dorsalized pheno-
type defined by the presence of dorsal structures with-
out ventral tissues [65]. All other embryos were
considered normal.

GdCcA release from LVS

LVS with or without the pFNLTP8::gdcA-Strep Tag II
complementing construct described above were grown
overnight in 15 ml of TSB-c, with densities normalized
to an ODggp = 1.4. Bacteria were removed by centrifuga-
tion at 4,000 x g for 35 min. The resulting supernatants
were passed through a 0.2 pm filter, concentrated using 10
kDa cutoff centrifugal filters (Amicon), and precipitated
with acetone. Pellets were resuspended in 150 pl of PBS
before separation on SDS-PAGE and immunoblot.

Statistical testing

Statistical testing was performed using GraphPad Prism.
For in vitro experiments, groups were compared using
one or two-way ANOVA tests and Tukey post-test ana-
lysis. Kaplan Meier survival curves and Log-rank tests
were used for Galleria and mouse models of infection.
A p value of less than 0.05 was considered significant.
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