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Abstract

Type three secretion systems (T3SS) are complex nano-machines that evolved to inject
bacterial effector proteins directly into the cytoplasm of eukaryotic cells. Many high-priority
human pathogens rely on one or more T3SSs to cause disease and evade hostimmune
responses, underscoring the need to better understand the mechanisms through which
T3SSs function and their role(s) in supporting pathogen virulence. We recently identified the
Shigella protein Spa47 as an oligomerization-activated T3SS ATPase that fuels the T3SS
and supports overall Shigella virulence. Here, we provide both in vitro and in vivo characteri-
zation of Spa47 oligomerization and activation in the presence and absence of engineered
ATPase-inactive Spa47 mutants. The findings describe mechanistic details of Spa47-cata-
lyzed ATP hydrolysis and uncover critical distinctions between oligomerization mechanisms
capable of supporting ATP hydrolysis in vitro and those that support T3SS function in vivo.
Concentration-dependent ATPase kinetics and experiments combining wild-type and engi-
neered ATPase inactive Spa47 mutants found that monomeric Spa47 species isolated from
recombinant preparations exhibit low-level ATPase activity by forming short-lived oligomers
with active site contributions from at least two protomers. In contrast, isolated Spa47 oligo-
mers exhibit enhanced ATP hydrolysis rates that likely result from multiple preformed active
sites within the oligomeric complex, as is predicted to occur within the context of the type
three secretion system injectisome. High-resolution fluorescence microscopy, T3SS activ-
ity, and virulence phenotype analyses of Shigella strains co-expressing wild-type Spa47
and the ATPase inactive Spa47 mutants demonstrate that the N-terminus of Spa47, not
ATPase activity, is responsible for incorporation into the injectisome where the mutant
strains exhibit a dominant negative effect on T3SS function and Shigella virulence.
Together, the findings presented here help to close a significant gap in our understanding

of how T3SS ATPases are activated and define restraints with respect to how ATP hydroly-
sis is ultimately coupled to T3SS function in vivo.
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Introduction

Type three secretion systems (T3SS) are highly conserved complex multi-component nano-
machines that inject proteins from the cytoplasm of pathogenic bacteria into eukaryotic host
cells [1-4]. Once injected, the bacterial effector proteins subvert host cell function to support
infection and evade immune responses [5, 6]. Many important bacterial pathogens such as
Yersinia, Salmonella, Pseudomonas, Burkholderia, Escherichia, and Shigella rely on one or
more T3SSs as critical virulence factors necessary to cause disease [3, 7-9]. While the injected
T3SS effector proteins are specific to each pathogen’s infection mechanism and replicative
niche, they are all secreted through a highly-conserved syringe and needle-like injectisome
[10, 11]. The injectisome consists of a basal body that spans the periplasmic space and anchors
the apparatus to the bacterial inner and outer membranes, a hollow needle that extends from
the basal body beyond the lipopolysaccharide layer, and a protein tip complex that serves as
an environmental sensor and provides access to the host cell cytoplasm by penetrating the host
membrane [10-13]. In addition, a multi-protein cytosolic sorting platform is located just
below the apparatus basal body and is believed to play important roles in the recognition and
unfolding of effector proteins prior to secretion [14-16]. The thermodynamic driving force(s)
that supports formation of the apparatus and protein secretion through the needle, however,
remain largely unclear and somewhat controversial. The flagellar T3SS has recently been
shown to utilize proton and sodium electrochemical gradients to drive a flow of H" and Na*
ions through a transmembrane channel within the basal body of the injectisome to fuel a puta-
tive proton/protein antiporter mechanism [17, 18], however, efficient protein secretion addi-
tionally relies on ATP hydrolysis by an associated T3SS ATPase located at the base of the
apparatus [19-21]. Like much of the actions supporting and regulating type three secretion,
the specific contributions of the associated T3SS ATPase are not well understood. It is clear,
however, that most, if not all, T3SSs contain a highly conserved ATPase that is most active in
oligomeric form and resides just below the apparatus export gate at the base of the T3SS [22-
26]. Dissecting the specific mechanisms through which T3SS ATPases function and precisely
how they facilitate protein secretion has proven exceptionally challenging due to long-standing
difficulties expressing and purifying soluble/active forms of many of the isozymes as well as
accessing and interrogating both the dormant monomeric and activated oligomeric forms of
the enzymes.

Here, we take advantage of the ability to express and purify stable recombinant monomeric
and oligomeric stoichiometries of the Shigella T3SS ATPase Spa47 to define the role of com-
plex dynamics in enzyme activation and efficiency. Additionally, co-expression experiments in
which Shigella produce both wild-type and engineered ATPase inactive Spa47 point mutants
uncover a dominant negative effect on Shigella T3SS formation, effector secretion, and overall
Shigella virulence phenotype. The implications of these findings together with high-resolution
live-cell fluorescence microscopy localizing each of the Spa47 constructs within individual Shi-
gella bacteria are discussed with respect to contributions of Spa47-catalyzed ATP hydrolysis in
T3SS function and pathogen virulence.

Materials and methods
Materials

Wild-type S. flexneri corresponds to the serotype 2a 24577 strain originally isolated in 1954
[27]. The S. flexneri Spa47 null strain was engineered by Abdelmounaaim Allaoui as described
by Jouihri et al [28]. Rabbit polyclonal antibodies against IpaC and IpaD and the pWPsf4
expression plasmid were generous gifts from William Picking and Wendy Picking (University
of Kansas). E. coli strains and 2x ligation mix were from Novagen (Madison, WI). Restriction
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enzymes, the pTYB21 protein expression plasmid, polymerase chain reaction (PCR) buffer,
Phusion High-Fidelity polymerase, and chitin resin were purchased from New England Bio-
labs (Ipswich, MA). Oligonucleotide primers and the synthesized spa4” gene were from Inte-
grated DNA Technologies (Coralville, IA). The N-terminal GFP pWPsf4 vector was designed
in house and synthesized by General Biosystems (Morrisville, NC). The Superdex 16/600 size
exclusion and 5-ml Q FF columns were purchased from General Electric (Pittsburgh, PA).
ATP was from Sigma-Aldrich, and o->*P-ATP was from PerkinElmer Life Sciences. Dithio-
threitol (DTT) and ampicillin were from Gold Biotechnology (St. Louis, MO). Defibrinated
sheep red blood cells were from Colorado Serum Company (Denver, CO). All other solutions
and chemicals were of reagent grade.

Cloning

The spa47 gene was previously purchased as a double-stranded gBlock product from Inte-
grated DNA Technologies with modifications for cloning into the expression plasmid pTYB21
as described previously [22]. Briefly, the spa47 gene was digested using Sapl and PstI restric-
tion enzymes and then ligated into the expression plasmid pTYB21, which encodes an N-ter-
minal chitin-binding domain and intein linker. The ligated product was transformed into E.
coli Nova Blue cells by heat shock and sequence verified by Sanger sequencing (Genewiz, Inc.,
South Plainfield, NJ). The spa47 gene was additionally cloned into the plasmid pWPsf4 for
constitutive expression in Shigella by introducing Ndel and BamHI restriction sites at the 5’
and 3’ ends, respectively, and ligating into the digested vector backbone. Sequences were
again verified by Sanger sequencing prior to transformation into an electro-competent . flex-
neri Spa47 null strain via electroporation. The Spa47 point mutations used in this study and
the Spa47*'~”° N-terminal truncation construct were generated in both pTYB21 and pWPsf4
using inverse PCR followed by sequence verification and transformation into E. coli and S.
flexneri, respectively. The N-terminal GFP-Spa47 chimeras were generated by cloning the
wild-type and mutant spa47 genes into the Ndel/BamHI digested N-terminal GFP pWPsf4
backbone engineered for this study. The constructs were then transformed into a Nova Blue E.
coli cloning strain, sequence verified, and electroporated into the S. flexneri spa47 null strain.

Protein expression and purification

Each of the Spa47 constructs encoded in pTYB21 were transformed into E. coli Tuner (DE3)
cells and were expressed and purified as previously described [22, 29, 30]. Briefly, the expres-
sion strains were grown to an ODggq of approximately 0.8 in Terrific Broth medium contain-
ing 0.1 mg/ml ampicillin at 37 “C and 200 RPM. The culture was then cooled to 17 °C before
induction with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) for ~20 hours (17 °C,
200 rpm). All subsequent steps were carried out at 4 °C unless otherwise stated. The cells were
pelleted by centrifugation, resuspended in binding buffer (20 mM T'ris, 500 mM NaCl, pH 7.9)
containing 0.2 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) and
lysed by sonication. The clarified supernatant was exposed to a chitin affinity column to cap-
ture the chitin-binding domain-intein-Spa47 chimera and purified Spa47 was eluted by on col-
umn cleavage of the intein domain in binding buffer containing 50 mM freshly-added DTT.
The elution fractions were pooled and diluted to a final buffer composition of 20 mM Tris, 100
mM NaCl, 10 mM DTT, pH 7.9 prior to negative selection over a Q Sepharose FF anion
exchange column. The purified Spa47 in the flow through was concentrated using an ultra
centrifugal filter unit with a 30-kDa molecular mass cutoff and further purified/characterized
using a Superdex 200 16/600 size exclusion column equilibrated with 20 mM Tris, 100 mM
NaCl, 5 mM DTT, pH 7.9. As validated previously [22], Spa47 concentrations were
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determined using in-gel densitometry with Coomassie staining and BSA as a standard. All
concentrations are reported in monomer concentration units for consistency and clarity.

Spa47 ATP hydrolysis assay

A multiple time point activity assay was used to determine the effect of protein concentration
on ATP hydrolysis rates for monomeric and oligomeric Spa47. The assay was carried out
under conditions we have optimized and described previously [31, 32]. Briefly, the reactions
were initiated by combining increasing concentrations of either monomeric or oligomeric
Spa47 with a prepared ATP solution, resulting in a final concentration of 10 mM MgCl,, 1 mM
total ATP, and 0.5 uCi (~ 300 nM) a-->>P-ATP. Samples were rapidly quenched at desired time
points with a final concentration of 250 mM ethylenediaminetetraacetic acid (EDTA). The
level of ATP hydrolysis was quantified by separating o.->°P-ATP substrate from the o->*P-ADP
product using thin layer chromatography (TLC). The TLC plates were exposed to a storage
phosphor screen, the separated species were detected with a Storm PhosphorImager (Molecular
Dynamics), and the product concentrations were quantified using the associated ImageQuant
software (Molecular Dynamics). The same multiple time point activity assay was used to deter-
mine the effect of combining Spa47 active site mutants with wild-type Spa47. Wild-type mono-
meric Spa47 was mixed with each tested Spa47 mutant to produce a final concentration of

0.45 uM wild-type monomeric Spa47 and 16.2 pM monomeric Spa47 mutant.

S. flexneri invasion of epithelial cells

Invasion phenotype of a S. flexneri strain lacking the gene for Spa47, a strain expressing wild-
type Spa47, and strains containing a polycistronic Spa47/Spa47 mutant expression system
were determined by a gentamicin protection assay. The details of the gentamycin protection
assay are described elsewhere [33]. Briefly, the polycistronic expression system used in this
study included the gene for wild-type Spa47 in the first cloning site of the plasmid and the
gene for either wild-type Spa47 or a Spa47 mutant in the second cloning site. The genes in
both sites are under transcriptional control of the same promoter and include identical, but
independent, ribosome binding sites upstream of each gene, resulting in constitutive expres-
sion of both proteins from a single RNA transcript. Sterile 24-well plates were seeded with
passaged HeLa cells and grown overnight in DMEM supplemented with 10% fetal calf serum,
penicillin, and streptomycin at 100% relative humidity, 37 °C, and 5% CO,. The S. flexneri
strains were streaked onto tryptic soy agar plates containing 0.025% Congo red and grown
overnight at 37 “C. Small cultures containing appropriate antibiotics were inoculated from the
agar plates and grown to ODggo of ~0.5 at 37 °C and 200 rpm. Equivalent bacterial loads were
introduced to the cultured HeLa cells, and the plates were centrifuged at 1000 x g for 5 min to
synchronize contact between the bacteria and HeLa cells. The inoculated cells were incubated
at 37 °C for 30 min, rinsed to remove extracellular bacteria, and treated with 50 pug/ml genta-
micin to selectively kill any remaining Shigella that had not successfully invaded the HeLa
cells. The HeLa cells were then lysed with 1% agarose in water and overlaid with a LB agar
solution. Overnight incubation at 37 °C resulted in Shigella colony formation from the previ-
ously internalized bacteria, allowing a quantitative comparison of invasion phenotype among
the tested Shigella strains.

Shigella-induced erythrocyte hemolysis

The effects of the engineered polycistronic spa47 constructs on T3SS-mediated hemolysis of
red blood cells were determined using a slightly modified version of a previously described red
blood cell hemolysis assay [34]. Briefly, Spa47 null S. flexneri expressing the Spa47 construct
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combinations described above were grown overnight on TSA-Congo red plates and a small
number of isolated colonies were used to inoculate 10 ml of tryptic soy broth containing
appropriate antibiotics. The cultures were grown to an ODgq of approximately 0.5, collected
by centrifugation, and gently resuspended in 200 pl of PBS. Fifty microliters of each bacterial
mix were then combined with ~ 5 x 10°® defibrinated sheep red blood cells in a 96-well micro-
titer plate and centrifuged at 2300 x g, 25 °C for 10 min to initiate contact between the bacteria
and the red blood cells. The mixture was then incubated at 37 °C for 1 h and each condition
resuspended following the addition of 100 pl of PBS. The resuspended mix was centrifuged at
2300 x g and 4 °C for 10 min to separate the bacteria and insoluble red blood cell components
from the hemoglobin that was released as a result of red blood cell lysis by Shigella. The levels
of released hemoglobin in the supernatant were quantified by measuring absorbance at 545
nm and compared with the levels resulting from a Spa47 null S. flexneri strain and a strain
expressing wild-type Spa47.

Quantitation of S. flexneri T3SS translocator secretion

The small diazo dye Congo red effectively induces active secretion of translocator proteins
through the Shigella T3SS by mimicking the natural trigger resulting from host cell membrane
interaction [35]. In this study, the polycistronic expression system described above was used to
simultaneously express wild-type Spa47 and an ATPase inactive Spa47 mutant within a Spa47
knockout Shigella strain. The protocol for the Congo red assay has been described in detail
elsewhere [36]. Briefly, a S. flexneri strain lacking the gene for Spa47, a strain expressing wild-
type Spa47, and strains expressing the engineered polycistronic wild-type Spa47 and Spa47
mutants were grown overnight on TSA-Congo red plates, and a small number of isolated colo-
nies were used to inoculate 10 ml of tryptic soy broth containing appropriate antibiotics. Cul-
tures were grown at 37 °C to an ODg of approximately 1.0 before they were cooled on ice to
temporarily slow protein expression and secretion. The cultures were centrifuged and rinsed
to separate the bacteria from the culture supernatant and any proteins that had been secreted
up to this point. The cells were then resuspended in pH 7.4 sodium phosphate buffer contain-
ing 0.28 mg/ml Congo red and were incubated at 37 “C for 1 hour to promote active T3SS
protein secretion. Cultures were then chilled on ice for 5 min to limit further secretion and

the bacteria were separated from the protein-containing supernatant by centrifugation at
13,000 x g for 15 min at 4 °C. The secreted proteins within the supernatant from each strain
were separated using SDS-PAGE, transferred to PVDF membranes by western blot, and
probed using anti-IpaC rabbit polyclonal antibodies and fluorescent Alexa 647 conjugated
goat anti-rabbit secondary antibodies. Secreted IpaC levels were detected and compared using
a Bio-Rad ChemiDoc imaging system and the associated Image Lab analysis software. As vali-
dated previously [37], a monoclonal antibody against the cytoplasmic enzyme glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as a cytoplasmic control in the western blot
to ensure that the IpaC detected in the supernatant was secreted through the injectisome and
was not the result of cell lysis. A complete set of whole cell extract GAPDH controls is included
in $3 Fig.

Shigella T3SS injectisome detection by immuno-fluorescence based flow
cytometry

The ability of S. flexneri strains used in this study to assemble extracellular portions of the
injectisome was investigated using flow cytometry coupled with fluorescence detection. As
described previously [21], each of the tested S. flexneri strains were streaked onto TSA-Congo
red plates, and a small number of isolated colonies were used to inoculate 15 ml of tryptic soy
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broth containing appropriate antibiotics. The cultures were grown to an ODyq of approxi-
mately 0.8 at 37 °C and 200 RPMV, collected by centrifugation at 4 °C, and gently rinsed with
PBS. The cells were then chemically fixed for 15 min in 4% formaldehyde in PBS at room tem-
perature (20-22 °C). The fixed cells were rinsed and labeled with rabbit polyclonal antibodies
against the needle tip protein IpaD and then treated with an Alexa 647 conjugated goat anti-
rabbit secondary antibody to fluorescently label the cells for detection by flow cytometry. The
cells were rinsed again with PBS and analyzed using a BD Accuri C6 flow cytometer collecting
100,000 instances/run. The resulting data sets were analyzed with De Novo FCS Express 5 flow
cytometry software to determine the extent of T3SS injectisome assembly in each of the tested
strains.

Live-cell TIRFM detection and localization of fluorescent Spa47 constructs

S. flexneri expressing N-terminal GFP Spa47 chimeras were grown to an ODgg of ~1.0. Ten
milliliters of each culture were centrifuged at 2272 x g for 4 minutes to gently pellet the bacte-
ria. The bacteria were washed once with room temperature PBS and then resuspended in

500 L of PBS and diluted as necessary to achieve the desired density of bacteria in the micros-
copy images. Twenty microliters of the diluted bacteria were placed between two No. 1.5 cover
slides and fluorescence images were collected using an Olympus IX51 total internal reflection
fluorescence microscope (TIRF-M) (Olympus, Center Valley, PA) equipped with a 100x TIRF
objective (1.49 NA, infinity corrected, achromat). The 488 nm and 640 nm laser lines of a
Toptica Chrome laser system (Toptica Photonics, Farmington, NY) were directed through

the objective and the sample fluorescence collected in epifluorescence geometry and filtered
through appropriate dichroic mirrors and long pass filters prior to collection on a Hamamatsu
ORCA-Flash4.0 CMOS camera (Hamamatsu, Hamamatsu City, Japan). Excitation parameters
and image collection were controlled with cellSense Dimension software (Olympus, Center
Valley, PA).

Results and discussion
Monomeric Spa47 is converted to the activated homo-oligomer in vitro

Spad7 purifies in vitro as stable monomeric and oligomeric species, with the oligomer dis-
playing significantly higher ATPase activity than the monomer [21, 22, 30]. Recent
insights into Spa47 activation suggest that oligomerization supports ATP hydrolysis by
contributing amino acid sidechains from adjacent Spa47 protomers to form a single com-
plete active site [21], supporting the observed enhancement of in vitro ATPase activity
exhibited by oligomeric Shigella Spa47 and several related T3SS ATPases [22, 24, 25, 38—
40]. Spa47 has served and continues to serve as a valuable model for studying T3SS
ATPase activation and regulation as monomeric and oligomeric Spa47 are easily isolated
via size exclusion chromatography (SEC) and isolated Spa47 fractions maintain their orig-
inal stoichiometry for several weeks when stored at the concentrations collected directly
from the sizing column (~1-20 uM). Interestingly, concentrating monomeric Spa47 to
~200 uM prior to re-evaluating oligomeric state via SEC resulted in the formation of stable
Spa47 oligomers that elute identically to the activated oligomeric Spa47 species that is iso-
lated following the original expression and purification process (Fig 1). Additionally, this
in vitro conversion of Spa47 monomer to oligomer resulted in an increase in ATPase
activity from 0.11 + 0.01 (pumol ADP/min) /mg Spa47 to 1.50 + 0.03 (umol ADP/min) /mg
Spa47 (S1 Fig), providing the first example of in vitro formation of stable activated Spa47
oligomers and demonstrating that monomeric Spa47 is fully capable of converting to the
activated oligomeric species. These results identify a means to generate active Spa47
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Fig 1. Isolated monomeric Spa47 is converted in vitro to its activated homo-oligomeric form at high protein
concentrations. Purification of recombinant Spa47 results in distinct monomeric and homo-oligomeric species that
can be isolated using a Superdex200 10/300 size exclusion column (long dashed line). Isolation and re-evaluation of the
monomeric species results in a nearly exclusively monomeric distribution (dotted line). Concentration of the isolated
monomeric species to ~200 uM transformed much of the monomeric population to an oligomeric species that elutes
identically to the previously characterized Spa47 homo-oligomer (solid line).

https://doi.org/10.1371/journal.pone.0228227.9001

oligomers from recombinantly expressed and purified Spa47 monomers and lends sup-
port to the hypothesis that controlling Spa47 oligomer state provides a potent mechanism
for regulating Shigella virulence in vivo.

Monomeric Spa47 exhibits concentration-dependent ATPase activity

The high protein concentration required to convert Spa47 monomers to stable oligomers in
vitro is clearly far beyond the protein concentrations achieved directly from the size exclusion
column when isolating monomeric and oligomeric Spa47 following expression and initial
purification. However, even at concentrations much lower than required to convert mono-
meric Spa47 to stable active oligomer, the monomeric Spa47 provides minimal, yet robust
ATPase activity that we hypothesize results from transient Spa47 interactions in solution that
provide the necessary contributions from at least two Spa47 monomers to complete the
enzyme active site and support ATP hydrolysis. We tested this hypothesis by quantifying the
ATP hydrolysis rates (normalized for enzyme concentration) of both monomeric and oligo-
meric Spa47 species as a function of enzyme concentration (Fig 2). It is important to note that
the upper protein concentration limit for the ATPase activity dilution series for both species
was determined by the concentrations that could be achieved directly from the size exclusion
column. As a result, the protein was not concentrated following elution from the sizing col-
umn, ensuring the stoichiometry of the Spa47 used in the assay. The monomeric Spa47
ATPase activity exhibited a strong positive sigmoidal response to enzyme concentration with
an overall 3-fold increase in activity level, consistent with formation of concentration-depen-
dent transient complexes consisting of the ATP substrate and at least two molecules of Spa47
(Fig 2A). In contrast, the oligomeric Spa47 species activity was insensitive to enzyme concen-
tration (Fig 2B), representing the optimally active species achieved in this assay.
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Fig 2. Monomeric Spa47 exhibits concentration dependent ATPase activity while oligomeric Spa47 activity is
concentration independent. A) Radiolabeled ATP hydrolysis assays show that increasing concentrations of
monomeric Spa47 increase enzyme efficiency. B) The ATPase activity of oligomeric Spa47 is not dependent on enzyme
concentration. These data are representative of triplicate measurements spanning two independent protein
preparations.

https://doi.org/10.1371/journal.pone.0228227.9002
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Monomeric ATPase inactive Spa47 point mutants form transient active
hetero-oligomeric complexes with monomeric wild-type Spa47

The positive cooperativity observed for monomeric wild-type Spa47 monomer (Fig 2A) was
attributed to the concentration-dependent formation of transient oligomeric species that pro-
vide complete ATPase active sites at the junction of at least two Spa47 protomers. To interro-
gate the nature of in vitro oligomer formation by monomeric Spa47, a series of mixing
experiments were performed in which monomeric isolates of previously characterized [21,
22], ATPase inactive Spa47 point mutants were introduced to a solution of monomeric wild-
type Spa47. The addition of Spad7<'*>4, Spa4751884 and Spad7°*>°* unexpectedly each
enhanced the ATPase activity of wild-type Spa47 to levels similar to that observed for an equiv-
alent concentration (16.65 pM) of wild-type Spa47 (Fig 3). Realizing, however, that the active
site is specifically comprised of K165 and E188 from a single face of one protomer and R350
from the opposite face of an adjacent protomer, each of the inactive point mutants still contain
one face that can contribute to the complementary half of the active site in wild-type Spa47. In
other words, the K165A and E188A mutants both maintain a functional R350 that can contrib-
ute to the K165/E188 face of the wild-type monomer and likewise the R350A mutant can con-
tribute K165 and E188 to the R350 face of the wild-type Spa47 monomer, thus increasing the
effective concentration of complete/functional active sites with the addition of independently
inactive Spa47 mutants. This was further confirmed by the addition of an inactive Spa47
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Fig 3. The addition of ATPase inactive Spa47 mutants influences wild-type monomeric Spa47 ATPase activity.
Excess of each ATPase inactive monomeric Spa47 active site mutant used in this study (16.2 pM) was added to wild-
type monomeric Spa47 (0.45 uM) prior to quantifying ATP hydrolysis by the Spa47 mixture. The presented data
represent the mean + standard deviation of triplicate measurements. *Indicates a significant difference in activity level
relative to 0.45 uM wild-type Spa47 monomer (one-way ANOVA followed by a Dunnett’s post test, p < 0.05)).

https://doi.org/10.1371/journal.pone.0228227.9003
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mutant carrying both E188A and R350A mutations, resulting in a marked decrease in activity
that is nearly identical to the decrease that is observed following the addition of BSA to WT
monomeric Spa47. As expected, none of the ATPase inactive mutants had any effect on the
activity of oligomeric wild-type Spa47, consistent with a lack of protomer exchange within the
stable oligomeric complex (S2 Fig).

Co-expression of wild-type and inactive Spa47 point mutants results in
dominant negative Shigella virulence phenotypes

Each of the inactive Spa47 point mutants described in this study were independently co-
expressed in Shigella with wild-type Spa47 to determine the impact the presence of the mutants
has on an otherwise wild-type Spa47 and T3SS. The effect of the co-expression on Shigella vir-
ulence was measured by monitoring the mutant Shigella strains’ ability to both lyse red blood
cells and invade cultured eukaryotic host cells. The hemolysis and invasion results in Fig 4
clearly show that a Spa47 null Shigella strain is unable to either lyse red blood cells or invade
eukaryotic cells; the result of a previously described loss in injectisome formation and T3SS
protein secretion [21]. Complementing the Spa47 null Shigella strain with either a single gene
for wild-type Spa47 or using a polycistronic expression vector encoding wild-type Spa47 from
both of the two cloning sites restores function of the T3SS and supports both red blood cell
hemolysis and cellular invasion (Fig 4). On the other hand, polycistronic co-expression of
wild-type Spa47 with the active site point mutants Spa47<'®>*, Spa47*'%84 and Spa47"*°°4
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Fig 4. Expression of inactive Spa47 mutants within a wild-type Shigella background produces dominant negative
effects on pathogen virulence. The negative impact of expressing inactive Spa47 mutants in the presence of wild-type
Spa47 is shown using red blood cell hemolysis and cellular invasion assays (relative to a Shigella strain constitutively
expressing wild-type Spa47 from a single gene). The data represent the mean + standard deviation of three
independent experiments spanning at least two biological replicates. *Indicates a significant difference in phenotype
relative to the wild-type Spa47 strain (one-way ANOV A followed by a Dunnett’s post test, p < 0.05)).

https://doi.org/10.1371/journal.pone.0228227.9004
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results in a significant reduction in both hemolysis and invasion phenotype. This is in contrast
with the in vitro results in Fig 3 showing that the addition of these mutants to wild-type Spa47
increased ATPase activity through the formation of additional active sites in the complexes,
suggesting that while interaction between a wild-type Spa47 and inactive Spa47 point mutant
can facilitate ATP hydrolysis, it does not support proper function in vivo. Furthermore, co-
expression of wild-type Spa47 with the inactive Spa47 double mutant, Spa47%!884/R3504
eliminates Shigella virulence while co-expression of wild-type Spa47 with the oligomerization

, nearly

deficient and ATPase inactive Spa47*'~”® N-terminal truncation mutant has no effect on either
hemolysis or invasion. Together, these findings suggest that contributions from Spa47 beyond
just ATP hydrolysis are necessary to support Shigella virulence and that the mutant lacking
the N-terminal domain is likely unable to interact with and interfere in the role of wild-type
Spa47 in vivo. This is consistent with recent findings in which the related T3SS ATPase, EscN,
was found to form a donut-shaped homo-hexamer with the “central stalk” homolog, EscO,
threaded through the central pore of the structure [41]. In this geometry, the inclusion of a
protomer that is unable to fully contribute to the active site on either face of the adjacent
protomer would ultimately inhibit the rotary ATP hydrolysis mechanism and prevent cou-
pling of ATP hydrolysis to T3SS function, preventing T3SS function and pathogen virulence
(as observed in this study).

Co-expression of wild-type and inactive Spa47 point mutants inhibits
Shigella T3SS effector protein secretion and T3SS apparatus formation

We have shown previously that eliminating expression of Spa47 entirely or attempting to com-
plement a Spa47 null strain with one of the ATPase inactive Spa47 mutants used in this study
renders the mutant Shigella strain avirulent as it is unable to secrete T3SS effector proteins or
properly form the external portion of the T3SS apparatus [21]. Expecting that the reduction in
Shigella virulence phenotype illustrated in Fig 4 may be the result of similar deficiencies, the
effect of co-expressing the ATPase inactive Spa47 mutants with wild-type Spa47 was examined
with respect to both Shigella T3SS effector secretion and apparatus formation. As described pre-
viously [35], the small diazo dye Congo red was used to activate Shigella T3SS protein secretion
in each of the strains used in this study. Consistent with the phenotype results in Fig 4, a signifi-
cant decrease in secretion levels of the effector protein IpaC is observed in the strains co-express-
ing wild-type Spa47 with any of the inactive Spa47 point mutants, while the strains expressing
wild-type Spa47 from a single gene, expressing wild-type Spa47 from two genes within the poly-
A179 oligomeriza-
tion deficient N-terminal truncation construct each maintain wild-type secretion levels (Fig 5).
Furthermore, T3SS apparatus formation was tested for each of the Shigella strains in this study
by fluorescently immuno-labeling the apparatus tip protein IpaD and evaluating its presence on

cistronic expression vector, and co-expressing wild-type Spa47 with the Spa47

the bacterial surface using flow cytometry. IpaD provides a sensitive means of evaluating external
apparatus formation as multiple copies constitutively reside at the tip of the injectisome needle
and its location at the tip of the ~45 nm needle is highly accessible to the antibody probes. Fig 6
includes fluorescence histograms comprised of fluorescence intensity measurements from
100,000 individual Shigella per condition. As we have reported previously [21, 28], the Spa47
null Shigella strain is unable to form an external T3SS needle and results in a fluorescence inten-
sity histogram indistinguishable from background while complementing the null strain with
wild-type Spa47 reinstates its ability to form a proper injectisome and shifts the histogram to
higher intensity values. Not surprisingly, based on their Congo red secretion profiles, the strains
co-expressing wild-type Spa47 and either the Spad47"'# or the Spa47"'#84/®35°A muytants are
severely handicapped with respect to forming type three secretion apparatus. The Shigella strain
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Fig 5. T3SS effector protein secretion is reduced in Shigella strains co-expressing wild-type and inactive Spa47. A)
Representative western blot of the secreted T3SS effector protein IpaC following Congo red activation of Shigella
cultures expressing the indicated combinations of Spa47. The cytoplasmic enzyme GAPDH served as a control and
was observed in the whole cell extracts (WCE) but not in the supernatant containing the secreted IpaC protein. B) The
Western blot intensities were quantified and plotted as the mean + standard deviation from three blots using
independent biological replicates. The quantified protein levels are displayed as a percentage relative to those secreted
by the Shigella strain expressing wild-type Spa47. *Indicates a significant difference in IpaC secretion level relative to
the wild-type Spa47 complement strain (one-way ANOV A followed by a Dunnett’s post test, p < 0.05)).

https://doi.org/10.1371/journal.pone.0228227.9005

co-expressing wild-type Spa47 and Spa47'~"® and the strain expressing wild-type Spa47 from
two genes within the polycistronic expression vector, however, each result in fluorescence inten-
sity histograms that appear essentially identical to the wild-type Spa47 complemented Shigella
strain, suggesting that Spa47 activity and T3SS apparatus formation remain unaffected in these
mutants. Interestingly, the Shigella strains co-expressing wild-type Spa47 with either Spa47<'%>*
or Spa47"**** display a minimal reduction in apparatus formation (Fig 6) that corresponds to
intermediate levels of effector secretion (Fig 5) and modest, yet statistically significant, reduc-
tions in hemolysis and invasion phenotypes (Fig 4), suggesting that perhaps these mutants are
not efficiently incorporated into the active Spa47 complex or that interactions within the appara-
tus mitigate the negative effect(s) that result from these single mutations.
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Fig 6. Flow cytometry fluorescence intensity histograms comparing extracellular T3SS injectisome tip protein
presentation by Shigella strains expressing combinations of wild-type and mutant Spa47 constructs. The tested
Shigella strains were each treated with primary rabbit polyclonal antibodies against the T3SS tip protein IpaD and
Alexa Fluor 647 conjugated goat anti-rabbit secondary antibodies to fluorescently label T3SS proteins on the bacterial
surface. The histograms include 100,000 individual intensity measurements per condition and are representative of
two independent biological replicates.

https://doi.org/10.1371/journal.pone.0228227.9006

The N-terminal domain of Spa47, not ATPase activity, is responsible for
Spa47 localization to the Shigella T3SS injectisome

The phenotype results from this study are consistent with a mechanism where the addition
of ATPase inactive Spa47 to a wild-type Shigella background results in a dominant negative
effect by preventing efficient coupling of ATP hydrolysis by native wild-type Spa47 to pro-
tein secretion through the apparatus, reducing overall Shigella virulence. It is difficult to pre-
dict the precise origin of the observed dominant negative effect, though the established link
between Spa47 ATPase activity and Shigella virulence phenotype suggest that the inactive
Spa47 point mutants are either preventing ATP hydrolysis in vivo by the co-expressed wild-
type Spa47 or that they are preventing the proper coupling of ATP hydrolysis to T3SS func-
tion. Some insight into this question came during the preparation of this manuscript as the
Strynadka group solved a 3.3A Cryo-EM structure of the homo-hexameric E. coli T3SS
ATPase, EscN, in complex with the central stalk protein, EscO [41]. The high-resolution
structure provides strong evidence for a rotary ATPase mechanism similar to that of F;F,
ATP synthase [41, 42]. While no other high-resolution homo-oligomeric T3SS ATPase struc-
tures have been solved to date, it is widely believed that most, if not all, T3SS-expressing bac-
teria incorporate a homo-hexamer of their respective T3SS ATPase at the base of the T3SS
[14, 41, 43]. If Spa47 relies on a rotary-type ATPase mechanism similar to that of F- and V-
type ATPases, then incorporation of even a single ATPase inactive protomer into the com-
plex would prevent ATPase activity altogether. To determine whether each of the mutants in
this study are capable of incorporating into the injectisome, we developed fluorescent N-ter-
minal GFP-Spa47 chimeras of wild-type Spa47 and each of the Spa47 mutants used in this
study. Importantly, incorporating the N-terminal GFP tag does not hinder Spa47 function in
vivo as the fluorescent chimera complements cellular invasion of a Spa47 null Shigella strain
to 113 + 15% of wild-type (S1 Table). The fluorescent GFP-Spa47 constructs were then
expressed in Shigella to visualize the localization of each construct within the bacteria using
live-cell total internal reflection fluorescence microscopy (TIRFM). In this scenario, TIRF
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provides a much higher fluorescence signal-to-noise ratio than standard epi fluorescence
microscopy due to specific excitation of fluorophores located within approximately 100 nm
of the interface between the glass coverslip and aqueous buffer solution, eliminating out of
focus fluorescence and clearly identifying punctate fluorescence if the GFP-Spa47 chimeras
are localized to the T3SS injectisome. Fig 7A demonstrates the fluorescently immuno-labeled
IpaD located at the tips of several injectisome needle assemblies localizes to GFP-tagged

A

e GFP Alexab47
Brightfield WT Spad? anti-lpaD Overlay
B
GFP Control GFP Spa47X165A

GFP Spad7RsA GFP Spa47EisARISA  GFP Spad7ai-7

Fig 7. Total internal reflection fluorescence microscopy (TIRFM) localizes wild-type and mutant Spa47 constructs to the Shigella
T3SS. A) Immunofluorescent labeling of the injectisome needle tip protein IpaD results in punctate fluorescence that corresponds to
individual T3SS injectisome needle tips (red) and co-localizes with punctate signal from cytoplasmic GFP-tagged wild-type Spa47
(green). B) Expression of the ATPase inactive GFP-Spa47 point mutants used in this study also results in punctate fluorescence
distribution indicative of incorporation of the Spa47 chimeras into the injectisome sorting platform. Both the GFP control and the
Spad7°1™" construct appear predominantly diffuse throughout the cytoplasm. Scale bars = 5 uM.

https://doi.org/10.1371/journal.pone.0228227.9007
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wild-type Spa47 located at the bacterial membrane. Fig 7B shows that expression of GFP
alone into an otherwise native Shigella strain results in diffuse fluorescence and no evidence
of specific localization. Interestingly, co-expressing the GFP-Spa47 mutant chimeras with
non-tagged wild-type Spa47 found that each of the independently inactive Spa47 mutants
also result in punctate fluorescent signal consistent with forming oligomers at the membrane
and localization to T3SS sorting platforms. The GFP-Spa47*'~"°
incorporate into the T3SS sorting platform at the base of the injectisome and results in a gen-
erally diffuse fluorescence signal with the construct accumulating at a single pole of several
bacteria within the field of view. Polar accumulation is commonly observed for protein
aggregates and a similar polar accumulation has been observed for the Salmonella sorting
platform protein SpaO in mutants lacking critical T3SS proteins [44], suggesting that without
proper interactions with additional injectisome components, the T3SS ATPases may engage
in aberrant interactions and localize to the bacterial pole. In the case of Spa47, it is interesting
to note that the Spa47*'~”? construct which is unable to properly localize within Shigella is
not only oligomerization-deficient [21], but is also unable to interact with its putative molec-
ular chaperone, MxiN [30]. Taken together, the TIRFM localization studies show that wild-
type Spa47 and each of the ATPase-inactive Spa47 point mutant-GFP chimeras are incorpo-
rated into the T3SS injectisome while Spa47*'~"° is not. This suggests that the dominant neg-
ative phenotypes observed in the presence of the inactive Spa47 point mutants is a result of
disruption of Spa47 function within the apparatus and that oligomerization and/or interac-
tion with MxiN likely drives Spa47 incorporation into the maturing injectisome indepen-
dently of ATP hydrolysis by the incorporated enzyme. This is consistent with studies in the
Salmonella SPI-1 and flagellar T3SSs showing that the MxiN homologs OrgB and FliH are
critical components of the injectisome sorting platform that also facilitate T3SS ATPase
localization to the C-ring of the injectisome basal body.[44, 45]

chimera, however, does not

Conclusions

Taken together, the data from this study uncover valuable mechanistic details describing the
oligomerization-dependent activation of the Shigella T3SS ATPase Spa47 with strong conser-
vation among T3SSs and T3SS ATPases suggesting that the findings will also provide a founda-
tion for expanding this work to related pathogens. Moreover, we show that Spa47 provides a
potentially unique benefit in that it purifies as stable monomeric and nucleotide-independent
oligomeric species with the monomer exhibiting concentration-dependent basal level ATPase
activity that results from the formation of transient oligomers with interfacial active sites
formed between two Spa47 protomers. The significantly higher ATPase activity of the Spa47
homo-oligomers, however, is not concentration dependent and results from stable long-lived
interactions that provide a primed active site at each protomer interface within the oligomer,
suggesting that the oligomeric form represents the highest stoichiometry species achieved in
vitro and a valuable tool for studying T3SS ATPase activation. Live cell fluorescence imaging
of Spa47 and a series of engineered Spa47 mutants show that the N-terminal domain, not
ATPase activity of the individual Spa47 constructs, is responsible for localization of Spa47 to
the injectisome and suggest that incorporation of the ATPase-inactive Spa47 mutants into the
apparatus is responsible for the dominant negative effect observed in T3SS function and Shi-
gella virulence. Clearly, additional studies are needed to untangle the specific role(s) that T3SS
ATPases play in T3SS function, but these findings emphasize the importance of Spa47 oligo-
merization in both enzyme activation and T3SS function and support the F,/V,-like rotary
hydrolysis mechanism that has been proposed to fuel protein secretion through the T3SS-nee-
dle complex.
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Supporting information

S1 Fig. Oligomerization of isolated monomeric Spa47 enhances ATPase activity. As shown
in Fig 1, isolated monomeric Spa47 is converted to stable oligomers following concentration to
>200 uM. Kinetic evaluation of the newly formed oligomeric species shows that the oligomeric
Spa47 is significantly more active than the original monomeric species.

(TIF)

S2 Fig. ATPase activity of isolated wild-type Spa47 oligomers is unaffected by the addition
of ATPase inactive Spa47 mutants. Excess of each ATPase inactive oligomeric Spa47 active
site mutant used in this study (1.8 uM) was added to wild-type oligomeric Spa47 (0.45 uM)
prior to quantifying ATP hydrolysis by the Spa47 mixture. The presented data represent the
mean + standard deviation of triplicate measurements. The ATPase activity of the wild-type
Spa47 oligomer was unaffected by the addition of the ATPase inactive Spa47 mutants (one-
way ANOVA, p < 0.05), suggesting that the oligomers are stable and do not undergo protomer
exchange in vitro.

(TIF)

$3 Fig. Congo red induced whole cell extract controls. Congo red induction of T3SS effector
secretion was performed and the secretion profiles shown in Fig 5. Following isolation of the
Shigella culture supernatant, the bacterial cells were lysed and probed via SDS-PAGE/Western
blot analysis for cytoplasmic levels of the effector protein IpaC (red) and the cytoplasmic con-
trol glyceraldehyde-3-phosphate dehydrogenase (GAPDH, green).

(TTF)

S1 Table. Cellular invasion phenotype of Shigella expressing an engineered N-terminal
GFP Spa47 chimera. *The ability of each tested Shigella strain to invade cultured host cells
was measured by a standard gentamicin protection assay. Invasion results are presented as the
percent invasion by the S. flexneri strain expressing wild-type Spa47. Experiments were per-
formed in triplicate and results represent the mean + standard deviation of three independent
biological replicates.

(DOCX)

S2 Table. Strains and plasmids used in this study.
(DOCX)

Author Contributions

Conceptualization: Jamie L. Burgess, Heather B. Case, R. Alan Burgess, Nicholas E.
Dickenson.

Data curation: Jamie L. Burgess, Heather B. Case, R. Alan Burgess, Nicholas E. Dickenson.
Formal analysis: Jamie L. Burgess, Heather B. Case, R. Alan Burgess, Nicholas E. Dickenson.
Funding acquisition: Nicholas E. Dickenson.

Investigation: Jamie L. Burgess, R. Alan Burgess, Nicholas E. Dickenson.

Methodology: Jamie L. Burgess, Heather B. Case, R. Alan Burgess, Nicholas E. Dickenson.
Project administration: Nicholas E. Dickenson.

Resources: Nicholas E. Dickenson.

Supervision: Nicholas E. Dickenson.

PLOS ONE | https://doi.org/10.1371/journal.pone.0228227  January 24, 2020 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0228227.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0228227.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0228227.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0228227.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0228227.s005
https://doi.org/10.1371/journal.pone.0228227

@ PLOS|ONE

Dominant negative effects by inactive Spa47 mutants inhibit T3SS function and Shigella virulence

Validation: Jamie L. Burgess, Heather B. Case, R. Alan Burgess.

Writing - original draft: Jamie L. Burgess, Heather B. Case, Nicholas E. Dickenson.

Writing - review & editing: Jamie L. Burgess, Heather B. Case, R. Alan Burgess, Nicholas E.

Dickenson.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Burkinshaw BJ, Strynadka NCJ. Assembly and structure of the T3SS. Biochimica Et Biophysica Acta.
2014; 1843(8):1649-63. https://doi.org/10.1016/j.bbamcr.2014.01.035 PMID: 24512838

Carayol N, Tran Van Nhieu G. The inside story of Shigella invasion of intestinal epithelial cells. Cold
Spring Harb Perspect Med. 2013; 3(10):a016717. https://doi.org/10.1101/cshperspect.a016717 PMID:
24086068.

Schroeder GN, Hilbi H. Molecular pathogenesis of Shigella spp.: controlling host cell signaling, invasion,
and death by type Ill secretion. Clin Microbiol Rev. 2008; 21(1):134-56. https://doi.org/10.1128/CMR.
00032-07 PMID: 18202440.

Puhar A, Sansonetti PJ. Type Ill secretion system. Curr Biol. 2014; 24(17):R784-91. https://doi.org/10.
1016/j.cub.2014.07.016 PMID: 25202865.

Ashida H, Mimuro H, Sasakawa C. Shigella manipulates host immune responses by delivering effector
proteins with specific roles. Front Immunol. 2015; 6:219. https://doi.org/10.3389/fimmu.2015.00219
PMID: 25999954.

Enninga J, Mounier J, Sansonetti P, Tran Van Nhieu G. Secretion of type |ll effectors into host cells in
real time. Nat Methods. 2005; 2(12):959-65. https://doi.org/10.1038/nmeth804 PMID: 16299482.

Portaliou AG, Tsolis KC, Loos MS, Zorzini V, Economou A. Type Ill Secretion: Building and Operating a
Remarkable Nanomachine. Trends in Biochemical Sciences. 2016; 41(2):175-89. hitps://doi.org/10.
1016/j.tibs.2015.09.005 PMID: 26520801.

Galan JE, Lara-Tejero M, Marlovits TC, Wagner S. Bacterial type Il secretion systems: specialized
nanomachines for protein delivery into target cells. Annu Rev Microbiol. 2014; 68:415-38. https://doi.
org/10.1146/annurev-micro-092412-155725 PMID: 25002086.

Cossart P, Sansonetti PJ. Bacterial invasion: the paradigms of enteroinvasive pathogens. Science
(New York, NY). 2004; 304(5668):242—8. https://doi.org/10.1126/science.1090124 PMID: 15073367.

Chatterjee S, Chaudhury S, McShan AC, Kaur K, De Guzman RN. Structure and biophysics of type IlI
secretion in bacteria. Biochemistry. 2013; 52(15):2508—17. https://doi.org/10.1021/bi400160a PMID:
23521714

Schroeder GN, Jann NJ, Hilbi H. Intracellular type Il secretion by cytoplasmic Shigella flexneri pro-
motes caspase-1-dependent macrophage cell death. Microbiology. 2007; 153(Pt 9):2862—76. https://
doi.org/10.1099/mic.0.2007/007427-0 PMID: 17768231.

Adam PR, Dickenson NE, Greenwood JC 2nd, Picking WL, Picking WD. Influence of oligomerization
state on the structural properties of invasion plasmid antigen B from Shigella flexneri in the presence
and absence of phospholipid membranes. Proteins. 2014; 82(11):3013-22. https://doi.org/10.1002/

prot.24662 PMID: 25103195.

Dickenson NE, Picking WD. Forster resonance energy transfer (FRET) as a tool for dissecting the
molecular mechanisms for maturation of the Shigella type Ill secretion needle tip complex. Int J Mol Sci.
2012; 13(11):15137-61. https://doi.org/10.3390/ijms 131115137 PMID: 23203116.

Hu B, Morado DR, Margolin W, Rohde JR, Arizmendi O, Picking WL, et al. Visualization of the type Ill secre-
tion sorting platform of Shigella flexneri. Proceedings of the National Academy of Sciences of the United
States of America. 2015; 112(4):1047-52. https://doi.org/10.1073/pnas. 1411610112 PMID: 25583506.

Akeda Y, Galan JE. Chaperone release and unfolding of substrates in type Il secretion. Nature. 2005;
437(7060):911-5. https://doi.org/10.1038/nature03992 PMID: 16208377.

Allison SE, Tuinema BR, Everson ES, Sugiman-Marangos S, Zhang K, Junop MS; et al. Identification
of the docking site between a type Ill secretion system ATPase and a chaperone for effector cargo. J
Biol Chem. 2014; 289(34):23734—44. https://doi.org/10.1074/jbc.M114.578476 PMID: 25035427

Erhardt M, Mertens ME, Fabiani FD, Hughes KT. ATPase-independent type-Ill protein secretion in Sal-
monella enterica. PLoS Genet. 2014; 10(11):e1004800. https://doi.org/10.1371/journal.pgen.1004800
PMID: 25393010.

Minamino T, Morimoto YV, Hara N, Aldridge PD, Namba K. The Bacterial Flagellar Type Il Export Gate
Complex Is a Dual Fuel Engine That Can Use Both H+ and Na+ for Flagellar Protein Export. PLoS
Pathog. 2016; 12(3):e1005495. https://doi.org/10.1371/journal.ppat.1005495 PMID: 26943926.

PLOS ONE | https://doi.org/10.1371/journal.pone.0228227  January 24, 2020 17/19


https://doi.org/10.1016/j.bbamcr.2014.01.035
http://www.ncbi.nlm.nih.gov/pubmed/24512838
https://doi.org/10.1101/cshperspect.a016717
http://www.ncbi.nlm.nih.gov/pubmed/24086068
https://doi.org/10.1128/CMR.00032-07
https://doi.org/10.1128/CMR.00032-07
http://www.ncbi.nlm.nih.gov/pubmed/18202440
https://doi.org/10.1016/j.cub.2014.07.016
https://doi.org/10.1016/j.cub.2014.07.016
http://www.ncbi.nlm.nih.gov/pubmed/25202865
https://doi.org/10.3389/fimmu.2015.00219
http://www.ncbi.nlm.nih.gov/pubmed/25999954
https://doi.org/10.1038/nmeth804
http://www.ncbi.nlm.nih.gov/pubmed/16299482
https://doi.org/10.1016/j.tibs.2015.09.005
https://doi.org/10.1016/j.tibs.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26520801
https://doi.org/10.1146/annurev-micro-092412-155725
https://doi.org/10.1146/annurev-micro-092412-155725
http://www.ncbi.nlm.nih.gov/pubmed/25002086
https://doi.org/10.1126/science.1090124
http://www.ncbi.nlm.nih.gov/pubmed/15073367
https://doi.org/10.1021/bi400160a
http://www.ncbi.nlm.nih.gov/pubmed/23521714
https://doi.org/10.1099/mic.0.2007/007427-0
https://doi.org/10.1099/mic.0.2007/007427-0
http://www.ncbi.nlm.nih.gov/pubmed/17768231
https://doi.org/10.1002/prot.24662
https://doi.org/10.1002/prot.24662
http://www.ncbi.nlm.nih.gov/pubmed/25103195
https://doi.org/10.3390/ijms131115137
http://www.ncbi.nlm.nih.gov/pubmed/23203116
https://doi.org/10.1073/pnas.1411610112
http://www.ncbi.nlm.nih.gov/pubmed/25583506
https://doi.org/10.1038/nature03992
http://www.ncbi.nlm.nih.gov/pubmed/16208377
https://doi.org/10.1074/jbc.M114.578476
http://www.ncbi.nlm.nih.gov/pubmed/25035427
https://doi.org/10.1371/journal.pgen.1004800
http://www.ncbi.nlm.nih.gov/pubmed/25393010
https://doi.org/10.1371/journal.ppat.1005495
http://www.ncbi.nlm.nih.gov/pubmed/26943926
https://doi.org/10.1371/journal.pone.0228227

@ PLOS|ONE

Dominant negative effects by inactive Spa47 mutants inhibit T3SS function and Shigella virulence

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Minamino T, Namba K. Distinct roles of the Flil ATPase and proton motive force in bacterial flagellar pro-
tein export. Nature. 2008; 451(7177):485-8. https://doi.org/10.1038/nature06449 PMID: 18216858.

Wilharm G, Lehmann V, Krauss K, Lehnert B, Richter S, Ruckdeschel K, et al. Yersinia enterocolitica type
Il secretion depends on the proton motive force but not on the flagellar motor components MotA and MotB.
Infect Immun. 2004; 72(7):4004-9. https://doi.org/10.1128/IA1.72.7.4004-4009.2004 PMID: 15213145.

Burgess JL, Burgess RA, Morales Y, Bouvang JM, Johnson SJ, Dickenson NE. Structural and Bio-
chemical Characterization of Spa47 Provides Mechanistic Insight into Type Ill Secretion System
ATPase Activation and Shigella Virulence Regulation. J Biol Chem. 2016; 291(50):25837-52. https://
doi.org/10.1074/jbc.M116.755256 PMID: 27770024.

Burgess JL, Jones HB, Kumar P, Toth RT, Middaugh CR, Antony E, et al. Spa47 is an oligomerization-
activated type three secretion system (T3SS) ATPase from Shigella flexneri. Protein Science: A Publi-
cation of the Protein Society. 2016; 25(5):1037-48. https://doi.org/10.1002/pro.2917 PMID: 26947936.

Blaylock B, Riordan KE, Missiakas DM, Schneewind O. Characterization of the Yersinia enterocolitica
type lll secretion ATPase YscN and its regulator, YscL. Journal of Bacteriology. 2006; 188(10):3525—
34. https://doi.org/10.1128/JB.188.10.3525-3534.2006 PMID: 16672607

Andrade A, Pardo JP, Espinosa N, Pérez-Hernandez G, Gonzalez-Pedrajo B. Enzymatic characteriza-
tion of the enteropathogenic Escherichia coli type Ill secretion ATPase EscN. Archives of Biochemistry
and Biophysics. 2007; 468(1):121—7. https://doi.org/10.1016/j.abb.2007.09.020 PMID: 17964526

Stone CB, Johnson DL, Bulir DC, Gilchrist JD, Mahony JB. Characterization of the putative type llI
secretion ATPase CdsN (Cpn0707) of Chlamydophila pneumoniae. Journal of Bacteriology. 2008; 190
(20):6580-8. https://doi.org/10.1128/JB.00761-08 PMID: 18708502

Akeda Y, Galan JE. Genetic analysis of the Salmonella enterica type |l secretion-associated ATPase
InvC defines discrete functional domains. J Bacteriol. 2004; 186(8):2402—12. https://doi.org/10.1128/
JB.186.8.2402-2412.2004 PMID: 15060043.

Formal SB, Dammin GJ, Labrec EH, Schneider H. Experimental Shigella infections: characteristics of a
fatal infection produced in guinea pigs. Journal of Bacteriology. 1958; 75(5):604—10. PMID: 13538931.

Jouihri N, Sory MP, Page AL, Gounon P, Parsot C, Allaoui A. MxiK and MxiN interact with the Spa47
ATPase and are required for transit of the needle components MxiH and Mxil, but not of Ipa proteins,
through the type Ill secretion apparatus of Shigella flexneri. Mol Microbiol. 2003; 49(3):755-67. https:/
doi.org/10.1046/j.1365-2958.2003.03590.x PMID: 12864857.

Case HB, Mattock DS, Dickenson NE. Shutting Down Shigella Secretion: Characterizing Small Mole-
cule Type Three Secretion System ATPase Inhibitors. Biochemistry. 2018; 57(50):6906—16. https://doi.
org/10.1021/acs.biochem.8b01077 PMID: 30460850.

Case HB, Dickenson NE. MxiN Differentially Regulates Monomeric and Oligomeric Species of the Shi-
gella Type Three Secretion System ATPase Spa47. Biochemistry. 2018; 57(15):2266—77. https://doi.
org/10.1021/acs.biochem.8b00070 PMID: 29595954.

Case HB, Dickenson NE. Kinetic Characterization of the Shigella Type Three Secretion System
ATPase Spa47 Using alpha-(32)P ATP. Bio Protoc. 2018; 8(21). https://doi.org/10.21769/BioProtoc.
3074 PMID: 30474049.

Demler HJ, Case HB, Morales Y, Bernard AR, Johnson SJ, Dickenson NE. Interfacial Amino Acids Sup-
port Spa47 Oligomerization and Shigella Type Three Secretion System Activation. Proteins. 2019.
https://doi.org/10.1002/prot.25754 PMID: 31162724.

Niesel DW, Chambers CE, Stockman SL. Quantitation of HeLa cell monolayer invasion by Shigella and
Salmonella species. J Clin Microbiol. 1985; 22(6):897—-902. PMID: 4066921.

Sansonetti PJ, Ryter A, Clerc P, Maurelli AT, Mounier J. Multiplication of Shigella flexneri within HeLa
cells: lysis of the phagocytic vacuole and plasmid-mediated contact hemolysis. Infection and Immunity.
1986; 51(2):461-9. PMID: 3510976

Parsot C, Ménard R, Gounon P, Sansonetti PJ. Enhanced secretion through the Shigella flexneri Mxi-Spa
translocon leads to assembly of extracellular proteins into macromolecular structures. Molecular Microbiol-
ogy. 1995; 16(2):291-300. https:/doi.org/10.1111/j.1365-2958.1995.t602301.x PMID: 7565091

Kenjale R, Wilson J, Zenk SF, Saurya S, Picking WL, Picking WD, et al. The needle component of the
type Il secreton of Shigella regulates the activity of the secretion apparatus. J Biol Chem. 2005; 280
(52):42929-37. https://doi.org/10.1074/jbc.M508377200 PMID: 16227202.

Bernard AR, Jessop TC, Kumar P, Dickenson NE. Deoxycholate-Enhanced Shigella Virulence Is Regu-
lated by a Rare mr-Helix in the Type Three Secretion System Tip Protein IpaD. Biochemistry. 2017; 56
(49):6503—14. https://doi.org/10.1021/acs.biochem.7b00836 PMID: 29134812.

Chatterjee R, Halder PK, Datta S. Identification and Molecular Characterization of YsaL (Ye3555): A
Novel Negative Regulator of YsaN ATPase in Type Three Secretion System of Enteropathogenic

PLOS ONE | https://doi.org/10.1371/journal.pone.0228227  January 24, 2020 18/19


https://doi.org/10.1038/nature06449
http://www.ncbi.nlm.nih.gov/pubmed/18216858
https://doi.org/10.1128/IAI.72.7.4004-4009.2004
http://www.ncbi.nlm.nih.gov/pubmed/15213145
https://doi.org/10.1074/jbc.M116.755256
https://doi.org/10.1074/jbc.M116.755256
http://www.ncbi.nlm.nih.gov/pubmed/27770024
https://doi.org/10.1002/pro.2917
http://www.ncbi.nlm.nih.gov/pubmed/26947936
https://doi.org/10.1128/JB.188.10.3525-3534.2006
http://www.ncbi.nlm.nih.gov/pubmed/16672607
https://doi.org/10.1016/j.abb.2007.09.020
http://www.ncbi.nlm.nih.gov/pubmed/17964526
https://doi.org/10.1128/JB.00761-08
http://www.ncbi.nlm.nih.gov/pubmed/18708502
https://doi.org/10.1128/JB.186.8.2402-2412.2004
https://doi.org/10.1128/JB.186.8.2402-2412.2004
http://www.ncbi.nlm.nih.gov/pubmed/15060043
http://www.ncbi.nlm.nih.gov/pubmed/13538931
https://doi.org/10.1046/j.1365-2958.2003.03590.x
https://doi.org/10.1046/j.1365-2958.2003.03590.x
http://www.ncbi.nlm.nih.gov/pubmed/12864857
https://doi.org/10.1021/acs.biochem.8b01077
https://doi.org/10.1021/acs.biochem.8b01077
http://www.ncbi.nlm.nih.gov/pubmed/30460850
https://doi.org/10.1021/acs.biochem.8b00070
https://doi.org/10.1021/acs.biochem.8b00070
http://www.ncbi.nlm.nih.gov/pubmed/29595954
https://doi.org/10.21769/BioProtoc.3074
https://doi.org/10.21769/BioProtoc.3074
http://www.ncbi.nlm.nih.gov/pubmed/30474049
https://doi.org/10.1002/prot.25754
http://www.ncbi.nlm.nih.gov/pubmed/31162724
http://www.ncbi.nlm.nih.gov/pubmed/4066921
http://www.ncbi.nlm.nih.gov/pubmed/3510976
https://doi.org/10.1111/j.1365-2958.1995.tb02301.x
http://www.ncbi.nlm.nih.gov/pubmed/7565091
https://doi.org/10.1074/jbc.M508377200
http://www.ncbi.nlm.nih.gov/pubmed/16227202
https://doi.org/10.1021/acs.biochem.7b00836
http://www.ncbi.nlm.nih.gov/pubmed/29134812
https://doi.org/10.1371/journal.pone.0228227

@ PLOS|ONE

Dominant negative effects by inactive Spa47 mutants inhibit T3SS function and Shigella virulence

39.

40.

41.

42,

43.

44,

45.

Bacteria Yersinia enterocolitica. PLoS ONE. 2013; 8(10). https://doi.org/10.1371/journal.pone.0075028
PMID: 24124464.

Pozidis C, Chalkiadaki A, Gomez-Serrano A, Stahlberg H, Brown |, Tampakaki AP, et al. Type Il protein
translocase: HrcN is a peripheral ATPase that is activated by oligomerization. The Journal of Biological
Chemistry. 2003; 278(28):25816—24. https://doi.org/10.1074/jbc.M301903200 PMID: 12734178.

Eichelberg K, Ginocchio CC, Galan JE. Molecular and functional characterization of the Salmonella
typhimurium invasion genes invB and invC: homology of InvC to the FOF1 ATPase family of proteins.
Journal of Bacteriology. 1994; 176(15):4501-10. https://doi.org/10.1128/jb.176.15.4501-4510.1994
PMID: 8045880.

Majewski DD, Worrall LJ, Hong C, Atkinson CE, Vuckovic M, Watanabe N, et al. Cryo-EM structure of
the homohexameric T3SS ATPase-central stalk complex reveals rotary ATPase-like asymmetry.
Nature Communications. 2019; 10. https://doi.org/10.1038/s41467-019-08477-7 PMID: 30733444

Stock D, Leslie AG, Walker JE. Molecular architecture of the rotary motor in ATP synthase. Science.
1999; 286(5445):1700-5. https://doi.org/10.1126/science.286.5445.1700 PMID: 10576729.

Hu B, Lara-Tejero M, Kong Q, Galan JE, Liu J. In Situ Molecular Architecture of the Salmonella Type IlI
Secretion Machine. Cell. 2017; 168(6):1065—-74 e10. https://doi.org/10.1016/j.cell.2017.02.022 PMID:
28283062.

Zhang Y, Lara-Tejero M, Bewersdorf J, Galan JE. Visualization and characterization of individual type
Il protein secretion machines in live bacteria. Proc Natl Acad Sci U S A. 2017; 114(23):6098-103.
https://doi.org/10.1073/pnas.1705823114 PMID: 28533372.

McMurry JL, Murphy JW, Gonzalez-Pedrajo B. The FIiN-FliH interaction mediates localization of flagel-
lar export ATPase Flil to the C ring complex. Biochemistry. 2006; 45(39):11790-8. https://doi.org/10.
1021/bi0605890 PMID: 17002279.

PLOS ONE | https://doi.org/10.1371/journal.pone.0228227  January 24, 2020 19/19


https://doi.org/10.1371/journal.pone.0075028
http://www.ncbi.nlm.nih.gov/pubmed/24124464
https://doi.org/10.1074/jbc.M301903200
http://www.ncbi.nlm.nih.gov/pubmed/12734178
https://doi.org/10.1128/jb.176.15.4501-4510.1994
http://www.ncbi.nlm.nih.gov/pubmed/8045880
https://doi.org/10.1038/s41467-019-08477-7
http://www.ncbi.nlm.nih.gov/pubmed/30733444
https://doi.org/10.1126/science.286.5445.1700
http://www.ncbi.nlm.nih.gov/pubmed/10576729
https://doi.org/10.1016/j.cell.2017.02.022
http://www.ncbi.nlm.nih.gov/pubmed/28283062
https://doi.org/10.1073/pnas.1705823114
http://www.ncbi.nlm.nih.gov/pubmed/28533372
https://doi.org/10.1021/bi0605890
https://doi.org/10.1021/bi0605890
http://www.ncbi.nlm.nih.gov/pubmed/17002279
https://doi.org/10.1371/journal.pone.0228227

