PLOS PATHOGENS

Check for
updates

G OPEN ACCESS

Citation: Knittel VV, Sadana P, Seekircher S, Stolle
A-S, Kérner B, Volk M, et al. (2020) RovC - a novel
type of hexameric transcriptional activator
promoting type VI secretion gene expression.
PLoS Pathog 16(9): €1008552. https://doi.org/
10.1371/journal.ppat.1008552

Editor: Joan Mecsas, Tufts University, UNITED
STATES

Received: April 15, 2020
Accepted: August 1, 2020
Published: September 23, 2020

Copyright: © 2020 Knittel et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files. The SAXS data are deposited in
the Small Angle Scattering Biological Data Bank
(SASBDB) entry SASDHP5. The structural data has
been deposited at the PDB with the PDB-code:
6XZ5.

Funding: This work was supported by the
Helmholtz Association and in part by the Helmholtz
Association Young Investigator Grant VH-NG-727
(to A. S.) and by the President’s Initiative and

RESEARCH ARTICLE

RovC - a novel type of hexameric
transcriptional activator promoting type VI
secretion gene expression

Vanessa Knittel', Pooja Sadana?, Stephanie Seekircher®', Anne-Sophie Stolle3,
Britta Korner3, Marcel Volk'-3, Cy M. Jeffries®*, Dmitri I. Svergun®, Ann Kathrin Heroven’,
Andrea Scrima®?, Petra Dersch '-35+

1 Department of Molecular Infection Biology, Helmholtz Centre for Infection Research, Braunschweig,
Germany, 2 Young Investigator Group Structural Biology of Autophagy, Department of Structure and
Function of Proteins, Helmholtz Centre for Infection Research, Braunschweig, Germany, 3 Institute for
Infectiology, Center for Molecular Biology of Inflammation (ZMBE), University of Miinster, Germany,

4 European Molecular Biology Laboratory, Hamburg Unit, Hamburg, Germany, 5 German Center for
Infection Research, Baunschweig, Germany

* petra.dersch @ uni-muenster.de

Abstract

Type VI secretion systems (T6SSs) are complex macromolecular injection machines which
are widespread in Gram-negative bacteria. They are involved in host-cell interactions and
pathogenesis, required to eliminate competing bacteria, or are important for the adaptation
to environmental stress conditions. Here we identified regulatory elements controlling the
T6SS4 of Yersinia pseudotuberculosis and found a novel type of hexameric transcription
factor, RovC. RovC directly interacts with the T6SS4 promoter region and activates T6SS4
transcription alone or in cooperation with the LysR-type regulator RovM. A higher complexity
of regulation was achieved by the nutrient-responsive global regulator CsrA, which controls
rovC expression on the transcriptional and post-transcriptional level. In summary, our work
unveils a central mechanism in which RovC, a novel key activator, orchestrates the expres-
sion of the T6SS weapons together with a global regulator to deploy the system in response
to the availability of nutrients in the species’ native environment.

Author summary

A unique feature of type VI secretion systems is that several pathogenic bacteria encode
multiple clusters for evolutionary distinct T6SSs, which presumably play a different role
in their lifestyle. Some are necessary during infection for full virulence towards mamma-
lian hosts, whereas others are needed for resistance to a broad range of adverse stresses
and/or interbacterial competition in multibacterial communities by delivering bacterio-
lytic effectors into competing bacterial cells. Here we provide new insights into the control
factors and regulatory circuits involved in a T6SS of Yersinia, which is activated under cer-
tain conditions to promote persistence and interbacterial competition in encountered
host or environmental niches. Specifically, we identified a novel type of transcriptional
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activator that is able to induce T6SS expression. Based on the complex regulatory network,
which fine-tunes its expression, it appears that this regulatory device has evolved as a
switch that allows the rapid production of the T6SS apparatus only whenever it is needed
during their environmental and host-associated lifestyle.

Introduction

The type VI secretion system (T6SS) is a complex, versatile multiprotein nanomachine, which
is dedicated to the delivery of toxic effectors into prokaryotic and eukaryotic cells. Depending
on the bacterial species and their ecological niche, it thus participates in inter- and intrabacter-
ial competition as well as bacterial pathogenesis [1, 2, 3]. The T6SS is widespread in about 25%
of sequenced Gram-negative bacteria and forms an injection apparatus resembling the con-
tractile tail of T4 bacteriophages [1, 4, 5, 6, 7]. The core components of the apparatus are usu-
ally encoded by a single gene cluster on the bacterial chromosome [7, 8, 9, 10], and include: (I)
a tail tube formed by Hcp hexamers with (II) a spike-like tip of PAAR and VgrG proteins, (III)
the TssBC/VipAB sheath, (IV) the TssJLM membrane complex, spanning the inner and outer
membrane, and (V) the baseplate comprising the TssAEFGK proteins [4, 11, 12, 13]. Upon tar-
get cell contact, the sheath contracts and the effector-decorated tip complex is propelled out-
wards with the tail tube to pierce the target cell membrane and inject the toxic effector
proteins [1, 13]. Bacteria predominantly use their T6SSs to eradicate competitors, although
some eukaryotic targets are also known; e.g. V. cholerae exerts its T6SS-mediated toxicity
towards amoebae and macrophages, and Serratia marcescens against fungi such as Candida
albicans [3].

Numerous T6SS-positive bacteria contain not only one but several (up to seven) distinct
copies of T6SS gene clusters [7, 10]. It is assumed that this multiplicity corresponds to specific
roles and functions for defined niches in the lifestyles of the bacteria [1, 14]. Multiple T6SS
gene clusters were also identified in human pathogenic Yersinia species. The closely related
Yersinia species, Y. pestis, the causative agent of plague and Y. pseudotuberculosis, an enteric
pathogen, which causes a range of gut-associated diseases (Yersiniosis) encode 4-6 conserved
clusters of which one is smaller and most likely represents a partial cluster [9, 15]. A phyloge-
netic analysis revealed three different types of T6SS in Y. pseudotuberculosis. Two copies
(T6SS3, T65S4) show strong homology to T6SSs that are implicated in inter-/intrabacterial
competition. Another (T6SS1) resembles the T6SS of Vibrio cholerae shown to have cytotoxic
effects against unicellular organisms/protists and macrophages, whereas the function of the
fourth type (T6SS2) is still unknown [15]. The individual function of the different system types
is far from being understood, and their potential role and need for the adaptation to distinct
environments and host niches is still unclear. Initial studies analyzing the expression control
of the systems revealed multiple different, common as well as specific regulatory cues that
ensure their appropriate expression [1, 4].

Because the assembly, contraction, (dis)assembly cycle of a functional T6SS organelle is
energetically highly costly, it is not surprising that in most pathogenic strains, including those
of Y. pseudotuberculosis, the T6SS gene clusters are silent or only weakly expressed under stan-
dard laboratory growth conditions but respond to certain environmental or in-host conditions
[4, 16]. Most research, however, has been devoted to the T6554 cluster (Fig 1A), which is
important for bacterial survival under acidic stress conditions. Several minor and major regu-
lators implicated in virulence and stress regulation and different environmental parameters
have been identified to trigger its expression. T65S4 is preferentially expressed at moderate
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Fig 1. CsrA represses the expression of the T6SS4 gene cluster through regulation of rovC. (A) Schematic representation of
the T6SS4 gene cluster of Y. pseudotuberculosis. The cluster (composed of 16 genes YPK_3550 to YPK_3566), encompassing a size
of 23.6 kb is indicated with white arrows representing the tested T65S4 genes. The rovC gene is found directly downstream of this
cluster oriented in the opposite direction and is given by a blue arrow. The independently controlled up- and downstream genes
are indicated in grey and black. (B) A qRT-PCR was performed with total RNA isolated from Y. pseudotuberculosis strain YPIII
(wildtype) and the isogenic AcsrA mutant (YP53) with primer pairs specific for selected genes of the T6SS4 operon and genes
upstream and downstream of the cluster. Gene expression levels were normalized to the sopB reference transcript according to
Pfaffl 2001 [70] and log2 fold changes of AcsrA to wildtype were determined. The data represent the mean + standard deviation of
three independent experiments carried out in duplicate. Data were analyzed by one-way ANOVA, followed by Tukey’s test;

*P < 0.0332, **P < 0.0021 (C) p-galactosidase activity (umol/mgmin) expressed by a translational T6SS4’-‘lacZ reporter fusion
(pSSE64) was monitored in the wildtype strain YPIII and the AcsrA mutant strain YP53 (AcsrA) harboring the empty vector
PAKHS5 (pV) and the csrA™ plasmid pAKH56 (pesrA™) grown over night for 16 h at 25°C in LB medium. The data represent the
mean + standard deviation of three independent experiments, carried out in triplicates. Data were analyzed by Student’s t-test;
****P < 0.0001; *P < 0.05. (D) To analyze the role of rovC in T6SS4 regulation, expression of a translational T6SS4’-‘lacZ reporter
fusion (pSSE64) was measured in the Y. pseudotuberculosis wildtype (YPIII), the AcsrA mutant (YP53), the ArovC mutant
(YP148) and the AcsrA/ArovC double mutant (YP318). B-galactosidase activity (umol/mg min) was measured of strains grown
over night for 16 h at 25°C in LB medium. The data represent the mean + standard deviation of three independent experiments,
carried out in triplicates. Data were analyzed by Student’s t-test; ****P < 0.0001.

https://doi.org/10.1371/journal.ppat.1008552.g001

temperature during stationary phase and is subjected to quorum sensing regulation by the
Ypsl and YtblI synthases [17, 18]. It was further shown to be directly activated by the two-com-
ponent system EnvZ/OmpR, which is responsive to osmotic, acidic and cell envelope stress
[19, 20]. More recently, it was also documented that the T6SS4 cluster is part of the oxidative
stress response and linked to Zn** ion acquisition, both important during pathogenesis. The
oxidative stress regulator OxyR, the Zn>*-responsive regulator ZntR, as well as the oxidative
stress-induced alternative sigma factor RpoS control T65S4 expression [21, 22, 23]. Moreover,
RovM, a LysR-type regulator, was shown to directly activate T65S4 gene transcription by bind-
ing upstream of the T6554 promoter. RovM regulates important virulence genes, which con-
tribute to host cell invasion and tissue colonization and its expression is controlled by a
complex regulatory cascade which involves the carbon storage regulator (Csr) system [24, 25,
26]. This global post-transcriptional Csr system is composed of the RNA-binding protein
CsrA and two antagonizing non-coding RNAs CsrB and CsrC [24, 27]. CsrA controls the
expression of diverse bacterial cell functions, including virulence and stress resistance. It
mostly acts by binding to GGA-motifs of its target transcripts which are part of the ribosome
binding site (RBS) [28, 29, 30, 31].

In the present work, we discovered an additional, novel transcriptional activator—named
RovC—of the T6554 gene cluster. Expression of the rovC gene is tightly regulated by the global
nutrient-responsive regulator CsrA, and induction of its synthesis is essential for the transcrip-
tional activation of the secretion system genes, independently of RovM. RovC is a transcrip-
tional regulator that strongly induces expression of the T6SS4 at moderate temperatures in
stationary growth phase. It folds into a novel hexameric structure with surface-exposed DNA-
binding sites, which directly interact with an extended sequence in the T6SS4 promoter
region.

Results

Identification of a CsrA-controlled activator of the T6554 secretion system
in Y. pseudotuberculosis

In a previous study, we addressed the link between metabolism and virulence, and studied the
influence of the carbon storage regulator protein CsrA on the expression of fitness- and viru-
lence-relevant genes of Y. pseudotuberculosis [32]. Transcriptional profiling of the wildtype
and a AcsrA mutant revealed that all genes belonging to the T6554 cluster (YPK_3549 to
YPK_3566, Fig 1A), which are transcribed from a single promoter, were upregulated in the
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csrA deficient strain. Especially, the transcript of YPK_3563, encoding Hcp was 8.71-fold more
abundant in the AcsrA mutant strain in comparison to wildtype [32]. A comparative expres-
sion analysis of three different genes (YPK_3552, YPK_3559, YPK_3566) of the T6554 cluster
using qRT-PCR revealed that all genes of the cluster are strongly upregulated in the absence of
CsrA compared to wildtype YPIII, whereas genes upstream (YPK_3568) and downstream
(YPK_3548) of the T6SS4 operon were not influenced (Fig 1B). However, gene YPK_3567
encoding a hypothetical protein of 247 amino acids in the opposite direction immediately
upstream of the T6SS4 gene cluster was also highly upregulated in the AcsrA mutant compared
to wildtype YPIII (Fig 1B). This implied that the T65S4 gene cluster and the adjacent factor
YPK_3567 are novel CsrA targets and we speculated that YPK_3567 could be involved in
T6SS4 regulation due to its close proximity to the genetic locus of T6554.

To further validate the influence of CsrA and YPK_3567 on the expression of the T6554
gene cluster, we tested expression of a translational T6SS4’-lacZ (YPK_3566’-’lacZ) reporter
gene fusion in the Y. pseudotuberculosis wildtype strain YPIII and its isogenic AcsrA mutant.
The reporter was only very weakly expressed under standard laboratory growth conditions in
the wildtype. However, its expression was significantly induced in the csrA deficient strain,
and this effect could be complemented by the introduction of a csrA™ expression plasmid (Fig
1C). Expression of the T6S54’-‘lacZ fusion was also monitored in a AYPK_3567 and
AYPK 3567 AcsrA mutant. Strikingly, no induction of the T6SS4’-‘lacZ fusion was observed in
the absence of the YPK_3567 gene (Fig 1D). This indicated that CsrA represses expression of
the T6SS4 operon through a novel regulator encoded by YPK_3567, which acts as an activator
of the T6SS4 operon. Based on the regulatory functions and properties of this novel factor, this
regulator was named RovC (regulator of virulence interconnected with the Csr system).

RovC is a novel activator of T6SS gene expression

Next, we validated whether RovC is required for the activation of T6554 gene expression. To
do so, RNA was isolated from the Y. pseudotuberculosis wildtype strain YPIII and the ArovC
mutant and a qRT-PCR analysis was performed to monitor the transcript levels of three differ-
ent genes of the T6SS4 operon (YPK_3552, YPK_3559, YPK_3566), and a control transcript
encoded by a gene (YPK_3548) in the close vicinity of the T65S4 gene cluster (Figs 1A and
2A). The abundance of the transcripts of all tested T65S4 components was significantly
reduced in the absence of RovC, whereas the unrelated YPK_3548 transcript was not affected,
suggesting that RovC is a positive regulator specific for the T6SS4 operon (Fig 2A). Influence
of RovC on T6554 gene expression was further analyzed by monitoring the expression of the
T6SS4’-’lacZ tusion in the wildtype and the ArovC mutant (Fig 2B). Overall expression of the
reporter was completely repressed in the absence of RovC. On the contrary, introduction of a
rovC" midi-copy plasmid in which the rovC gene is expressed under control of its own pro-
moter leads to a strong induction of the T6554’-’lacZ fusion in both strains (Fig 2B). Taken
together, these results strongly suggest that RovC is a novel regulator that is essential for T6554
induction.

As the functionality of T6SSs can be determined by the ability to export the Hep protein
into the supernatant [33], we also assessed RovC-dependent secretion of a chromosomally-
encoded FLAG;-tagged Hep by T6S54 in the wildtype, the AcsrA mutant, or the rovC overex-
pression strain. As shown in Fig 2C, FLAG;-tagged Hcp was only detectable in the supernatant
when RovC production was induced or the csrA gene was deleted. In agreement with previous
results, a considerably lower amount of FLAG;-tagged Hcp was found in pelleted wildtype
cells in the absence of the rovC" plasmid and with wildtype levels of CsrA, and no Hcp protein
was detectable in the supernatant. Absence of the cytosolic protein GAPDH in the
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Fig 2. RovC activates expression of the T65S4 operon. (A) RT-PCR analysis of selected genes of the T6SS4 cluster region was performed
with total RNA isolated from at least three independent cultures of Y. pseudotuberculosis wildtype (YPIII) and the ArovC mutant strain
(YP148). Expression levels were normalized to the sopB reference transcript according to Pfaffl 2001 [70] and are given as relative expression
of the respective gene in relation to sopB. Data are given as means + standard deviation and were analyzed by Student’s t test. Asterisks
indicate the results that differed significantly with ** P < 0.01, * P < 0.05, n.s. = not significant. (B) B-galactosidase activity (umol/mgmin)
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of a translational T6SS4’-lacZ reporter fusion (pSSE64) was monitored in Y. pseudotuberculosis wildtype (YPIII) and the ArovC mutant
(YP148) harboring the empty vector pACYC184 (pV) or the rovC" plasmid pSSE11 (provC") grown over night at 25°C. The data represent
the mean =+ standard deviation of three independent experiments, carried out in triplicates. Data were analyzed by Student’s t-test;

P < 0.0001; ***P < 0.001. (C) Expression and secretion of the T6554 tube protein Hcp was analyzed with Y. pseudotuberculosis YPIII
(wt), YP53 (AcsrA), YPIII pBAD30 (pV) and YPIII pVK25 (pPgap::rovC*) harboring a chromosomally-encoded gene for the N-terminal 3x
FLAG-tagged Hcp protein. Strains were grown in LB at 25°C +/- 0.1% arabinose and whole cell extracts and supernatant samples were
prepared, separated on 15% polyacrylamide gels and 3x-FLAG-Hcp and GAPDH were detected by western blotting using a monoclonal o
FLAG and polyclonal GAPDH antibody. A representative image of three independent experiments is shown. (D) T6SS4-activity in Y.
pseudotuberculosis strains YP412 (clpV-gfp) or YP417 (clpV-gfp, AcsrA) grown in LB at 25°C was monitored by the identification and
location of the T6SS4-associated ClpV-GFP protein using fluorescence microscopy. Cultures were grown in LB to reach an ODgg 0f 2.5 in
LB. A representative image of three independent experiments is shown. The scale bar represents 10 pm.

https://doi.org/10.1371/journal.ppat.1008552.9002

supernatants further demonstrated that the bacterial cells remained intact. This indicates that
synthesis of the T6SS4 components is low under standard growth conditions but can be trig-
gered by induction of rovC expression from a plasmid or by the deletion of csrA. In addition,
we confirmed functionality of the T6SS4 by microscopy (Fig 2D).

A functional and dynamic T6SS can be visualized by fusion of a fluorescent protein to one
of the T6SS components. For instance, a contracted sheath, which is disassembled by the pro-
tease ClpV, can be detected by a ClpV-GFP reporter fusion as foci at the locus where a T6SS
apparatus is disassembled [34]. To detect functional T6SS4, we constructed reporter strains of
the wildtype (YP412) and the RovC-overexpressing AcsrA mutant (YP417) with a chromosom-
ally-encoded clp V16ss4-gfp fusion and perfomed fluorescence microscopy. We could locate the
ClpVressa-GFP protein in focal points, as expected for a functional T6SS4, in the Hcp-secret-
ing rovC-overexpressing and AcsrA mutant strain, but not in the wildtype (Fig 2D). Taken
together, this showed that rovC gene activation results in the expression of the T6554 locus
and its functional, dynamic assembly (Figs 1 and 2).

RovC interacts with the T6SS4 promoter

In order to obtain additional information regarding the potential function of RovC, we per-
formed a BLASTp analysis of the 247 amino acid sequence of RovC of Y. pseudotuberculosis
(Uniprot ID—AO0AOH3B5N9) against the non-redundant protein databases. While no signifi-
cant homology to proteins or protein domains with known function was detected using
BLASTYp, the tertiary/secondary structure prediction programs Phyre2 [35] and JPred [36] pre-
dicted a putative DNA-binding domain in the C-terminal region of RovC (185-247 aa) that
folds into a helix-turn-helix motif.

Based on this prediction, we purified RovC (S1A Fig) and tested whether it is able to specif-
ically interact with the T6SS4 promoter to activate its expression. For this purpose, DNA frag-
ments (I, IL, IIT) harboring different portions of the T6SS4 promoter region (Fig 3A) were
incubated with increasing concentrations of the purified RovC protein. As shown in Fig 3B,
RovC was able to specifically bind and form RovC-DNA complexes with DNA fragments har-
boring the intergenic region between the transcriptional start sites of the T6SS4 operon and
the rovC gene. To determine the precise binding sequence, we performed DNase I footprinting
assays and found that RovC binds to a 39 bp sequence with a palindromic sequence immedi-
ately upstream of the -35 region of the T6554 promoter (Fig 3C).

RovC is a novel hexameric DNA-binding protein

To gain a better insight into the structure and function of this novel DNA-binding protein, we
determined its crystal structure to 2.3 A resolution (Fig 4A, S1B Fig, S1 Table). RovC consists
of two distinct domains. The C-terminal domain (181-247, pink) is formed by five o-helices
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Fig 3. RovC specifically binds to the T65SS4 promoter region. (A) Schematic representation of the T65S4 and rovC upstream region. The fragments
harboring varying lengths of the upstream region used for the RovC-DNA binding analysis are shown below the fragment and are labeled with roman
numbers (I to III). The RovC binding region is marked in red (dashed line) and the transcriptional start sites of the T6SS4 operon and the rovC gene are
indicated with +1 and a broken arrow. The -10 and -35 regions of the T6SS4 promoter are indicated. Primers for amplification of the fragments are
indicated by arrows. (B) DNA binding analysis with purified RovC protein. 130 fmol of DNA were incubated with increasing amounts of hexameric RovC
protein (0-162 nM) for 30 min at room temperature. A csiD DNA fragment from E. coli was used as negative control. (C) DNase I footprinting assay to
identify the RovC binding site using the rovC" plasmid pSSE11 as template. The protected region is indicated on the right and is indicated in a schematic
representation as a red line. RovC binds to the T6SS4 promoter in a region approximately -70 to -32 bp upstream of the T65S4 transcriptional start site (+1).
T6SS4 DNA and a sequencing reaction were amplified with a DIG-labeled primer. T6SS4 DNA was incubated with increasing concentrations of RovC
protein (0-900 nM) for 30 min at room temperature and was subsequently digested with an appropriate concentration of DNase I for 30 sec. The DNA-
protein samples and the sequencing reaction were separated on a 6% urea gel, transferred onto a nylon membrane and visualized with a digoxigenin
antibody.

https://doi.org/10.1371/journal.ppat.1008552.9003

which fold into a helix-turn-helix motif, as predicted. The N-terminal domain comprises
amino acids 1-136 (orange) and a central region (gray). Amino acids 1-136 fold into four o-
helices and a mixed B-sheet with four B-strands. While a secondary structure can be assigned
to the central region (gray) that forms an elongated stretch of amino acids, an unambiguous
assignment of individual amino acids to this elongated stretch (gray) was not possible due to
ill-defined electron density and flexible/unstructured loops which connect it to the rest of the
protein. But despite the ill-defined density in the central region, we could confidently assign
this stretch to the N-terminal domain of RovC.

Size exclusion chromatography followed by multi-angle laser light scattering (SEC-MALS)
further revealed that RovC assembles into a stable complex with a molecular weight of approx.
173 kDa, corresponding to a RovC-hexamer in solution (S1C Fig, S2 Table). The asymmetric
unit of crystallized RovC contains one molecule. However, extending the crystal lattice by gen-
erating the crystallographic symmetry-related RovC molecules reveals a hexameric ring-
shaped structure composed of three RovC dimers (interface between monomers: interface I)
in which the interface between the dimers (interface II) is formed solely by the N-terminal
domain (Fig 4B and 4C, S3 Fig). The hexameric ring-shaped assembly is maintained in solu-
tion, confirmed by small angle X-ray scattering (SAXS; see Supplementary Information and
the Small Angle Scattering Biological Data Bank, SASBDB [37], entry SASDHP5) (Fig 4D, S2
and S3 Tables).

To confirm the multimeric structure and to characterize the DNA-binding mode of the
protein, we performed a structure-guided mutational analysis of RovC. Mutations were intro-
duced that (i) disrupt the identified dimeric interface (A237E, G242E in the dimer interface
region of residues 231-246), (ii) disrupt the ring-shaped hexamer (I150P, I150P/Y151P in the
147-151 B-strand forming the interface in the ring-shaped hexamer) and (iii) are located on
the outer surface of the hexameric ring and are not supposed to destabilize the ring-shaped
hexamer (S219E/A220E) (Fig 4B and 4C, S3 Fig). To analyze the effect of these mutations on
the oligomeric state, SEC-MALS was performed. Molecular mass calculation showed that the
RovC S219E/A220E mutant forms a soluble and stable hexamer (169 kDa), whereas the RovC
1150P, 1150P/Y151P, A237E and G242E mutant proteins resulted in insoluble proteins or
unstable hexamers, further validating the ring-shaped model of RovC (S2 Table).

To identify the DNA-binding domain of RovC, the electrostatic potential, calculated by
Pymol was plotted on the surface of the RovC hexamer [38]. One extended basic patch
(formed by a RovC dimer) was identified on the outer surface of the ring mainly formed by
residues 225-240 present on the helix-turn-helix motif which is likely to be involved in the
interaction with the negatively charged DNA backbone (Fig 5A). A comparative sequence
analysis identified hypothetical proteins of different Gram-negative bacteria in the NCBI data-
base that share >44% sequence identity with RovC (S4 Fig). In particular, the C-terminal
region (residues 219-240 of RovC) that overlaps with the basic patch is highly conserved,

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008552 September 23, 2020 9/37


https://doi.org/10.1371/journal.ppat.1008552.g003
https://doi.org/10.1371/journal.ppat.1008552

PLOS PATHOGENS Transcriptional activator of type VI secretion in Yersinia

§~12 nm

Fig 4. RovC forms a hexameric ring-shaped protein. (A) Crystal structure of RovC with domain boundaries (top) and
cartoon representation of RovC (below). The N-terminal domain is illustrated in orange and gray, and the C-terminal
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domain in pink. An elongated stretch of amino acids (gray) folds into a secondary structure, which we can confidently
assign to the central region (aa 137-180) of RovC. An unambiguous assignment of individual amino acids to this section
was however not possible due to ill-defined electron density. This stretch has been assigned to position 145-170 based on
secondary structure prediction. Flexible/unstructured loops are shown as black dotted lines. (B) Structure of the RovC
dimer subunit in two orientations. The two protomers are shown in blue and cyan. The box depicts the position of the
mutant A237E/G242E in interface (i). (C) Hexameric ring of RovC in two orientations. The hexameric ring has been
generated by applying crystallographic symmetry on the monomeric RovC structure and is composed of three RovC
dimers (colors of one dimer as in B, the other two RovC dimers are shown in darker tones of blue and green). The boxes
depict the position of the mutants I150P and 1150P/Y151P in interface (ii). (D) SAXS modelling. Individual ab initio
model derived from DAMMIN (red spheres) spatially superimposed with the hexameric RovC-ring derived from the X-
ray crystal structure (green). Orientations are as in C.

https://doi.org/10.1371/journal.ppat.1008552.9004

giving rise to the notion that these proteins are likely to adopt a similar fold and possess com-
parable DNA-binding function.

To study the role of the extended basic patch for DNA-binding, site-directed mutagenesis
of the basic and solvent-exposed residues of this region (R225E, R202E), residues in the vicin-
ity (S219E/A220E) or outside this region (K175E, K163E, K211E/K215E) was performed. The
resulting mutant proteins were expressed in Y. pseudotuberculosis YPIII and their ability to
induce the expression of the translational T6SS4’-‘lacZ fusion was tested (Fig 5A). All RovC
variants with amino acid substitutions within or close to the basic patch were unable to induce
expression of the T6SS4’-‘lacZ fusion. To confirm this result, we purified the non-inducing
variants R225E, R202E and the inducing K175E as positive control to test their DNA-binding
ability. Prior to examining the DNA binding activity of mutants, MALS was performed to
ensure that the R225E and R202E mutations did not affect the hexameric state of the protein.
Both non-inducing mutants form hexamers in solution (S2 Table). DNA binding assays fur-
ther revealed that the R225E and R202E substitution completely abolished the DNA-binding
activity of RovC, while the DNA-binding activity of the inducing K175E mutant remained
unaffected (Fig 5B). This strongly indicated that the DNA-binding region resides within the
conserved basic patch of RovC.

Analysis of rovC expression

Previous results in this study demonstrated that expression of rovC is tightly controlled and
repressed under standard growth conditions. As environmental parameters, such as tempera-
ture changes and nutrient depletion are crucial signals in the control of Yersinia virulence
gene expression, we first asked whether changes in these parameters influence rovC mRNA
levels. Expression analysis of a translational rovC’-‘lacZ fusion and northern blot experiments
using a rovC specific probe revealed that rovC expression is mostly favored at 25°C during sta-
tionary phase (S5A and S5B Fig). This indicates that observed upregulation of the T6554 tran-
scription under these conditions (S5C Fig; [17, 19]) occurs through upregulation of RovC. As
negative feedback-loops are often used as control elements to limit unfavored expression of
transcriptional regulators, we also monitored whether RovC is able to control its own tran-
scription. For this, the activity of a rovC’-lacZ fusion was assessed in the Y. pseudotuberculosis
wildtype and the isogenic ArovC mutant, but no difference was observed, demonstrating that
rovC is not autoregulated on the transcriptional level (S5D Fig).

Dual-level control of rovC transcription and transcript stability by CsrA

As the RovC activator protein was identified as a factor that is strongly upregulated in the
absence of CsrA (Fig 1B), we further investigated how rovC expression is influenced by and
linked with the Csr system and other regulators (e.g. RovM), which are part of the Csr regula-
tory network in Y. pseudotuberculosis.
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Fig 5. DNA-binding of RovC is required for induction of the T6SS4 operon. (A) Expression of a translational T6SS4’-‘lacZ reporter fusion (pSSE64) was
measured in Y. pseudotuberculosis wild-type strain YPIII. YPIII was transformed with the empty vector pZA24 (pV) and complemented with the arabinose-
inducible rovC" overexpression plasmids pVK46 (provC"), pVK47 (provC* K163E), pVK48 (provC* K175E), pVK49 (provC* K211E/K215E), pVK50 (provC*
R202E), pVK51 (provC* R225E) and pVK52 (provC* S219E/A220E). Strains were grown over night for 12 h at 25°C in LB medium. Expression of the P,,,
promoter was induced by addition of 0.1% arabinose and B-galactosidase activity (umol/mgmin) was measured after 4 h (left upper panel). The data represent
the mean + standard deviation of two independent experiments, carried out in triplicates. Data were analyzed by the Student’s t-test; **** P < 0.0001, ***

P < 0.001; n.s.: not significant) (top). Western blot to monitor the amount of synthesized RovC protein. Whole cell extracts were prepared from overnight
cultures grown for 16 h at 25°C in LB medium, separated on 15% SDS gels and transferred onto a PVDF membrane. Proteins were detected by immunoblotting
with a polyclonal antibody directed against RovC. An unspecifically detected protein band was used as loading control (c) and the ArovC mutant strain served as
negative control (left lower panel). Electropotential surface analysis of RovC hexamer is shown on the right (right panel) in two orientations. Potentials between
-69.553 kT/e (red) and + 69.553 kT/e (blue) are color-coded. The positions of mutants used in the in vivo induction analysis (A, left panel) and in vitro DNA-
binding analysis by EMSA (B) are marked. (B) EMSAs with purified wild-type and different mutant variants (RovC K175E, RovC R202E and RovC R225E). 130
fmol of DNA were incubated with increasing amounts of the different hexameric RovC proteins (0-81 nM) for 30 min at room temperature. A c¢siD DNA
fragment (c) from E. coli was used as negative control.

https://doi.org/10.1371/journal.ppat.1008552.9005

First, we examined the influence of CsrA on the abundance of the rovC mRNA. Northern
blot and primer extension analysis demonstrated that rovC expression is repressed in the pres-
ence of the CsrA protein, i.e. rovC transcripts were not detectable in the wildtype. In contrast,
high rovC mRNA levels were monitored in the AcsrA mutant strain, whereby introduction of a
csrA™ plasmid restored repression of rovC (Fig 6A and 6B). To define the underlying molecu-
lar mechanism, we first tested the influence of CsrA on rovC transcription. For this purpose,
we performed a primer extension analysis and determined the transcriptional start site at posi-
tion -39 nt relative to the translational start (Fig 6B). Next, we tested a rovC-lacZ reporter
fusion harboring the rovC regulatory region to position -579 relative to the identified tran-
scriptional start site and found the rovC was significantly more expressed in the absence of
CsrA, and this effect could be also complemented by a csrA™ plasmid (Fig 6C). To verify this
result, we tested expression of rovC and were able to detect significant amounts of the RovC
protein in the AcsrA mutant, but no protein was observed in the wildtype strain (Fig 6D). In
summary, this demonstrated that CsrA inhibits rovC transcription. As CsrA is a post-tran-
scriptional RNA-binding regulator, observed CsrA-dependent repression of rovC transcrip-
tion seems to be indirect.

The strong influence of CsrA on rovC transcript and RovC protein levels prompted us to
determine whether CsrA also influences RovC synthesis directly on a post-transcriptional
level. For this purpose, the rovC gene was expressed under the control of the Pyap promoter
(Pgap:rovC*) to exclude CsrA influence on rovC transcription in the ArovC or the ArovC/
AcsrA mutant. Surprisingly, our western blot analysis revealed that the amount of the RovC
protein is significantly reduced in absence of CsrA (Fig 7A). This influence was confirmed by
monitoring the expression of a translational rovC"-lacZ fusion harboring the complete rovC
5-UTR (-39 to +1 relative to the transcriptional start site) and the first 17 amino acids of rovC
fused to the lacZ gene under the control of the Py promoter (Fig 7B). This indicated that
CsrA, which mainly represses RovC synthesis on the transcriptional level, counteracts this
activity to some extent on the post-transcriptional level.

To determine whether the positive effect on RovC synthesis is direct and occurs through
the interaction of the CsrA molecule with the rovC transcript, we first inspected the rovC tran-
script for potential CsrA binding sites. CsrA homodimers preferentially interact with GGA
motifs in single-stranded loop-regions of hairpin structures. Most CsrA RNA targets harbor
two GGA-containing stem-loops that are separated by 10-63 nucleotides in the 5’-untrans-
lated region (5-UTR) [39, 40, 41, 42]. Two potential GGA-containing CsrA binding motifs
were found within the 5-’UTR of rovC. One GGA motif is located close to the transcriptional
start site (TSS) (+ 9 nt relative to the TSS), a second GGA motif is located within the ribosomal
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Fig 6. CsrA represses transcription of rovC. (A) Comparison of the rovC mRNA transcript levels in the Y. pseudotuberculosis wild-type (YPIII) and the csrA
mutant strain (YP53) by northern blotting. Both strains were transformed with the empty vector pAKH85 (pV) or with the overexpression csrA* plasmid
PAKHS56 (pcsrA™). Strains were grown in LB medium at 25°C to stationary phase. Total RNA was prepared, separated on 0.7% MOPS agarose gels, transferred to
a nylon-membrane and probed with a digoxigenin (DIG)-labeled rovC fragment. 16S and 23S rRNAs were used as loading controls. (B) Primer extension to
determine the transcriptional start site of rovC. RNA was prepared from the Y. pseudotuberculosis strain YPIII and the AcsrA mutant strain. 20 pug of RNA and a
DIG-labeled primer specific for the rovC coding region were used for the primer extension. The sequencing reaction amplified with the identical rovC primer is
shown on the left. The rovC transcription start site is indicated by an arrow and the nucleotide sequence of the TSS is given on the left. (C) Expression of a
transcriptional rovC-lacZ reporter fusion (pAKH189) was monitored in the YPIII and in the AcsrA strain. Both strains were transformed with the empty vector
PAKHSS5 (pV) or the csrA* plasmid pAKH56 (pesrA™). B-galactosidase activity (umol/mg'min) was measured after strains were grown over night for 16 hat 25°C
in LB medium. The data represent the mean * standard deviation of two independent experiments, carried out in triplicates. Data were analyzed by the Student’s
t test; “*** P < 0.0001. (D) Comparative analysis of RovC protein levels. Samples were prepared from the wild-type, the AcsrA and the ArovC mutant. Whole cell
extracts were prepared from overnight cultures grown at 25°C in LB medium, separated on 15% polyacrylamide gels and transferred onto a PVDF membrane.
Proteins were detected by immunoblotting with a polyclonal antibody directed against RovC or H-NS.

https://doi.org/10.1371/journal.ppat.1008552.9006
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Fig 7. CsrA directly interacts with the rovC transcript. (A) RovC protein amounts were monitored in the Y. pseudotuberculosis ArovC strain (YP154) and the AcsrA/
ArovC double mutant (YP318). Both strains were transformed with the empty vector pBAD30 (pV) or the inducible rovC" overexpression plasmid pVK25 (pBAD::
rovC"). The promoter was induced by addition of 0.1% arabinose. Whole cell extracts were prepared from strains grown overnight at 25°C, separated on 15% SDS gels
and transferred onto a PVDF membrane. Proteins were detected by immunoblotting using a polyclonal RovC antibody. The ArovC mutant strain served as negative
control and a detected unspecific band was used as loading control. (B) Expression of a translational rovC-‘lacZ reporter fusion (pVK43) was monitored in the Y.
pseudotuberculosis wild type strain (YPIII) and the AcsrA mutant (YP53). Both strains were transformed with the empty vector pAKH85 (pV) or complemented with
the csrA™ plasmid pAKH56 (pcsrA™). B-galactosidase activity (umol/mgmin) was measured in strains grown over night at 25°C. The data represent the

mean * standard deviation of three independent experiments, carried out in triplicates. Data were analyzed by Student’s t-test; ****P < 0.0001. (C) Schematic
representation of the in vitro transcribed rovC mRNA fragments. The three GGA-motifs within the RNA fragments are highlighted in blue, the transcriptional start site
is labeled with +1 and the end of the fragment with +77. The RBS and start of the rovC coding sequence are underlined. Fragments containing varying length of the
rovC mRNA are labeled with roman numerals ranging from I to V. All substitutions of GGA-motifs within the fragments are indicated as ‘uuc’. The fragments range
from +1 to +77 or from +1 to +71; they are depicted by grey lines below the rovC mRNA sequence. (D) EMSAs with RNA fragments I to V show direct binding of the
CsrA protein to the rovC transcript. The hns transcript was used as negative control. The RNAs were incubated with increasing concentrations of purified CsrA
ranging from 0 to 50 nM (I—IV) or 0 to 250 nM (V).

https://doi.org/10.1371/journal.ppat.1008552.9007

binding site (RBS) (+ 30 nt relative to the TSS). A third putative binding motif is located in the
coding region (+ 32 nt relative to the start codon) (Fig 7C).

To test the interaction of CsrA to the different potential binding sites, RNA electrophoretic
mobility shift assays (EMSAs) were performed with purified CsrA and rovC transcript frag-
ments containing all three motifs as well as deleted or mutated versions of the GGA motifs
(Fig 7C and 7D). The assays revealed that CsrA exhibits its highest binding affinity to the rovC
mRNA fragments harboring the first two GGA motifs; the last motif is unnecessary for bind-
ing. The rovC mRNA fragments, in which one or two of the GGA motifs were mutated to
UUQG, required considerably higher protein concentrations for CsrA-rovC complex formation,
whereas no CsrA binding was observed in the absence of all three GGA motifs (Fig 7D).

As CsrA binding to a target mRNA often also affects the stability of the transcript [28, 43],
we tested whether CsrA-binding to the rovC mRNA influences the degradation of the rovC
transcript. To do so, synthesis of the rovC transcript was induced under the control the Pgap
promoter in the ArovC and the AcsrA/ArovC mutant to exclude transcriptional effects. Tran-
scription was stopped by addition of rifampicin and rovC mRNA levels were quantified after
different time points. As shown in Fig 8A and 8B, the rovC mRNA was more rapidly degraded
in the absence of CsrA, indicating that CsrA binding to the rovC transcript seems to stabilize
the rovC transcript to a certain extent. We further examined whether CsrA also affects the
translation efficiency of rovC. For this purpose, an in vitro transcription-translation assay was
performed in the presence and absence of CsrA (Fig 8C). Similar amounts of in vitro synthe-
sized RovC protein were observed with and without CsrA, indicating that this riboregulator
does not modulate the translation efficiency of the rovC mRNA.

RovM-promoted activation of T6SS4 expression requires RovC

Previous studies demonstrated that the transcriptional LysR-type virulence regulator RovM,
which depends on available nutrients and the Csr system [24, 27], interacts directly with the
intergenic region upstream of Prggs4 (Fig 1A), and activates expression of the T6SS4 operon
[26]. This implied that RovM and RovC could impact or complement each other with regard
to T6SS4 activation. To investigate this issue, we first compared the expression of the T6554’-
‘lacZ fusion between wildtype, the ArovM and the ArovC mutant (Fig 9A and 9B). Expression
of the T6554’-‘lacZ fusion was not significantly decreased in the rovM-deficient strain, but it
increased strongly (10-fold) upon overexpression of RovM (Fig 9A). In contrast, T6SS4
expression in the ArovC and ArovC/ArovM mutant remained strongly repressed, even when
rovM was overexpressed. As neither loss nor overexpression of RovM affected expression of
the rovC’-‘lacZ reporter (S6 Fig), we assume that RovC is required for RovM-promoted activa-
tion, but this does not involve a RovM-dependent induction of rovC expression.
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Fig 8. CsrA stabilizes the rovC mRNA transcript. RNA stability assay for comparison of the mRNA half-life in dependence of CsrA. (A) For this, strains
ArovC (YP148) and AcsrA/ArovC (YP318) were complemented with the arabinose inducible rovC" overexpression plasmid pVK25 (pPgp::rovC™). Cultures
were grown to exponential phase at 25°C, and the Pgp promoter was induced by addition of 0.1% arabinose. Transcription was stopped by addition of
rifampicin, and samples were taken directly after (0 min) 2.5, 5 or 7.5 minutes. Total RNA was isolated, separated on a 1.2% MOPS gel, transferred onto a
nylon membrane and probed with a DIG-labeled rovC encoding PCR-fragment. 16S and 23S rRNAs were used as loading control. One representative blot is
shown. (B) The relative band intensity of the northern blots was calculated in relation to the 16S and 23S rRNAs. The graph represents the remaining
percentage (y-axis) of rovC mRNA over time (x-axis) on a half-logarithmic scale. The half-life of the rovC mRNA was calculated via exponential regression
from three independent experiments. Asterisks indicate results which differ significantly from each other; *P < 0.05. (C) Schematic representation of the
rovC DNA fragment used for the in vitro transcription-translation assay. The fragment harbors a T7 promoter, the complete 5-UTR (-39 to +1 relative to the
transcriptional start site), the coding sequence of the rovC gene and a terminator sequence (top). To analyze the effect of CsrA on rovC translation, an in
vitro transcription-translation assay was performed with and without 100 nM CsrA protein. As negative control, a reaction mixture without template was
incubated with 100 nM CsrA. Subsequently, the samples were separated on a 15% SDS gel and transferred to a PVDF membrane. RovC protein was detected
using a polyclonal RovC antibody. Ponceau S Red stained protein bands were used as loading control (bottom).

https://doi.org/10.1371/journal.ppat.1008552.9008
We further monitored T6SS4’-lacZ activity in the Y. pseudotuberculosis wildtype and the

ArovM, ArovC and ArovM/ArovC mutant strains transformed with a rovC" plasmid (Fig 9C
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Fig 9. RovM-dependent T6SS4 activation. Expression of a translational T6SS4-lacZ fusion (pSSE64) was analyzed in the Y. pseudotuberculosis wild type strain YPIII,
the ArovM (YP72), the ArovC (YP154) and the ArovC/ArovM mutant (YP338). The strains were transformed with (A) the empty vector pV (pIV2) or were complemented
with the rovM" overexpression plasmid pAKH64 (provM") or (C) transformed with the empty vector pZA24 (pV) or complemented with the inducible rovC" plasmid
pVKA46 (pP,.,:rovC"). B-galactosidase activity (umol/mgmin) was measured after strains were grown over night at 25°C. The data represent the mean + standard
deviation of two independent experiments, carried out in triplicates. Data were analyzed by the Student’s t test; ** P<0.01. RovM (B) or RovC (D) protein amounts were
monitored in the wild type strain (YPIII), the ArovM (YP72), the ArovC (YP154) and the ArovCArovM mutant (YP338), transformed with (B) the empty vector pIV2 (pV)
or the rovM" overexpression plasmid pAKH64 (provM") or (D) the empty vector pZA24 (pV) or the rovC" overexpression plasmid pVK46 (pP,,:rovC"). Whole cell
extracts were prepared from cultures grown overnight at 25°C, separated on 15% SDS gels and transferred onto a PVDF membrane. Proteins were detected by
immunoblotting with a polyclonal RovM (B) or RovC (D) antibody and H-NS protein amounts were used as loading control. The respective mutant strains served as
negative controls.

https://doi.org/10.1371/journal.ppat.1008552.9009
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and 9D). Complementation with RovC resulted in a strong induction of the T6554’-‘lacZ
fusion in all tested strains. The detection of equal amounts of RovC (Fig 9D) and of equal
expression levels of the rovC’-lacZ fusion (S6 Fig) in the rovM-deficient mutants shows that
RovM has no influence on RovC synthesis. Based on these results we assume that RovC is an
essential activator of the T65S4 operon, which can fully compensate the loss of RovM when
expressed.

Discussion

Bacterial species can carry several T6SSs, which allow them to use a plethora of different effec-
tor proteins and toxins to subvert host cells or attack prey cells. Most T6SSs, including those of
human pathogenic Yersinia species, are repressed under laboratory growth conditions. This
strongly suggests that host cell contact/tissue colonization, presence of competitors or certain
environmental factors are required to trigger their expression and assembly.

In this study, we identified a novel transcriptional activator—RovC—of Yersinia, which is
essential for T65SS4 gene induction. RovC is highly conserved among Y. pestis (upstream of the
T6SS-A cluster in opposite orientation, [16]) and Y. pseudotuberculosis strains (upstream of
the T6SS4 cluster in opposite orientation, [16]) and was identified in Y. pekkanenii (80% iden-
tity) found in soil and on lettuce. Sequences of homologous proteins with so far unknown
function can be found in other mammalian, plant and insect pathogenic bacteria, including
Serratia, Trabusiella, Enterobacillus, and Erwinia species (S4A Fig). Notably, all of them
encode a related T6SS and in four of the species the rovC homologous gene is encoded in close
proximity to the T6SS cluster, indicating a broader conserved gene activation mechanism.

We show that RovC forms a new type of hexameric, ring-shaped DNA-binding protein,
which interacts specifically with an extended 39 bp segment closely upstream of the promoter
region of the T6SS4 gene cluster. A mutant analysis further demonstrated that nucleic acid
binding occurs at the surface of the RovC hexamer, most likely by the exposed C-terminal
helix-turn-helix like motif. This implies that the DNA is wrapped around the protein, unlike
classic dimeric repressors, which typically surround the DNA double helix [44]. In addition,
an extended basic patch was found on the surface of the RovC dimer, which might also be
involved in the interaction with the negatively charged DNA backbone. In fact, non-DNA
binding RovC mutant proteins, such as RovC R202E, and RovC R225E with exchanges within
the basic patch (Fig 5) and short palindromic sequences in the operator region imply that spe-
cific base contacts are involved in the individual RovC-DNA contact. The protected operator
site further indicates that not all subunits, but only 2-4 monomers are involved in DNA-
binding.

Up to date, only a few hexameric nucleic acid-binding proteins are known, but their overall
structures show no obvious similarity with the RovC-type hexamer. Among them are helicases
and replication initiator proteins participating in the replication process [45, 46, 47]. Recent
studies revealed that the dSDNA wraps around the hexameric ring of the double hexameric
mini-chromosome-maintenance (MCM) helicase and the bacterial initiator DnaA. This inter-
action seems to require a conformational change to expose the DNA-binding motif in case of
MCM, and appears to modify the degree of supercoiling to facilitate DNA melting [45, 46, 48].
A similar mechanism can also be suggested for RovC. Notably, also the multi-functional ArgR/
AhrC protein binds DNA as a hexamer [49]. This transcriptional regulator is formed by argi-
nine-mediated dimerization of identical trimers and is a direct sensor and transcriptional
transducer of L-arginine concentration. It activates catabolic genes for arginine degradation
and represses genes for arginine biosynthesis [50]. In addition, ArgR was found to act as an
accessory factor in the resolution of plasmid ColE1 concatemers by promoting intramolecular
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site-specific recombination through the synapsis and activation of the XerCD recombinase
[51, 52]. ArgR cooperatively interacts with four imperfect palindromic operator sites over 40
bp via only a very limited number of specific nucleic acid interactions implying distortion
toward the protected major groove [49]. Another class of hexameric transcriptional regulators
are the 0*-dependent AAA+ enhancer binding proteins, including the phage shock protein
PspF, the nitrogen regulatory protein NtrC and the nitrogen fixation regulator and NifA, as
well as the Zn>" responsive regulator ZraR [53, 54]. These proteins consist of the N-terminal
regulatory receiver domain of a two component phosphorelay system, a central catalytic AAA
+ (ATPase) domain, and a C-terminal helix-turn-helix DNA-binding domain. The regulatory
domain usually serves as inhibitor which is alleviated upon reception of the activation signal
(e.g. phosphorylation, ligand binding). This allows DNA-binding as dimer, subsequent oligo-
merization to a hexamer and DNA bending whereby the AAA+ domain is brought in close to
interact with 0>* and the RN A-polymerase to activate open complex formation and transcrip-
tion coupled with ATP hydrolysis [54, 55]. The molecular mechanisms how RovC engages the
extended operator site to facilitate DNA melting and transcription, and whether additional tar-
get genes exist are still unknown and are part of future studies.

The regulatory events triggering rovC gene expression and the RovC-induced T6SS4 gene
cluster are many-fold and involve the global carbon source-responsive regulator CsrA, acting
on the post-transcriptional and transcriptional level (Fig 10). CsrA strongly represses the syn-
thesis of RovC and the T6SS4 machinery under non-inducing conditions. Environmental
cues, which lead to an alleviation of this process are likely instrumental to activate rovC expres-
sion. The regulatory network controlling this event is highly complex and includes the LysR-
type regulator RovM and most probably other regulatory factors previously shown to control
T6SS4 expression [17, 19, 20, 21, 22, 23, 26].

CsrA, which integrates disparate signals into global responses is upstream of the RovM-
RovA-InvA/PsaA regulatory cascade, regulating expression of the primary invasion factor
invasin (InvA) [27], and it is implicated in the control of the virulence plasmid-encoded
Ysc/Yop T3SS [56, 57]. CsrA of Yersinia absorbs multiple sensory information and acts as
modulator to continuously adapt its biological fitness and virulence-relevant phenotypic
responses [29]. The function of CsrA is controlled by the small RNAs CsrB and CsrC, which
sequester CsrA and this would alleviate rovC repression. CsrB/CsrC levels are controlled by
two two-component systems, the BarA/UvrY controlling csrB and the PhoP/PhoQ system,
which influences csrC directly [27, 30, 58]. This regulatory pathway could allow the bacteria to
control T6SS4 expression in response to various different carbon sources/nutrients as well as
antimicrobial peptides, low pH, and ions such as Mg** which are sensed by the two-compo-
nent systems. Moreover, CsrA seems to promote reciprocal regulation of the Yersinia T6554
and Ysc-T3SS; the latter was recently shown to be activated by CsrA [59].

Notably, influence of the Csr system is not restricted to the T6554 system of Y. pseudotuber-
culosis. Recent studies demonstrated that the CsrA homolog RsmA negatively controls all
three T6SS clusters in Pseudomonas aeruginosa suggesting that this RNA regulator imposes a
tight and coordinated control [60]. One of the three T6SS of P. aeruginosa, the H3-T6SS, is
similar to T6554 of Y. pseudotuberculosis. It also displays higher levels at 25°C, and is under
RsmA/CsrA repression in the opposite to the T3SS of P. aeruginosa [61, 62], suggesting a more
general control mechanism.

The regulation of the T6SS4 cluster is quite complex and underlies highly sophisticated
feedback control mechanisms to allow use of T6SS only under specific circumstances (Fig 10).
The fact that expression of rovC is also under dual and antagonistic control by CsrA (positively
on the post-transcriptional level and negatively on the transcriptional level) adds another level
of complexity, which is most likely important to fine-tune the expression of rovC and T6SS4.
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Fig 10. Model of rovC regulation and RovC-dependent T6SS4 activation. Schematic representation of the T6SS4 and rovC upstream region.
The RovC binding region is marked in green, the RovM binding site in yellow. The transcriptional start sites of the T6SS4 operon and the rovC
gene are indicated with +1 and a broken arrow. The -10 and -35 regions of the T65S4 and the rovC promoter are indicated. The hexameric
regulatory factor RovC is illustrated with its crystal structure, the dimeric regulators CsrA, RovM and RovA are indicated by symbols.
Activation of gene expression is illustrated by arrows; indirect inhibition of expression is given by a dashed line.

https://doi.org/10.1371/journal.ppat.1008552.9010

Based on our results, we propose a dynamic model in which CsrA regulate the expression of
rovC and T6SS4 in cooperation with RovM in response to the availability of nutrients and ions
in the environment. The RovM binding region was mapped from -289 to -319 upstream of the
initiation codon of the first T65S4 ORF [26], closely adjacent to the RovC binding site. As pres-
ence of RovC is required for RovM-mediated activation, it is likely that RovC-promoted DNA
binding and bending is a prerequisite for RovM binding to the T65SS4 promoter region, leading
to a superimposed activation process. In this context, it is surprising, that neither RovM and
nor RovC, which binds in close vicinity to the -35 region of the rovC promoter (Figs 3A and
10), influence rovC expression (S5D and S6 Figs).

The identified control circuit and T6SS4 regulatory network is further modulated by other
environmental cues and regulatory factors. It has previously been shown that temperature and
population density/quorum sensing influence T6SS4 expression. Expression of the T65S4
operon in Y. pseudotuberculosis and the homologous cluster in Y. pestis (e.g. KIM
y3658-y3677, CO92 YPO0499-YPOO0516) is significantly increased at 25°C during stationary
phase. This is reflected by the abundance of the secreted protein Hcp in the supernatant at
25°C, whereas at 37°C, Hcp is not detectable [17, 18, 63, 64, 65]. In particular the acylated
homoserine lactone (AHL) synthetase YpsI, but also weakly Ytbl, contribute to the activation
of T6SS4 under these growth conditions [17]. Moreover, the osmolarity and bile salt-
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responsive response regulator OmpR was previously shown to bind directly to the T6SS4/rovC
region and activate T6SS4 transcription [19, 20]. In this context, three independent OmpR
binding sites were identified of which operator site O; and O3 induce the expression of the
operon. The O; site is located at position -310 to -290 relative to the transcriptional start site of
T6SS4 within the rovC coding sequence and Oj is at position -45 to -24 and overlaps with the
RovC site. Both sites are important for OmpR-mediated T6SS4 induction, whereas unexpect-
edly, the O, site located at -132 to -112 had a negative influence on T6SS4 expression [19].
This repressive effect can now be explained by an inhibition of the transcription of the RovC
activator, as O, is directly positioned between the rovC promoter and the start codon (Fig 10).

Recent investigation of T6SS4 expression further demonstrated that also the Zn**-responsive
regulator ZntR and OxyR, a global oxidative stress regulator activate the T6554 gene cluster [21,
22]. As the T6SS4 system was found to function as transporter of the Zn>"-chelating protein
YezP (YPK_3549) encoded by the operon, ZntR and OxyR-promoted activation helps the bac-
teria to maintain intracellular zinc homeostasis to fight against nutritional immunity and con-
trol the concentration of reactive oxygen species upon oxidative stress [21, 22]. Both activators
induce T6S54 expression directly whereby the ZntR protein was shown to interact with a
sequence overlapping the rovC coding sequence [22] (Fig 10).

The plethora of cross-regulating nutrient-, ion-, and environmental stress-responsive tran-
scription highlight the complexity of the regulatory network regulating rovC and the T6SS4
operon and illustrate the importance to fine-tune their expression based on various environ-
mental cues. Given that yersiniae are found in a wide variety of environmental niches and
insect vectors (e.g. fleas, flies) and RovC homologues are found in several insect and plant
pathogens (S4A Fig), it is likely that the Yersinia T6554 system, besides its described role dur-
ing infection of mammals [21], is important in the species’ native environment. In fact, a
recent study comparing gene expression patterns of Y. pestis and Y. pseudotuberculosis during
infection in the flea digestive tract revealed that the expression of the Y. pseudotuberculosis
T6S54 system, including the rovC homologous gene is strongly upregulated during flea infec-
tion compared to in vitro growth [66]. It is still unclear how the different regulators and regula-
tory circuits are integrated and coordinated to produce active T6554 when needed. We assume
that a concerted action of multiple activators or higher concentrations of an individual activa-
tor are required to fully alleviate transcriptional repression of the T6SS4 operon. Based on the
environmental cues inducing this type VI secretion machinery and the complexity of the regu-
latory network controlling its expression it currently appears that this secretion device has
evolved as a surveillance, resistance and attack mechanism able to persist and fight interbacter-
ial competition in any ecological niche encountered during their lifestyle.

Experimental procedures
Cell culture, media and growth conditions

Overnight cultures of E. coli were routinely grown at 37°C, Yersinia strains were grown at
25°C or 37°Cin LB (Luria Bertani) broth if not indicated otherwise. If necessary, antibiotics
were added at the following concentrations: carbenicillin 100 ug ml™*, chloramphenicol 30 ug
ml ™" and kanamycin 50 pg ml™.

Strain and plasmid constructions

All DNA manipulations, restriction digestions, ligations and transformations were performed
using standard genetic and molecular techniques [67, 68]. Plasmid DNA was isolated using
QIAprep Spin Miniprep Kit (Qiagen). DNA-modifying enzymes and restriction enzymes were
purchased from Roche or New England Biolabs. The oligonucleotides used for amplification
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by PCR, sequencing and primer extension were purchased from Metabion and Eurofins. PCRs
were done in a 50 pl mix for 30 cycles using Phusion High-Fidelity DNA polymerase (New
England Biolabs). Purification of PCR products was routinely performed using the QIAquick
PCR Purification Kit (Qiagen) or the NucleoSpin Gel and PCR Clean-up (Macherey-Nagel).
All constructed plasmids were sequenced by Seqlab and Eurofins.

Strains and plasmids used in this study are listed in S4 Table and primers for plasmid gen-
eration are listed in S5 Table. The rovC" fragment of Y. pseudotuberculosis was generated by
PCR using primers 111286 and I11287 (pSSE11), digested with BamHI and Sall, and inserted
into pACYC184. Primers V993 and V995 were used to amplify the rovC gene by PCR, which
was cut with Sall and HindIII and cloned under the control of the arabinose inducible pro-
moter Pg,p of pPBAD30 (pVK25).

The Hiss-SUMO-TEV fragment was amplified with primer SUMO TEV and SUMO His
from pVK14 and cloned into the NotI/Ncol site of pPCOLA Duet generating pPS041. Subse-
quently, the rovC gene was amplified from chromosomal DNA of YPIII using primer
RovC-M1-notl_fand RovC_L247_kpnr and cloned into the NotI/Kpnl site of pPS041 generat-
ing pPS042. Amino acid substitutions were introduced by in vitro mutagenesis using primers
PS109-PS161 generating pPS084-107.

For the construction of the Hiss-SUMO-TEV-rovC" plasmid pVK14, rovC was amplified
with primer pair VI157/VI158 and cloned into the BamHI/Xhol site of pET28a. For the con-
struction of the rovC" plasmid pVK46 and all rovC" fragments containing amino acid substitu-
tions (pVK47-pVK52), the rovC gene fragment was amplified with primer pair VII533/VII534
and cloned into the Kpnl and Smal restriction sites of pZA24 under the control of the P,,, pro-
moter. To generate the amino acid substitutions, a 2-step PCR was performed, using either the
forward primer 111286 and a reverse primer containing the mutated sequence or a forward
primer with the mutated sequence and the reverse primer 111287 (S5 Table). Subsequently,
both PCR fragments were used as template to amplify the rovC gene including the mutation
using primer pair VII533/VII534. For construction of a translational rovC’-lacZ reporter
fusion (pVK43), the rovC gene was amplified by PCR using primer pair VI1244/VII395,
digested with Nhel and EcoRI and cloned into the Nhel/EcoRI site of pBAD18-lacZ.

The rovM" fragment was generated with primer pair 498/455 and was cloned into the Sall/
Xbal site of pIV2 to generate pAKH64. Plasmid pSSE32 was generated by the insertion of a
PCR fragment, amplified with primer pair 111779 and 111780, into the BamHI site of pTSO02.
For the construction of plasmids pSSE64 and pAKH189, PCR fragments were generated with
primer pairs IV735/IV736 and 111779/V819. The fragments were inserted into the BamHI and
Sall sites of plasmids pTS02 or pT'S03. The sequence and the correct orientation of the frag-
ments were proven by DNA sequencing.

Construction of the Y. pseudotuberculosis deletion mutants

The Y. pseudotuberculosis strains used in this study are derived from wild-type strain YPIII.
All deletion mutants were generated via homologous recombination. First, the kanamycin
gene (for deletion of rovC in YPIII generating YP148) or the chloramphenicol resistance gene
(for deletion of rovC in strain YP53 (YP318) and YP72 (YP338) was amplified with primer
pairs 1661/1662 (for primers see S5 Table). Next, the Yersinia genomic DNA was used as a
template to amplify 500-bp regions flanking the target gene. The upstream fragment was
amplified with a primer pair (I11920/111921) of which the reverse primer contained additional
20 nt at the 5’-end which were homologous to the start of the kanamycin or chloramphenicol
resistance gene. The downstream fragment was amplified with a primer pair (I11922/111845) of
which the forward primer contained additional 20 nt at the 5’-end which were homologous to
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the end of the kanamycin or chloramphenicol resistance gene. Subsequently, a PCR reaction
was performed with the forward primer of the upstream fragment and the reverse primer of
the downstream fragment using the upstream and downstream PCR products of the target
gene and the kanamycin (or chloramphenicol) PCR fragments as templates. The PCR frag-
ments were digested with Sacl and were ligated into the Sacl site of the suicide plasmid
pAKH3 generating plasmid pSSE35 or pVK10. Next, the plasmids were transformed into S17-
1Apir and pSSE35 was transferred into Y. pseudotuberculosis YPIII whereas pVK10 was trans-
ferred into YP53 and YP72 via conjugation. Chromosomal integration of the plasmid was
selected by plating on LB supplemented with kanamycin or chloramphenicol. Mutants were
subsequently grown on LB agar plates containing 10% sucrose. The kanamycin resistance gene
of YP148 to generate YP154 was removed as described [69].

Generation of the YPIII strain harboring a chromosomally integrated N-terminal 3x
FLAG-tagged hcp gene (YP360) was performed using homologous recombination. First, YPIII
genomic DNA was used as a template to amplify 500-bp regions flanking the target gene. The
upstream fragment was amplified with a primer pair (VI699/V1723) of which the reverse primer
contained additional 20 nt at the 5’-end, which were homologous to the 5’-end of a G-block
encoding a 3xFLAG-tag. The downstream fragment was amplified with a primer pair (VI724/
VI700) of which the forward primer contained additional 20 nt at the 5"-end homologous to
the end of the upstream fragment. Then, a PCR reaction was performed with the forward
primer of the upstream fragment and the reverse primer of the downstream fragment using the
upstream and downstream PCR products of the target gene and the G-block encoding the
3xFLAG-tag as template. The PCR fragments were digested with SacI and were ligated into the
Sacl site of the suicide-plasmid pAKH3 (pVK30). Next, the plasmid was transformed into S17-
1pir and was transferred into Y. pseudotuberculosis YPIII via conjugation. Chromosomal inte-
gration of the plasmid was proven by PCR using primer homologous to regions upstream of the
upstream fragment and downstream of the downstream fragment. Selected PCR fragments
were proven by DNA sequencing. Mutants were subsequently grown on LB agar plates contain-
ing 10% sucrose. PCR and DNA sequencing were used to prove selected colonies.

A chromosomal replacement of clpV by clpV-gfp was performed by homologous recombi-
nation using the suicide vector pAKH3. For this, fragments for a splice-overlap-extension
(SOE)-PCR were generated using primers VIII886-VIII891 and either YPIII genomic DNA or
eGFP DNA was used as a template. Sphl/Xmal-digested pAKH3 and PCR fragments were
added to a Gibson assembly reaction (NEB, #E2611S) following manufacturers instructions.
The construct was transformed into S17-1Apir and tested for correct inserts by colony PCR
and Sanger sequencing using primers 111981 and I11982. The plasmid was transferred into
YPIIT and YP53 (AcsrA) via conjugation. Chromosomal integration of the plasmid was con-
firmed by PCR. Mutants were subsequently grown on LB agar plates containing 6% sucrose.
Correct integration of the replaced gene was confirmed by PCR and Sanger sequencing.

RNA isolation and northern detection

Bacterial cultures were grown under the desired conditions. The bacteria were pelleted by cen-
trifugation for 1 min at 12000 rpm. The pellets were resuspended in 0.2 volume parts of stop
solution (5% water-saturated phenol, 95% ethanol) and immediately snap-frozen in liquid
nitrogen. After thawing on ice, bacteria were pelleted for 1 min at 12000 rpm at 4°C. The pellet
was resuspended in lysozyme solution (50 mg lysozyme/ml TE-buffer) and incubated for at
least 5 min at RT. Total RNA of lysed bacteria was isolated with the ’SV Total RNA Isolation
System’ (Promega, USA) according to the manufacturer’s instructions. RNA concentration
and quality were determined by measurement of A¢, and A,g.
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Total cellular RNA (5-10 pg) was separated on MOPS agarose gels (1.2%), transferred in 10
x SSC buffer (1.5 M NaCl, 0.15 M sodium citrate pH 7.0) for 1.5 h at a pressure of 5cm Hg to a
positively charged nylon membrane by vacuum blotting and UV cross-linked. Prehybridiza-
tion, hybridization to DIG-labeled riboprobes and membrane washing were conducted using
the DIG luminescent Detection kit (Roche) according to the manufacturer’s instructions. The
rovC transcripts were detected with a DIG-labeled PCR fragment (DIG-PCR nucleotide mix,
Roche) with primer pair I11286/1V91 (S5 Table).

Primer extension analysis

Y. pseudotuberculosis YPIII and YP53 were grown to early stationary phase (ODggq of 2.0) at
25°C. Total RNA of the samples was prepared using the SV Total RNA Isolation System (Pro-
mega). 1-3 uM of a Digoxigenin-labeled primer specific for the rovC gene (primer VI17*, S5
Table) were annealed with 20 pug RNA in 20 pl of reverse transcriptase buffer by heating to
80°C for 10 min and cooling to 42°C in 1 h. For primer extension, 20 ul annealing reaction
mixture was supplemented with 8 mM dNTPs and 1 U SuperScript III Reverse Transcriptase
(Thermo Scientific) and incubated for 1 h at 42°C. Sequence ladders were generated with
primer VI17* and plasmid pSSE11 as template using the Thermo Sequenase Cycle Sequencing
kit (USB) according to the manufacturer s instructions. Products were analyzed on 6% poly-
acrylamide gels containing 7 M urea.

RNA stability assay

Y. pseudotuberculosis strains YP148 and YP318 harboring plasmid pVK25 were grown at 25°C
to exponential phase. Expression of the pBAD promoter was induced by addition of 0.1% arab-
inose. After 2 h, rifampicin was added in a final concentration of 1 mg/ml to block transcrip-
tion, and samples were taken in intervals of 0, 2.5, 5, 7.5, and 10 min after addition of
rifampicin. To finally analyze the decay rate of the RNA transcripts, northern blots were per-
formed with a rovC specific probe, and the detected relative amount of RNA in each sample
was determined using Image].

Quantitative real-time PCR (RT-PCR) analysis

qRT-PCR was performed in triplicates with RNA isolated from at least biological duplicates
and was carried out in a Rotor-Gene Q real-time PCR cycler (Qiagen, Germany). Total RNA
was isolated using the SV total RNA isolation kit (Promega). qRT-PCR analysis was performed
with the ’SensiFast SYBR no-ROX One-step’ kit (Bioline) applying the three-step cycling pro-
tocol according to the manufacturer. Gene specific-primers used for qRT-PCR amplification
are listed in S5 Table. The amount of PCR products was quantified by measuring fluorescence
of SYBR Green dye. The sopB gene was used as reference gene, since it exhibited identical
expression levels in the wildtype strain and the tested mutant strains. For each primer-pair a
non-template control containing RNase-free water instead of an RNA template was used. Stan-
dard curves were detected during every run for each tested gene and established by comparing
transcript levels in serial dilutions of total RNA from a control sample. The relative expression
of each gene was calculated as described [70].

Expression and purification of the Y. pseudotuberculosis RovC wildtype and
mutant protein

Plasmid pPS042 encoding the rovC wildtype gene as well as its derivatives encoding rovC
mutations were transformed into the E. coli strain Rosetta2 (DE3) (Invitrogen) and grown at
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37°C in double yeast tryptone (DYT) broth medium supplemented with 30 ug/ml kanamycin
and 34 pg/ml chloramphenicol to an ODggg of 0.5-0.6. Expression of rovC was induced by
adding Isopropyl-beta-d-1-thiogalactopyranoside (IPTG) (Carbosynth-EI05931) to a final
concentration of 0.12 mM and the bacteria were cultured for another 20 h at 16°C, 130 rpm.
The cells were harvested by centrifugation at ~4690 x g (5000 rpm, Fiberlite F9-4 x 1000y) for
15 min at 4°C and lysed by homogenization at 16000 psi in lysis buffer (100 mM TRIS-HCI
pH 8.0, 500 mM NaCl, 5 mM beta-mercaptoethanol (BME), 0.1% Triton X-100, 5 mM MgCl,,
1 mM PMSF, DNase (40 pl at 1 mg/ml per liter of culture)). The lysate was cleared by centrifu-
gation at ~ 34,780 x g (15500 rpm, SA-600) at 4°C for 50 mins. RovC was extracted by Ni**-
affinity chromatography in batch using Ni**-sepharose resin (GE Healthcare) (pre-equili-
brated with loading buffer: 100 mM TRIS-HCI pH 8.0, 500 mM NaCl and 5 mM BME) for 1 h
at 4°C with gentle shaking. After washing steps with stepwise increasing the imidazole concen-
tration using wash buffer (100 mM TRIS-HCI pH 8.0, 500 mM NaCl, 5-20 mM imidazole pH
8.0, 5 mM BME), the RovC protein was eluted in elution buffer (100 mM TRIS-HCI pH 8.0,
500 mM NaCl, 100 mM Imidazole pH 8.0, 5 mM BME). Elution fractions were pooled and
concentrated using a 10 kDa molecular weight cut-off vivaspin concentrator (GE Healthcare).
Concentrated samples were dialyzed in a 3.5 kDa molecular weight dialysis tube in TEV
cleavage buffer (100 mM TRIS-HCI pH 8.0, 500 mM NaCl, 5 mM BME, 5% glycerol) and the
N-terminal Hiss-Sumo tag was removed overnight by TEV cleavage (ratio 1 mg TEV protease
to 30 mg RovC) at 4°C for 15 h. The fusion tag, TEV protease and uncleaved RovC were
removed by reverse Ni**-affinity chromatography. The flow through fraction was concen-
trated and RovC was purified by size-exclusion chromatography (SEC) on a HiLoad 16/60
Superdex 200 column (GE Healthcare), which was pre-equilibrated with SEC buffer contain-
ing 50 mM HEPES pH 7.4, 500 mM NaCl, 5% glycerol and 5 mM DTT. The purified RovC
was concentrated to 20 mg/ml and stored at -80°C.

Expression and purification of the Y. pseudotuberculosis SeMet-labeled
RovC protein

For expression of SeMet-labeled RovC, transformed cells were first grown in 2 x 500 ml of
DYT medium (supplemented with 30 ug/ml kanamycin and 34 pg/ml chloramphenicol) at
37°C, 130 rpm overnight. 500 ml of fresh DYT medium (supplemented with 30 pug/ml kana-
mycin and 34 pg/ml chloramphenicol) was added to each of the overnight cultures and cells
were grown for another hour at 130 rpm, 37°C. Cells were harvested by centrifugation at 6000
rpm, 4°C for 5 mins and washed twice with minimal medium (per liter: 1 g NH,CI, 3 g
KH,PO,, 4 g Na,HPOy,, 22 g glucose, 0.61 g MgSO,, 11.2 mg thiamine-HCI, 10.4 mg
Fe,(S0,)3¢7 H20) by centrifugation at 6000 rpm, 5 min at 4°C. The pellet was resuspended in
minimal medium and used to inoculate 4 L of Se-Met Medium (minimal medium + 50 mg/l of
selenomethionine (Acros Organics)) to an ODggq of 1.0. Induction of expression, cell harvest
and protein purification were performed as described above.

Crystallization and structure determination of RovC

RovC was crystallized in 0.2 M KCl, 0.01 M MgSO,, 0.01 M MES pH 5.6, 10% PEG400 solu-
tion. The crystals were grown in sitting drop at 20°C (0.2 ul of 6 mg/ml protein + 0.2 pl of crys-
tallization solution). For cryoprotection, the crystallization solution was supplemented with
additional 20% glycerol. The native data set was collected to 2.3 A. Since Molecular Replace-
ment failed, SeMet-labeled variant of RovC was purified and crystallized for anomalous phas-
ing methods. SeMet-labeled RovC was crystallized in 0.1 M TRIS pH 8.3, 3.7 M sodium
formate with 3 mg/ml of protein at 4°C. For cryoprotection, the crystallization solution was
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supplemented with additional 20% glycerol. Data for the SeMet crystals were collected to 3.0
A. Phases were calculated using Phenix-Autosol [71]. An initial model was built using Phenix-
Autobuilt [71] and then manually rebuilt in WinCoot [72] followed by refinement in Phenix-
Refine [73]. PyMol (www.pymol.org) has been used to generate figures and to calculate the
electrostatic surface potential. The structural data has been deposited at the PDB with the
PDB-code: 6XZ5. Amino acid alignment were generated with GeneDoc [74].

Size exclusion chromatography and multi angle light scattering

For the molecular mass determination of RovC, an inline SEC (Akta PURE, GE Healthcare)
coupled with a MALS detector (miniDAWN TREOS, Wyatt Technology, wavelength: 658.8
nm) and a differential refractometer (RI) (Optilab T-rEX, Wyatt Technology, wavelength:
658.0 nm, dn/dc (mL/g): 0.1850) was used at room temperature. 2.8-3.3 mg/ml of RovC (or
RovC mutants) was loaded on Superdex 200 10/300 GL column prequilibrated with 100 mM
TRIS pH 8, 500 mM NaCl and 5 mM DTT. Molecular weight of the eluted protein was ana-
lyzed by ASTRA 6 software (Wyatt Technology) by recording RI and MALS signals.

Small angle X-ray scattering

Synchrotron SAXS data (I(s) vs s, where s = 4ntsin0/A, 20 is the scattering angle and A = 0.124
nm) were measured from a sample of RovC and a corresponding solvent blank (50 mM TRIS,
pH 8.0, 500 mM NaCl, 5 mM DTT and 5% v/v glycerol) on the EMBL bioSAXS-P12 beam line
at PETRAIIL, Hamburg, Germany [75]. An automated sample changer [76], in continuous-
flow mode, was used to measure a concentration series of the protein spanning 0.63-5 mg/ml
(30 pl sample at 20°C; 1.8 mm pathlength). The sample and buffer measurements were
recorded for a total exposure time of 1 s, measured as 20 x 50 ms data frames on a Pilatus 2M
area detector. Those frames affected by X-ray radiation damage were identified and discarded
from the subsequent automated data reduction steps using the SASFLOW pipeline (2D-to-1D
radial averaging and buffer subtraction) [77].

Further processing and evaluation of the SAXS data were performed using the ATSAS 2.8
software package [78]. The SAXS data reported here were obtained by merging the 5 mg/ml
and 2.5 mg/ml data sets in PRIMUS [79]. The low-angle data measured from the 2.5 mg/ml
sample (0.073 < s < 0.63 nm™') were scaled and merged with the high-angle data from the 5
mg/ml profile (0.23 < s < 2.6 nm™"). The extrapolated forward scattering intensity at zero
angle, I(0), and the radius of gyration, R,, were determined from the Guinier approximation
([80]; InI(s) vs s*, for sRy < 1.3) while the probable distribution of real-space distances (p(r)
profile) was calculated using GNOM [81] that also provided estimates of the maximum particle
dimension, D,,,x. The working s.,in—Smax data range and the number of Shannon channels i.e.,
the information content of the data taking into account the variance in the scattering intensi-
ties and the level of over sampling, were evaluated using SHANUM [82]. The data were also
classified into shape categories (DATCLASS [78]) and concentration-independent molecular
weights were estimated directly from the scattering profiles using several scattering-invariant
methods (i. SAXSMoW [83], ii. volume of correlation V¢ [84], and iii. Porod volume; [85]). A
Bayesian analysis, DATBAYES [86], was employed to calculate the consensus MW and MW
credibility interval using these different approaches. All structural parameters are reported in
S3 Table. The SAXS data measured for each individual concentration, with an accompanying
report, as well as additional data measured from a separate sample at the ESRF-BM29 beam
line [87] are made available in the Small Angle Scattering Biological Data Bank (SASBDB,
[37]) entry SASDHP5.
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Ab initio and rigid-body modelling of RovC

The low-resolution structure of RovC was obtained using the ab initio modelling programs
GASBOR [88] and DAMMIN. For DAMMIN, ten individual bead models were generated that
fit the merged SAXS data (assessed using the reduced y* test and the Correlation Map, or Cor-
Map, P-value [77]). The individual models were spatially aligned using SUPCOMB ([88]) and
subsequently averaged and bead occupancy-corrected with DAMAVER [89] to obtain a con-
sensus-low resolution structure (3.7 nm; as assessed using SASRES [81] with an average nor-
malized spatial discrepancy, NSD, across the model cohort of 0.6 [81]). GASBOR was also run
ten times to produce dummy residue models that fit the merged SAXS data set (model cohort
NSD = 1.1). In addition, CORAL rigid-body modelling [85] was performed taking the atomis-
tic structure of the RovC monomer obtained from X-ray crystallography and incorporating
dummy atom amino-acid linkers to represent those missing regions of unresolved mass in the
structure (ca. 20%). Both the positioning of the RovC protomers in the hexameric assembly
and the position of the ‘missing mass’ were refined against the SAXS data in P32 symmetry.
The final fits to the data of the RovC CORAL atomistic models were calculated using CRYSOL
[90]. Spatial alignments between the CORAL and the GASBOR or DAMMIN models were cal-
culated using SUPCOMB [91]. All DAMMIN, GASBOR and CORAL models and their corre-
sponding fits to the merged SAXS data are available in the SASBDB entry SASDHP5. The
quality-of-fit estimates of the modeled scattering to the experimental data are also reported in
$3 Table.

Expression and purification of the Y. pseudotuberculosis CsrA protein

For CsrA overexpression, E. coli strain BL2IADE3 was transformed with pAKH172. 100 ml of
LB growth medium containing kanamycin, were inoculated 1:100 from an overnight culture
and incubated for 3 h at 37°C. Protein expression was induced by adding 0.5 mM IPTG for 2 h
at 37°C. CsrA-His, purification was performed as described previously [27].

Gel mobility shift assays with DNA

The DNA fragments of the T6SS4 promoter region with varying length (-384 to +11, -317 to
+11, and -251 to +11 relative to the T6SS4 translational start site) were amplified by PCR using
the Phusion High-Fidelity polymerase (New England Biolabs). PCR fragments (with a final
concentration of 130 fmol) were incubated with increasing amounts of purified RovC protein
in DNA binding buffer (10 mM HEPES pH7.4, 40 mM NaCl, 5 mM DTT, 5% glycerol, 1 mM
MgCl,, 0.1 mg/ml BSA) for 30 min at RT. The samples were mixed with 6 x DNA-loading dye
(Thermo Scientific) and loaded onto 4% polyacrylamide gels. DNA-protein complexes were
stained with ethidium bromide and visualized under UV-light. CsiD DNA from E. coli was
used as negative control (-80 to +156 relative to translational start site of the csiD gene). The
PCR fragments of the T6SS promoter region were synthesized using the following primer
pairs: V1648/1V736, V1649/1V736, VI650/1V736, VI652/IV736 and primer pair 131/132 was
used for the amplification of the csiD fragment.

Gel mobility shift assays with RNA

The genomic region of interest was amplified by PCR using a forward primer containing a T7
promoter sequence. The following primers were used: primers V773/V777 for rovC (+1 to +77
relative to the transcriptional start site), primers V773/VI209 for rovC (+1 to +71 relative to
the transcriptional start site), primers V775/V777 for rovC (+ 19 to +77 relative to the tran-
scriptional start site) and primers V700/I515 for the hns control fragment. The generated PCR
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products were in vitro-transcribed according to the TranscriptAid T7 High Yield Transcrip-
tion Kit (Fermentas). The RNA transcripts were extracted with phenol:chloroform, precipi-
tated with ethanol and stored in RNase free H,O. The RNA samples were incubated for 30
min at 800 rpm with calf intestinal alkaline phosphatase (CIP, New England Biolabs) for 5’
dephosphorylation and were labeled with radioactive y-P**-adenosine 5-triphosphate (ATP)
(SRP-301; Hartmann Analytik, Braunschweig). The RNA concentration was adjusted to a final
concentration of 2 nM per reaction in band shift buffer (20 mM Na,HPO,, 20 mM NaH,PO,,
10 mM KCI, 2 mM DTT, 5% glycerol) and the RNA was denatured at 70°C for 10 min and
cooled down on ice for 5 min. The binding reaction was incubated for 20 min on ice and then
separated on 4% TBE gels. The samples were exposed to a phosphor screen overnight, and the
radioactive RNA fragments were detected using the Typhoon FLA 9000 (GE Healthcare).

DNase I footprinting assay

For DNase I footprinting, the digoxigenin (DIG)-labeled primer VI826* (DIG-labeled) and
IV735 (revers) was used to amplify a fragment corresponding to position +63 to -306 with
respect to the transcriptional start site of the T6554. The PCR fragment was purified, incubated
with the purified RovC protein in band shift buffer (10 mM HEPES pH 7.4, 40 mM NaCl, 5
mM DTT, 5% glycerol, 1 mM MgCl,, 0.1 mg/ml BSA). The PCR products were digested with
an appropriate dilution of DNase I, and the resulting products were separated and visualized
as described [92]. The protected bands were identified by comparison with a sequence ladder,
generated with the same DIG-labeled primer used for the amplification of the fragment by
PCR. The plasmid pSSE64 was used as template.

In vitro transcription-translation assay

First, the desired genomic region encoding the protein of interest (rovC) was amplified by
PCR. The forward primer V773 harbors the T7 promoter sequence and the first part of the
rovC gene and the reverse primer VII836 harbors a terminator sequence and the last nucleo-
tides of the rovC coding sequence. The PCR fragment was purified by phenol:chloroform
extraction. The in vitro transcription-translation was performed using the Pure Express In
Vitro Protein Synthesis Kit following the manufacturer’s instructions (New England Biolabs).
The samples were incubated with 100 nM purified CsrA protein for 2 h at 37°C. Subsequently,
the samples were separated in a 15% SDS-Gel and visualized by Coomassie staining and west-
ern blotting.

Gel electrophoresis, preparation of cell extracts and western blotting

For immunological detection of the RovC protein, Y. pseudotuberculosis cultures were grown
at 25°C to stationary phase (ODggq 2-3). Cell extracts of equal amounts of bacteria were pre-
pared and separated on 15% SDS polyacrylamide gels [68]. Subsequently, the samples were
transferred onto a PVDF membrane via electro-blotting and probed with the respective anti-
body as described [24]. For visualization of RovC, a generated polyclonal peptide antibody was
used (Davids Biotechnology). FLAG-tagged Hcp protein was detected via a monoclonal FLAG
antibody (#F1804, Sigma-Aldrich, 1:1000 dilution) and GAPDH was detected with a monoclo-
nal antibody directed against bacterial GAPDH (#MA5-15738, Invitrogen, 1:2000).

Protein secretion assay

Bacteria were grown overnight at 25°C in LB medium supplemented with 0.05 mM CaCl, and
0.1% arabinose in case of strains harboring pBAD30 or its rovC" derivative pVK25 (pPgap::
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rovC"), and grown overnight at 25°C. For the preparation of whole cell lysates, 1 ml of the bac-
terial culture was pelleted and resupended in 1x SDS sample buffer to ODgg = 10. For the
supernatants, 2 ml of the overnight culture were pelleted, washed and resuspended in fresh LB
and incubated at 25°C for 30 min. The samples were centrifuged, 75 pl of the supernatant was
added to 25 pl of 4x SDS sample buffer. All samples were heated for 10 min at 95°C, separated
on 15% SDS polyacrylamide gels and further analyzed by western blotting (see above).

Fluorescent microscopy

Bacteria were grown overnight at 25°C in LB medium, diluted 1/50 in fresh LB medium and
grown at 25°C to ODgq = 2-3. Bacteria were pelleted and resuspended to ODggo = 10 and
incubated at 25°C for 3 h. 1 ul culture was placed on a 1% agar pad in 0.5 x PBS and imaged on
the Keyence microscope BZ-9000 with the software Bz-II viewer. Images were analyzed using
the software BZ-II-Analyzer (Keyence).

B-galactosidase assays

Y. pseudotuberculosis strains, carrying lacZ reporter fusions of interest were grown overnight
for 16 h at 25°C. The B-galactosidase activity of the lacZ fusion constructs were measured in
permeabilized cells as described previously [67]. The activities were calculated as follows: -
galactosidase activity ODyys - 6,75 - ODgoo ' -At (min)™ - Vol (ml) ™.

Supporting information

S1 Table. Data collection and refinement statistics.
(PDF)

S2 Table. Solubility and oligomerization state of RovC variants.
(PDF)

S3 Table. SAXS data reporting Table for RovC in solution.
(PDF)

S$4 Table. Bacterial strains and plasmids.
(PDF)

S5 Table. Oligonucleotides for DNA amplification.
(PDF)

S1 Fig. Purification and crystallization of RovC. (A) Coomassie stained gel of eluted frac-
tions of the purified RovC protein. (B) Optimized crystals (right) and SDS-PAGE analysis of
crystals (S = protein in solution, C = protein in crystals, M = marker). (C) Light scattering
chromatogram of RovC. Normalized SEC-MALS profile of native RovC (in red). The dotted
lines depict the theoretical molecular weight of a RovC pentamer, hexamer and heptamer (the-
oretical molecular weight is given next to the respective oligomerization state). RovC thus
forms a hexamer in solution, according to the experimentally determined molecular weight of
approx. 172.8 kDa.

(PDF)

S2 Fig. SAXS data analysis and modelling. (A) Merged SAXS data measured from RovC
samples at 2.5 and 5 mg/ml in 50 mM TRIS, pH 8.0, 500 mM NaCl, 5 mM DTT and 5% v/v
glycerol. The scattering intensities I(s) (grey squares) are presented on an arbitrary log-scale (a.
u). Inset: Guinier plot of the scattering intensities at very low angle (0.47 < sR, < 1.3) and cor-
responding linear fit (black line; R? > 0.99). (B) The p(r) profile of RovC calculated from the
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SAXS data showing the frequency of real-space vector lengths in the protein (reciprocal space
fit: y* = 1.08; CorMap P = 0.44). (C) Ab initio models derived from DAMMIN (left; cyan
spheres) and GASBOR (middle; cyan spheres) spatially superimposed with the X-ray crystal
structure (green ribbons). To the right is a CORAL rigid-body model representation (green
ribbons) that fits the SAXS data (shown in Panel A, blue line; * = 1.1; CorMap P = 0.25) that
includes regions of mass that otherwise remain unresolved in the X-ray crystal structure. Also
refer to SASBDB (www.sasbdb.org) entry SASDHP5.

(TIF)

$3 Fig. Oligomerization and DNA-binding interfaces in RovC. (A) Crystal structure of
RovC with domain boundaries (top) and cartoon representation of RovC (below). The N-ter-
minal domain is shown in orange and the C-terminal domain is shown in pink. (B) Structure
of the RovC dimer subunit in two orientations. The two protomers are shown in blue and
cyan. The RovC dimer is formed through interactions via the N- and C-terminal domain. The
labeling of the domains corresponds to the N- and C-terminal domain of the respective RovC
molecule/protomer (e. g. N1 and C1 for N-terminal and C-terminal domain of protomer 1).
The black-bordered box depicts the position of the mutant A237E/G242E in interface I (i). (C)
Hexameric ring of RovC. The hexameric ring is formed by three RovC dimers through the
interaction via the N-terminal domains of the RovC dimers (between N1 and N6, N2 and N3,
N4 and N5). The black-bordered boxes depict the position of the mutants I150P and 1150P/
Y151P in interface II (ii) (between N1 and N6, N2 and N3, N4 and N5).

(PDF)

$4 Fig. RovC sequence alignment. (A) Alignment of Y. pseudotuberculosis (Y. pstb) RovC
related proteins (red: 100% conserved amino acids; orange: 80%; yellow: 60%)
(WP_002224092—hypothetical protein from Y. pestis biovar mediaevalis (Y. pestis);
WP_049614373—hypothetical protein from Y. pekkanenii (Y. pekka); WP_156293748—hypo-
thetical protein from Serratia oryzae (S. oryzae); WP_161740800—hypothetical protein from
Serratia fonticola (S. fonti); WP_115459941.1—hypothetical protein from Enterobacillus tribo-
lii (E. triboli); WP_049848866—hypothetical protein from Trabulsiella odontotermitis (T.
odonto); WP_038162275.1—hypothetical protein from Trabulsiella guamensis (T. guamensis);
WP_162080698—hypothetical protein from Enterobacterium bacterium (E. bacter), and
WP_130835776—hypothetical protein from Erwinia mediterraneensis (E. medit). Alignment
generated with GeneDoc [74].]. Percentage values on the right correspond to the sequence
identity to RovC of Y. pseudotuberculosis. (B) Conserved regions on the surface of RovC
shown in two orientations. Color scheme as in (A). The dark blue region corresponds to the
elongated stretch with ill-defined density in the structure, to which a conservation could not
be mapped to.

(PDF)

S5 Fig. rovC and T6SS4 expression is controlled by temperature. (A) Expression of a transla-
tional rovC’-‘lacZ reporter fusion (pSSE32) was monitored in the Y. pseudotuberculosis wild
type strain (YPIII). B-galactosidase activity (pmol/mgmin) was measured in strains grown in
LB medium at 25°C or 37°C for 4 h (exponential) or 16 h (stationary). The data represent the
mean * standard deviation of three independent experiments, carried out in triplicates. Data
were analyzed by Student’s t-test. (B) Y. pseudotuberculosis YPIII (wildtype) was grown in LB
medium at 25°C or 37°C for 4 h (exponential) or 16 h (stationary), and rovC transcript levels
were analyzed by northern blotting. Total RNA was prepared, separated on 0.7% MOPS aga-
rose gels, transferred onto a nylon-membrane and probed with a digoxigenin (DIG)-labeled
PCR fragment encoding the rovC gene. 16S and 23S rRNAs were used as loading controls. The
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rovC mutant strain YP148 served as negative control; exp = exponential, stat = stationary
growth. (C) Temperature-dependent expression of a translational T6SS4 - lacZ (pSSE64)
fusion in Y. pseudotuberculosis YPIII wild type was monitored and analyzed as described
above. The data represent the mean + standard deviation of three independent experiments,
carried out in triplicates. Data were analyzed by Student’s t-test; *** P<0.001. (D) Expression
of a translational rovC’-‘lacZ reporter fusion (pSSE32) was monitored in the Y. pseudotubercu-
losis wild type strain (YPIII) and the ArovC mutant strain (YP154). Both strains were trans-
formed with the empty vector pACYC184 (pV) or complemented with the rovC*
overexpression plasmid pSSE11 (pP,,,c::rovC"). B-galactosidase activity (umol/mgmin) was
measured in strains grown over night for 16 h at 25°C in LB medium. The data represent the
mean + standard deviation of three independent experiments, carried out in triplicates. Data
were analyzed by Student’s t-test.

(PDF)

S6 Fig. Analysis of RovM-dependent rovC expression. Expression of a translational rovC’-
lacZ fusion encoded by pSSE32 was monitored in Y. pseudotuberculosis YPIII (wildtype) and
the ArovM mutant strain (YP72) transformed with the vector pIV2 (pV) or the rovM" plasmid
(pAKH64). B-galactosidase activity (umol/mgmin) was measured after strains were grown in
LB medium at 25°C. Data are means and standard deviations of three independent experi-
ments, each performed at least in triplicates. Data were analyzed by Student’s t test.

(PDF)

Acknowledgments

We thank Dr. Martin Fenner for helpful discussions, and Dr. Luca Codutti, Tanja Krause, Bet-
tina Elxnat and Karin Paduch for excellent technical support. We further thank Prof. Dr.
Teresa Carlomagno for granting access to the SEC-MALS system. The synchrotron SAXS data
was collected at the ESRF BM29 SAXS beamline and at beamline P12 operated by EMBL Ham-
burg at the PETRA III storage ring (DESY, Hamburg, Germany). We acknowledge DESY
(Hamburg, Germany), a member of the Helmholtz Association HGF, for the provision of
experimental facilities. Parts of this research were carried out at PETRAIII and we would like
to thank the staff for assistance in using beamline P11. The authors thank the staff at the ESRF
BM29 SAXS and the DESY PETRAIII P12 beamline.

Author Contributions
Conceptualization: Andrea Scrima, Petra Dersch.
Data curation: Cy M. Jeffries.

Formal analysis: Vanessa Knittel, Pooja Sadana, Stephanie Seekircher, Anne-Sophie Stolle, Cy
M. Jeffries, Ann Kathrin Heroven, Andrea Scrima, Petra Dersch.

Funding acquisition: Dmitri I. Svergun, Andrea Scrima, Petra Dersch.

Investigation: Vanessa Knittel, Pooja Sadana, Stephanie Seekircher, Anne-Sophie Stolle, Britta
Kérner, Marcel Volk, Cy M. Jeftries, Ann Kathrin Heroven.

Methodology: Vanessa Knittel, Pooja Sadana, Anne-Sophie Stolle, Britta Kérner, Marcel Volk,
Cy M. Jeffries, Dmitri I. Svergun, Ann Kathrin Heroven.

Project administration: Petra Dersch.

Resources: Andrea Scrima, Petra Dersch.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008552 September 23, 2020 32/37


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008552.s011
https://doi.org/10.1371/journal.ppat.1008552

PLOS PATHOGENS

Transcriptional activator of type VI secretion in Yersinia

Supervision: Ann Kathrin Heroven, Andrea Scrima, Petra Dersch.

Validation: Cy M. Jeffries, Dmitri I. Svergun, Ann Kathrin Heroven, Andrea Scrima, Petra

Dersch.

Visualization: Vanessa Knittel, Pooja Sadana, Britta Kérner, Andrea Scrima, Petra Dersch.

Writing - original draft: Petra Dersch.

Writing - review & editing: Vanessa Knittel, Pooja Sadana, Anne-Sophie Stolle, Cy M. Jef-

fries, Ann Kathrin Heroven, Andrea Scrima, Petra Dersch.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Journet L, Cascales E. The Type VI secretion system in Escherichia coli and related species. EcoSal
Plus. 2016; 7. https://doi.org/10.1128/ecosalplus.ESP-0009-2015 PMID: 27223818

Russell AB, Peterson SB, Mougous JD. Type VI secretion system effectors: poisons with a purpose.
Nat Rev Microbiol. 2014; 12: 137—48. https://doi.org/10.1038/nrmicro3185 PMID: 24384601

Pukatzki S, Ma AT, Revel AT, Sturtevant D, Mekalanos JJ. Type VI secretion system translocates a
phage tail spike-like protein into target cells where it cross-links actin. Proc Natl Acad Sci U S A. 2007;
104: 15508—13. https://doi.org/10.1073/pnas.0706532104 PMID: 17873062

Ho BT, Dong TG, Mekalanos JJ. A view to a kill: the bacterial type VI secretion system. Cell Host
Microbe. 2014; 15: 9-21. https://doi.org/10.1016/j.chom.2013.11.008 PMID: 24332978

Pukatzki S, McAuley SB, Miyata ST. The type VI secretion system: translocation of effectors and effec-
tor-domains. Curr Opin Microbiol. 2009; 12: 11-7. https://doi.org/10.1016/j.mib.2008.11.010 PMID:
19162533

Taylor NMI, van Raaij MJ, Leiman PG. Contractile injection systems of bacteriophages and related sys-
tems. Mol Microbiol. 2018; 108: 6-15. https://doi.org/10.1111/mmi. 13921 PMID: 29405518

Boyer F, Fichant G, Berthod J, Vandenbrouck Y, Attree |. Dissecting the bacterial type VI secretion sys-
tem by a genome wide in silico analysis: what can be learned from available microbial genomic
resources? BMC Genomics. 2009; 10: 104. hitps://doi.org/10.1186/1471-2164-10-104 PMID:
19284603

Cascales E. The type VI secretion toolkit. EMBO Rep. 2008; 9: 735-41. https://doi.org/10.1038/embor.
2008.131 PMID: 18617888

Bingle LE, Bailey CM, Pallen MJ. Type VI secretion: a beginner’s guide. Curr Opin Microbiol. 2008; 11:
3-8. https://doi.org/10.1016/j.mib.2008.01.006 PMID: 18289922

Barret M, Egan F, O’Gara F. Distribution and diversity of bacterial secretion systems across metage-
nomic datasets. Environ Microbiol Rep. 2013; 5: 117-26. https://doi.org/10.1111/j.1758-2229.2012.
00394.x PMID: 23757140

Alteri CJ, Mobley HL. The versatile type VI secretion system. Microbiol Spectr. 2016; 4. https://doi.org/
10.1128/microbiolspec.VMBF-0026-2015 PMID: 27227310

Costa TR, Felisberto-Rodrigues C, Meir A, Prevost MS, Redzej A, Trokter M, et al. Secretion systems
in Gram-negative bacteria: structural and mechanistic insights. Nat Rev Microbiol. 2015; 13: 343-59.
https://doi.org/10.1038/nrmicro3456 PMID: 25978706

Cianfanelli FR, Monlezun L, Coulthurst SJ. Aim, Load, Fire: The Type VI Secretion System, a Bacterial
Nanoweapon. Trends Microbiol. 2016; 24: 51-62. https://doi.org/10.1016/j.tim.2015.10.005 PMID:
26549582

Bernard CS, Brunet YR, Gueguen E, Cascales E. Nooks and crannies in type VI secretion regulation. J
Bacteriol. 2010; 192: 3850-60. https://doi.org/10.1128/JB.00370-10 PMID: 20511495

Jaakkola K, Somervuo P, Korkeala H. Comparative genomic hybridization analysis of Yersinia entero-
colitica and Yersinia pseudotuberculosis identifies genetic traits to elucidate their different ecologies.
Biomed Res Int. 2015; 2015: 760494. https://doi.org/10.1155/2015/760494 PMID: 26605338

Yang X, Pan J, Wang Y, Shen X. Type VI secretion systems present new insights on pathogenic Yersi-
nia. Front Cell Infect Microbiol. 2018; 8: 260. https://doi.org/10.3389/fcimb.2018.00260 PMID:
30109217

Zhang W, Xu S, Li J, Shen X, Wang Y, Yuan Z. Modulation of a thermoregulated type VI secretion sys-
tem by AHL-dependent quorum sensing in Yersinia pseudotuberculosis. Arch Microbiol. 2011; 193:
351-63. https://doi.org/10.1007/s00203-011-0680-2 PMID: 21298257

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008552 September 23, 2020 33/37


https://doi.org/10.1128/ecosalplus.ESP-0009-2015
http://www.ncbi.nlm.nih.gov/pubmed/27223818
https://doi.org/10.1038/nrmicro3185
http://www.ncbi.nlm.nih.gov/pubmed/24384601
https://doi.org/10.1073/pnas.0706532104
http://www.ncbi.nlm.nih.gov/pubmed/17873062
https://doi.org/10.1016/j.chom.2013.11.008
http://www.ncbi.nlm.nih.gov/pubmed/24332978
https://doi.org/10.1016/j.mib.2008.11.010
http://www.ncbi.nlm.nih.gov/pubmed/19162533
https://doi.org/10.1111/mmi.13921
http://www.ncbi.nlm.nih.gov/pubmed/29405518
https://doi.org/10.1186/1471-2164-10-104
http://www.ncbi.nlm.nih.gov/pubmed/19284603
https://doi.org/10.1038/embor.2008.131
https://doi.org/10.1038/embor.2008.131
http://www.ncbi.nlm.nih.gov/pubmed/18617888
https://doi.org/10.1016/j.mib.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18289922
https://doi.org/10.1111/j.1758-2229.2012.00394.x
https://doi.org/10.1111/j.1758-2229.2012.00394.x
http://www.ncbi.nlm.nih.gov/pubmed/23757140
https://doi.org/10.1128/microbiolspec.VMBF-0026-2015
https://doi.org/10.1128/microbiolspec.VMBF-0026-2015
http://www.ncbi.nlm.nih.gov/pubmed/27227310
https://doi.org/10.1038/nrmicro3456
http://www.ncbi.nlm.nih.gov/pubmed/25978706
https://doi.org/10.1016/j.tim.2015.10.005
http://www.ncbi.nlm.nih.gov/pubmed/26549582
https://doi.org/10.1128/JB.00370-10
http://www.ncbi.nlm.nih.gov/pubmed/20511495
https://doi.org/10.1155/2015/760494
http://www.ncbi.nlm.nih.gov/pubmed/26605338
https://doi.org/10.3389/fcimb.2018.00260
http://www.ncbi.nlm.nih.gov/pubmed/30109217
https://doi.org/10.1007/s00203-011-0680-2
http://www.ncbi.nlm.nih.gov/pubmed/21298257
https://doi.org/10.1371/journal.ppat.1008552

PLOS PATHOGENS

Transcriptional activator of type VI secretion in Yersinia

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Pieper R, Huang ST, Robinson JM, Clark DJ, Alami H, Parmar PP, et al. Temperature and growth
phase influence the outer-membrane proteome and the expression of a type VI secretion system in Yer-
sinia pestis. Microbiology. 2009; 155: 498-512. https://doi.org/10.1099/mic.0.022160-0 PMID:
19202098

Zhang W, Wang Y, Song Y, Wang T, Xu S, Peng Z, et al. A type VI secretion system regulated by
OmpR in Yersinia pseudotuberculosis functions to maintain intracellular pH homeostasis. Environ
Microbiol. 2013; 15: 557—-69. https://doi.org/10.1111/1462-2920.12005 PMID: 23094603

Gueguen E, Durand E, Zhang XY, d’Amalric Q, Journet L, Cascales E. Expression of a type VI secretion
system Is responsive to envelope stresses through the OmpR rranscriptional activator. PLoS One.
2013; 8: €66615. https://doi.org/10.1371/journal.pone.0066615 PMID: 23840509

Wang T, SiM, Song Y, ZhuW, Gao F, Wang Y, et al. Type VI secretion system transports Zn2+ to com-
bat multiple stresses and host immunity. PLoS Pathog. 2015; 11: €1005020. https://doi.org/10.1371/
journal.ppat.1005020 PMID: 26134274

Wang T, Chen K, Gao F, Kang Y, Chaudhry MT, Wang Z, et al. ZntR positively regulates T6SS4 expres-
sion in Yersinia pseudotuberculosis. J Microbiol. 2017; 55: 448—456. https://doi.org/10.1007/s12275-
017-6540-2 PMID: 28281200

Guan J, Xiao X, Xu S, Gao F, Wang J, Wang T, et al. Roles of RpoS in Yersinia pseudotuberculosis
stress survival, motility, biofilm formation and type VI secretion system expression. J Microbiol. 2015;
53: 633—42. https://doi.org/10.1007/s12275-015-0099-6 PMID: 26310305

Heroven AK, Dersch P. RovM, a novel LysR-type regulator of the virulence activator gene rovA, controls
cell invasion, virulence and motility of Yersinia pseudotuberculosis. Mol Microbiol. 2006; 62: 1469-83.
https://doi.org/10.1111/j.1365-2958.2006.05458.x PMID: 17074075

Heroven AK, Sest M, Pisano F, Scheb-Wetzel M, Steinmann R, Bohme K, et al. Crp induces switching
of the CsrB and CsrC RNAs in Yersinia pseudotuberculosis and links nutritional status to virulence.
Front Cell Infect Microbiol. 2012; 2: 158. https://doi.org/10.3389/fcimb.2012.00158 PMID: 23251905

SongY, Xiao X, Li C, Wang T, Zhao R, Zhang W, et al. The dual transcriptional regulator RovM regu-
lates the expression of AR3- and T6SS4-dependent acid survival systems in response to nutritional sta-
tusin Yersinia pseudotuberculosis. Environ Microbiol. 2015; 17: 4631-45. https://doi.org/10.1111/
1462-2920.12996 PMID: 26234561

Heroven AK, Bohme K, Rohde M, Dersch P. A Csr-type regulatory system, including small non-coding
RNAs, regulates the global virulence regulator RovA of Yersinia pseudotuberculosis through RovM. Mol
Microbiol. 2008; 68: 1179-95. MMI6218 [pii] https://doi.org/10.1111/j.1365-2958.2008.06218.x PMID:
18430141

Vakulskas CA, Potts AH, Babitzke P, Ahmer BM, Romeo T. Regulation of bacterial virulence by Csr
(Rsm) systems. Microbiol Mol Biol Rev. 2015; 79: 193—-224. https://doi.org/10.1128/MMBR.00052-14
PMID: 25833324

Kusmierek M, Dersch P. Regulation of host-pathogen interactions via the post-transcriptional Csr/Rsm
system. Curr Opin Microbiol. 2017; 41: 58—67. https://doi.org/10.1016/j.mib.2017.11.022 PMID:
29207313

Heroven AK, Bohme K, Dersch P. The Csr/Rsm system of Yersiniaand related pathogens: A post-tran-
scriptional strategy for managing virulence. RNA Biol. 2012; 9. 19333 [pii]

Romeo T, Babitzke P. Global Regulation by CsrA and lts RNA Antagonists. Microbiol Spectr. 2018; 6.
https://doi.org/10.1128/microbiolspec. RWR-0009-2017 PMID: 29573256

Bucker R, Heroven AK, Becker J, Dersch P, Wittmann C. The pyruvate-tricarboxylic acid cycle node: a
focal point of virulence control in the enteric pathogen Yersinia pseudotuberculosis. J Biol Chem. 2014;
289: 30114-32. hitps://doi.org/10.1074/jbc.M114.581348 PMID: 25164818

Bonemann G, Pietrosiuk A, Diemand A, Zentgraf H, Mogk A. Remodelling of VipA/VipB tubules by
ClpV-mediated threading is crucial for type VI protein secretion. EMBO J. 2009; 28: 315-25. https://doi.
org/10.1038/emb0j.2008.269 PMID: 19131969

Basler M., Pilhofer M., Henderson G. P., Jensen G. J., Mekalanos J. J. Type VI secretion requires a
dynamic contractile phage tail-like structure. Nature. 2012; 483: 182—186. https://doi.org/10.1038/
nature10846 PMID: 22367545

Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJE. The Phyre2 web portal for protein model-
ing, prediction and analysis. Nat Protoc. 2015; 10: 845-858. https://doi.org/10.1038/nprot.2015.053
PMID: 25950237

Cuff JA, Clamp ME, Siddiqui AS, Finlay M, Barton GJ. JPred: a consensus secondary structure predic-
tion server. Bioinformatics. 1998; 14: 892-3. https://doi.org/10.1093/bioinformatics/14.10.892 PMID:
9927721

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008552 September 23, 2020 34/37


https://doi.org/10.1099/mic.0.022160-0
http://www.ncbi.nlm.nih.gov/pubmed/19202098
https://doi.org/10.1111/1462-2920.12005
http://www.ncbi.nlm.nih.gov/pubmed/23094603
https://doi.org/10.1371/journal.pone.0066615
http://www.ncbi.nlm.nih.gov/pubmed/23840509
https://doi.org/10.1371/journal.ppat.1005020
https://doi.org/10.1371/journal.ppat.1005020
http://www.ncbi.nlm.nih.gov/pubmed/26134274
https://doi.org/10.1007/s12275-017-6540-2
https://doi.org/10.1007/s12275-017-6540-2
http://www.ncbi.nlm.nih.gov/pubmed/28281200
https://doi.org/10.1007/s12275-015-0099-6
http://www.ncbi.nlm.nih.gov/pubmed/26310305
https://doi.org/10.1111/j.1365-2958.2006.05458.x
http://www.ncbi.nlm.nih.gov/pubmed/17074075
https://doi.org/10.3389/fcimb.2012.00158
http://www.ncbi.nlm.nih.gov/pubmed/23251905
https://doi.org/10.1111/1462-2920.12996
https://doi.org/10.1111/1462-2920.12996
http://www.ncbi.nlm.nih.gov/pubmed/26234561
https://doi.org/10.1111/j.1365-2958.2008.06218.x
http://www.ncbi.nlm.nih.gov/pubmed/18430141
https://doi.org/10.1128/MMBR.00052-14
http://www.ncbi.nlm.nih.gov/pubmed/25833324
https://doi.org/10.1016/j.mib.2017.11.022
http://www.ncbi.nlm.nih.gov/pubmed/29207313
https://doi.org/10.1128/microbiolspec.RWR-0009-2017
http://www.ncbi.nlm.nih.gov/pubmed/29573256
https://doi.org/10.1074/jbc.M114.581348
http://www.ncbi.nlm.nih.gov/pubmed/25164818
https://doi.org/10.1038/emboj.2008.269
https://doi.org/10.1038/emboj.2008.269
http://www.ncbi.nlm.nih.gov/pubmed/19131969
https://doi.org/10.1038/nature10846
https://doi.org/10.1038/nature10846
http://www.ncbi.nlm.nih.gov/pubmed/22367545
https://doi.org/10.1038/nprot.2015.053
http://www.ncbi.nlm.nih.gov/pubmed/25950237
https://doi.org/10.1093/bioinformatics/14.10.892
http://www.ncbi.nlm.nih.gov/pubmed/9927721
https://doi.org/10.1371/journal.ppat.1008552

PLOS PATHOGENS

Transcriptional activator of type VI secretion in Yersinia

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

Valentini E, Kikhney AG, Previtali G, Jeffries CM, Svergun DI. SASBDB, a repository for biological
small-angle scattering data. Nucleic Acids Res. 2015; D357-63. https://doi.org/10.1093/nar/gku1047
PMID: 25352555

Baker NA, Sept D, Joseph S, Holst MJ, McCammon JA. Electrostatics of nanosystems: application to
microtubules and the ribosome. Proc Natl Acad Sci U S A. 2001; 98: 10037—41. https://doi.org/10.1073/
pnas.181342398 PMID: 11517324

Duss O, Michel E, Diarra dit Konte N, Schubert M, Allain FH. Molecular basis for the wide range of affin-
ity found in Csr/Rsm protein-RNA recognition. Nucleic Acids Res. 2014; 42: 5332—46. https://doi.org/
10.1093/nar/gku141 PMID: 24561806

Mercante J, Edwards AN, Dubey AK, Babitzke P, Romeo T. Molecular geometry of CsrA (RsmA) bind-
ing to RNA and its implications for regulated expression. Journal of molecular biology. 2009; 392: 511—
28. https://doi.org/10.1016/}.jmb.2009.07.034 PMID: 19619561

Holmaqvist E, Wright PR, Li L, Bischler T, Barquist L, Reinhardt R, et al. Global RNA recognition patterns
of post-transcriptional regulators Hfq and CsrA revealed by UV crosslinking in vivo. EMBO J. 2016; 35:
991-1011. https://doi.org/10.15252/embj.201593360 PMID: 27044921

Schubert M, Lapouge K, Duss O, Oberstrass FC, Jelesarov |, Haas D, et al. Molecular basis of messen-
ger RNA recognition by the specific bacterial repressing clamp RsmA/CsrA. Nat Struct Mol Biol. 2007;
14: 807-13. https://doi.org/10.1038/nsmb1285 PMID: 17704818

Yakhnin AV, Baker CS, Vakulskas CA, Yakhnin H, Berezin |, Romeo T, et al. CsrA activates flhDC
expression by protecting flhDC mRNA from RNase E-mediated cleavage. Mol Microbiol. 2013; 87:
851-66. https://doi.org/10.1111/mmi.12136 PMID: 23305111

Kim B, Little JW. Dimerization of a specific DNA-binding protein on the DNA. Science. 1992; 255: 203—
6. https://doi.org/10.1126/science. 1553548 PMID: 1553548

Costa A, van Duinen G, Medagli B, Chong J, Sakakibara N, Kelman Z, et al. Cryo-electron microscopy
reveals a novel DNA-binding site on the MCM helicase. EMBO J. 2008; 27: 2250-8. https://doi.org/10.
1038/emboj.2008.135 PMID: 18650940

Erzberger JP, Mott ML, Berger JM. Structural basis for ATP-dependent DnaA assembly and replication-
origin remodeling. Nat Struct Mol Biol. 2006; 13: 676—83. https://doi.org/10.1038/nsmb1115 PMID:
16829961

Boer DR, Ruiz-Maso JA, Rueda M, Petoukhov MV, Machon C, Svergun DI, et al. Conformational plas-
ticity of RepB, the replication initiator protein of promiscuous streptococcal plasmid pMV158. Sci Rep.
2016; 6: 20915. https://doi.org/10.1038/srep20915 PMID: 26875695

Douglas ME, Ali FA, Costa A, Diffley JFX. The mechanism of eukaryotic CMG helicase activation.
Nature. 2018; 555: 265—268. https://doi.org/10.1038/nature25787 PMID: 29489749

Sunnerhagen M, Nilges M, Otting G, Carey J. Solution structure of the DNA-binding domain and model
for the complex of multifunctional hexameric arginine repressor with DNA. Nat Struct Biol. 1997; 4: 819—
26. https://doi.org/10.1038/nsb1097-819 PMID: 9334747

Maas WK. The arginine repressor of Escherichia coli. Microbiol Rev. 1994; 58: 631-40. PMID: 7854250

Guhathakurta A, Viney I, Summers D. Accessory proteins impose site selectivity during ColE1 dimer
resolution. Mol Microbiol. 1996; 20: 613-20. https://doi.org/10.1046/j.1365-2958.1996.5471072.x
PMID: 8736540

Colloms SD, McCulloch R, Grant K, Neilson L, Sherratt DJ. Xer-mediated site-specific recombination in
vitro. EMBO J. 1996; 15: 1172-81. PMID: 8605888

Schumacher J, Joly N, Rappas M, Zhang X, Buck M. Structures and organisation of AAA+ enhancer
binding proteins in transcriptional activation. J Struct Biol. 2006; 156: 190—199. https://doi.org/10.1016/
j.jsb.2006.01.006 PMID: 16531068

Gao F, Danson AE, Ye F, Jovanovic M, Buck M, Zhang X. Bacterial Enhancer Binding Proteins-AAA+
Proteins in Transcription Activation. Biomolecules. 2020; 10. https://doi.org/10.3390/biom10030351
PMID: 32106553

Vidangos N, Maris AE, Young A, Hong E, Pelton JG, Batchelor JD, et al. Structure, function, and tether-
ing of DNA-binding domains in 054 transcriptional activators. Biopolymers. 2013; 99: 1082—1096.
https://doi.org/10.1002/bip.22333 PMID: 23818155

Ozturk G, LeGrand K, Zheng Y, Young GM. Yersinia enterocolitica CsrA regulates expression of the
Ysa and Ysc type 3 secretion system in unique ways. FEMS Microbiol Lett. 2017; 364. https://doi.org/
10.1093/femsle/fnx204 PMID: 29044402

Kusmierek M, HoBmann J, Witte R, Opitz W, Vollmer |, Volk M, et al. A bacterial secreted translocator
hijacks riboregulators to control type Il secretion in response to host cell contact. PLoS Pathog. 2019;
15: €1007813. https://doi.org/10.1371/journal.ppat.1007813 PMID: 31173606

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008552 September 23, 2020 35/37


https://doi.org/10.1093/nar/gku1047
http://www.ncbi.nlm.nih.gov/pubmed/25352555
https://doi.org/10.1073/pnas.181342398
https://doi.org/10.1073/pnas.181342398
http://www.ncbi.nlm.nih.gov/pubmed/11517324
https://doi.org/10.1093/nar/gku141
https://doi.org/10.1093/nar/gku141
http://www.ncbi.nlm.nih.gov/pubmed/24561806
https://doi.org/10.1016/j.jmb.2009.07.034
http://www.ncbi.nlm.nih.gov/pubmed/19619561
https://doi.org/10.15252/embj.201593360
http://www.ncbi.nlm.nih.gov/pubmed/27044921
https://doi.org/10.1038/nsmb1285
http://www.ncbi.nlm.nih.gov/pubmed/17704818
https://doi.org/10.1111/mmi.12136
http://www.ncbi.nlm.nih.gov/pubmed/23305111
https://doi.org/10.1126/science.1553548
http://www.ncbi.nlm.nih.gov/pubmed/1553548
https://doi.org/10.1038/emboj.2008.135
https://doi.org/10.1038/emboj.2008.135
http://www.ncbi.nlm.nih.gov/pubmed/18650940
https://doi.org/10.1038/nsmb1115
http://www.ncbi.nlm.nih.gov/pubmed/16829961
https://doi.org/10.1038/srep20915
http://www.ncbi.nlm.nih.gov/pubmed/26875695
https://doi.org/10.1038/nature25787
http://www.ncbi.nlm.nih.gov/pubmed/29489749
https://doi.org/10.1038/nsb1097-819
http://www.ncbi.nlm.nih.gov/pubmed/9334747
http://www.ncbi.nlm.nih.gov/pubmed/7854250
https://doi.org/10.1046/j.1365-2958.1996.5471072.x
http://www.ncbi.nlm.nih.gov/pubmed/8736540
http://www.ncbi.nlm.nih.gov/pubmed/8605888
https://doi.org/10.1016/j.jsb.2006.01.006
https://doi.org/10.1016/j.jsb.2006.01.006
http://www.ncbi.nlm.nih.gov/pubmed/16531068
https://doi.org/10.3390/biom10030351
http://www.ncbi.nlm.nih.gov/pubmed/32106553
https://doi.org/10.1002/bip.22333
http://www.ncbi.nlm.nih.gov/pubmed/23818155
https://doi.org/10.1093/femsle/fnx204
https://doi.org/10.1093/femsle/fnx204
http://www.ncbi.nlm.nih.gov/pubmed/29044402
https://doi.org/10.1371/journal.ppat.1007813
http://www.ncbi.nlm.nih.gov/pubmed/31173606
https://doi.org/10.1371/journal.ppat.1008552

PLOS PATHOGENS

Transcriptional activator of type VI secretion in Yersinia

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Nuss AM, Schuster F, Kathrin Heroven A, Heine W, Pisano F, Dersch P. A direct link between the global
regulator PhoP and the Csr regulon in Y. pseudotuberculosis through the small regulatory RNA CsrC.
RNA Biology. 2014; 11: 580-93. https://doi.org/10.4161/rma.28676 PMID: 24786463

Kusmierek M, Heroven AK, Beckstette M, Nuss AM, Dersch P. Discovering Yersinia-Host Interactions
by Tissue Dual RNA-Seq. Methods Mol Biol. 2019; 2010: 99—116. https://doi.org/10.1007/978-1-4939-
9541-7_8 PMID: 31177434

Allsopp LP, Wood TE, Howard SA, Maggiorelli F, Nolan LM, Wettstadt S, et al. RsmA and AmrZ orches-
trate the assembly of all three type VI secretion systems in Pseudomonas aeruginosa. Proc Natl Acad
SciU S A. 2017; 114: 7707-7712. https://doi.org/10.1073/pnas.1700286114 PMID: 28673999

Janssen KH, Diaz MR, Gode GJ, Wolfgang MC, Yahr TL. RsmV, a Small Noncoding Regulatory RNA in
Pseudomonas aeruginosa That Sequesters RsmA and RsmF from Target mRNAs. J Bacteriol. 200:
e00277-18. https://doi.org/10.1128/JB.00277-18 PMID: 29866805

Moscoso JA, Mikkelsen H, Heeb S, Williams P, Filloux A. The Pseudomonas aeruginosa sensor RetS
switches type Il and type VI secretion via c-di-GMP signalling. Environ Microbiol. 2011; 13: 3128-38.
https://doi.org/10.1111/j.1462-2920.2011.02595.x PMID: 21955777

HanY, Zhou D, Pang X, Song Y, Zhang L, Bao J, et al. Microarray analysis of temperature-induced tran-
scriptome of Yersinia pestis. Microbiol Immunol. 2004; 48: 791-805. JST.JSTAGE/mandi/48.791 [pii]
https://doi.org/10.1111/j.1348-0421.2004.tb03605.x PMID: 15557737

Motin VL, Georgescu AM, Fitch JP, Gu PP, Nelson DO, Mabery SL, et al. Temporal global changes in
gene expression during temperature transition in Yersinia pestis. J Bacteriol. 2004; 186: 6298-305.
https://doi.org/10.1128/JB.186.18.6298-6305.2004 PMID: 15342600

Robinson JB, Telepnev MV, Zudina IV, Bouyer D, Montenieri JA, Bearden SW, et al. Evaluation of a
Yersinia pestis mutant impaired in a thermoregulated type VI-like secretion system in flea, macrophage
and murine models. Microb Pathog. 2009; 47: 243-51. https://doi.org/10.1016/j.micpath.2009.08.005
PMID: 19716410

Chouikha |, Sturdevant DE, Jarrett C, Sun YC, Hinnebusch BJ. Differential Gene Expression Patterns
of Yersinia pestis and Yersinia pseudotuberculosis during Infection and Biofilm Formation in the Flea
Digestive Tract. mSystems. 2019: e00217-18. https://doi.org/10.1128/mSystems.00217-18 PMID:
30801031

Miller JH. A short course in bacterial genetic: a laboratory manual and handbook for Escherichia coli
and related bacteria. Cold Spring Habor, New York; 1992.

Sambrook J. Molecular Cloning: A Laboratory Manual,. Cold Spring Harbor Laboratories, Cold Spring
Harbor, NY; 2001.

Datsenko KA, Wanner BL. One-step inactivation of chromosomal genes in Escherichia coliK-12 using
PCR products. Proc Natl Acad Sci U S A. 2000; 97: 6640-5. https://doi.org/10.1073/pnas.120163297
PMID: 10829079

Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids
Res. 2001; 29: e45. hitps://doi.org/10.1093/nar/29.9.e45 PMID: 11328886

Terwilliger T, Grosse-Kunstleve R, Afoine P, Moriarty N, Zwart P, Hung L, et al. Iterative model building,
structure refinement and density modification with the PHENIX AutoBuild wizard. Acta Crystallogr D
Biol Crystallogr. 2008: 61-69. https://doi.org/10.1107/S090744490705024X PMID: 18094468

Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and development of Coot. Acta Crystallogr D
Biol Crystallogr. 2010; 66: 486-501. https://doi.org/10.1107/S0907444910007493 PMID: 20383002

Afonine PV, Grosse-Kunstleve RW, Echols N, Headd JJ, Moriarty NW, Mustyakimov M, et al. Towards
automated crystallographic structure refinement with phenix.refine. Acta Crystallogr D Biol Crystallogr.
2012; 68: 352—-367. https://doi.org/10.1107/S0907444912001308 PMID: 22505256

Nicholas HB, Ropelewski AJ, Deerfield DW. Strategies for multiple sequence alignment. Biotechniques.
2002; 32: 572-4, 576, 578 passim. https://doi.org/10.2144/02323rv01 PMID: 11911661

Blanchet CE, Spilotros A, Schwemmer F, Graewert MA, Kikhney A, Jeffries CM, et al. Versatile sample
environments and automation for biological solution X-ray scattering experiments at the P12 beamline
(PETRA I, DESY). J Appl Crystallogr. 2015; 48: 431-443. https://doi.org/10.1107/
S$160057671500254X PMID: 25844078

Round A, Felisaz F, Fodinger L, Gobbo A, Huet J, Villard C, et al. BioSAXS Sample Changer: a robotic
sample changer for rapid and reliable high-throughput X-ray solution scattering experiments. Acta Crys-
tallogr D Biol Crystallogr. 2015; 71: 67-75. https://doi.org/10.1107/S1399004714026959 PMID:
25615861

Franke D, Jeffries CM, Svergun DI. Correlation Map, a goodness-of-fit test for one-dimensional X-ray
scattering spectra. Nat Methods. 2015; 12: 419-422. https://doi.org/10.1038/nmeth.3358 PMID:
25849637

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008552 September 23, 2020 36/37


https://doi.org/10.4161/rna.28676
http://www.ncbi.nlm.nih.gov/pubmed/24786463
https://doi.org/10.1007/978-1-4939-9541-7%5F8
https://doi.org/10.1007/978-1-4939-9541-7%5F8
http://www.ncbi.nlm.nih.gov/pubmed/31177434
https://doi.org/10.1073/pnas.1700286114
http://www.ncbi.nlm.nih.gov/pubmed/28673999
https://doi.org/10.1128/JB.00277-18
http://www.ncbi.nlm.nih.gov/pubmed/29866805
https://doi.org/10.1111/j.1462-2920.2011.02595.x
http://www.ncbi.nlm.nih.gov/pubmed/21955777
https://doi.org/10.1111/j.1348-0421.2004.tb03605.x
http://www.ncbi.nlm.nih.gov/pubmed/15557737
https://doi.org/10.1128/JB.186.18.6298-6305.2004
http://www.ncbi.nlm.nih.gov/pubmed/15342600
https://doi.org/10.1016/j.micpath.2009.08.005
http://www.ncbi.nlm.nih.gov/pubmed/19716410
https://doi.org/10.1128/mSystems.00217-18
http://www.ncbi.nlm.nih.gov/pubmed/30801031
https://doi.org/10.1073/pnas.120163297
http://www.ncbi.nlm.nih.gov/pubmed/10829079
https://doi.org/10.1093/nar/29.9.e45
http://www.ncbi.nlm.nih.gov/pubmed/11328886
https://doi.org/10.1107/S090744490705024X
http://www.ncbi.nlm.nih.gov/pubmed/18094468
https://doi.org/10.1107/S0907444910007493
http://www.ncbi.nlm.nih.gov/pubmed/20383002
https://doi.org/10.1107/S0907444912001308
http://www.ncbi.nlm.nih.gov/pubmed/22505256
https://doi.org/10.2144/02323rv01
http://www.ncbi.nlm.nih.gov/pubmed/11911661
https://doi.org/10.1107/S160057671500254X
https://doi.org/10.1107/S160057671500254X
http://www.ncbi.nlm.nih.gov/pubmed/25844078
https://doi.org/10.1107/S1399004714026959
http://www.ncbi.nlm.nih.gov/pubmed/25615861
https://doi.org/10.1038/nmeth.3358
http://www.ncbi.nlm.nih.gov/pubmed/25849637
https://doi.org/10.1371/journal.ppat.1008552

PLOS PATHOGENS

Transcriptional activator of type VI secretion in Yersinia

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

Franke D, Petoukhov MV, Konarev PV, Panjkovich A, Tuukkanen A, Mertens HDT, et al. ATSAS 2.8: a
comprehensive data analysis suite for small-angle scattering from macromolecular solutions. J Appl
Crystallogr. 2017; 50: 1212-1225. https://doi.org/10.1107/S1600576717007786 PMID: 28808438

Konarev P, Volkov VV, Sokolova AV, Koch MHJ, Svergun DJ. PRIMUS: A Windows PC-based system
for small-angle scattering data analysis. J Appl Crystallogr. 2003; 36: 1277-1282.

Guinier A. La diffraction des rayons X aux trés petits angles: application a I'étude de phénomeénes ultra-
microscopiques. Ann Phys. 1939; 11: 161-237. https://doi.org/10.1051/anphys/193911120161

Svergun DJ. Determination of the regularization parameter in indirect-transform methods using percep-
tual criteria. J Appl Crystallogr. 1992; 25: 793-503.

Konarev PV, Svergun DI. A posteriori determination of the useful data range for small-angle scattering
experiments on dilute monodisperse systems. IUCrJ. 2015; 2: 352—-360. https://doi.org/10.1107/
S$2052252515005163 PMID: 25995844

Fischer H, de Oliverira M, Napolitano H, Craievich A, Podikarpov |. The molecular weight of proteins in
solution can be determined from a single SAXS measurement on a relative scale. J Appl Crystalogr.
2010; 43: 101-109.

Rambo RP, Tainer JA. Accurate assessment of mass, models and resolution by small-angle scattering.
Nature. 2013; 496: 477-481. https://doi.org/10.1038/nature 12070 PMID: 23619693

Petoukhov MV, Franke D, Shkumatov AV, Tria G, Kikhney AG, Gajda M, et al. New developments in
the ATSAS program package for small-angle scattering data analysis. J Appl Crystallogr. 2012; 45:
342-350. https://doi.org/10.1107/S0021889812007662 PMID: 25484842

Hajizadeh NR, Pieprzyk J, Skopintsev P, Flayhan A, Svergun DI, Léw C. Probing the Architecture of a
Multi-PDZ Domain Protein: Structure of PDZK1 in Solution. Structure. 2018; 26: 1522—1533.€5. hitps://
doi.org/10.1016/j.str.2018.07.016 PMID: 30220543

Pernot P, Round A, Barrett R, De Maria Antolinos A, Gobbo A, Gordon E, et al. Upgraded ESRF BM29
beamline for SAXS on macromolecules in solution. J Synchrotron Radiat. 2013; 20: 660—664. https://
doi.org/10.1107/S0909049513010431 PMID: 23765312

Svergun DI. Restoring low resolution structure of biological macromolecules from solution scattering
using simulated annealing. Biophys J. 1999; 76: 2879-2886. https://doi.org/10.1016/S0006-3495(99)
77443-6 PMID: 10354416

Volkov VV, Svergun DI, IUCr. Uniqueness of ab initio shape determination in small-angle scattering. In:
Journal of Applied Crystallography [Internet]. 16 Apr 2003 [cited 11 Mar 2020]. https://doi.org/10.1107/
S0021889803000268

Svergun D, Barberato C, Koch MHJ. CRYSOL-a Program to Evaluate X-ray Solution Scattering of Bio-
logical Macromolecules from Atomic Coordinates. J Appl Cryst. 1995; 28: 768—773. https://doi.org/10.
1107/S0021889895007047

Kozin M, Svergun DI. Automated matching of high- and low-resolution structural models—Abstract—
Europe PMC. J Appl Crystallogr. 2001; 33—41.

Heroven AK, Nagel G, Tran HJ, Parr S, Dersch P. RovA is autoregulated and antagonizes H-NS-medi-
ated silencing of invasin and rovA expression in Yersinia pseudotuberculosis. Mol Microbiol. 2004; 53:
871-88. https://doi.org/10.1111/j.1365-2958.2004.04162.x PMID: 15255899

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008552 September 23, 2020 37/37


https://doi.org/10.1107/S1600576717007786
http://www.ncbi.nlm.nih.gov/pubmed/28808438
https://doi.org/10.1051/anphys/193911120161
https://doi.org/10.1107/S2052252515005163
https://doi.org/10.1107/S2052252515005163
http://www.ncbi.nlm.nih.gov/pubmed/25995844
https://doi.org/10.1038/nature12070
http://www.ncbi.nlm.nih.gov/pubmed/23619693
https://doi.org/10.1107/S0021889812007662
http://www.ncbi.nlm.nih.gov/pubmed/25484842
https://doi.org/10.1016/j.str.2018.07.016
https://doi.org/10.1016/j.str.2018.07.016
http://www.ncbi.nlm.nih.gov/pubmed/30220543
https://doi.org/10.1107/S0909049513010431
https://doi.org/10.1107/S0909049513010431
http://www.ncbi.nlm.nih.gov/pubmed/23765312
https://doi.org/10.1016/S0006-3495%2899%2977443-6
https://doi.org/10.1016/S0006-3495%2899%2977443-6
http://www.ncbi.nlm.nih.gov/pubmed/10354416
https://doi.org/10.1107/S0021889803000268
https://doi.org/10.1107/S0021889803000268
https://doi.org/10.1107/S0021889895007047
https://doi.org/10.1107/S0021889895007047
https://doi.org/10.1111/j.1365-2958.2004.04162.x
http://www.ncbi.nlm.nih.gov/pubmed/15255899
https://doi.org/10.1371/journal.ppat.1008552

