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Abstract 
 

Within a bacterial community, cells can use proteins or small molecules to 

exchange information that influences the group’s behavior. While small molecules, like 

quorum sensing signals, tend to be freely diffusible, proteins are transported through the 

cell envelope by a variety of secretion systems. The type VI secretion system (T6S) is 

widely conserved across Gram-negative bacteria and is used to transport proteins of a 

variety of sizes and functions. How protein substrates are targeted to the T6S machinery 

for exchange is poorly understood.  

The gut-residing opportunistic pathogen, Proteus mirabilis,  relies on the 

secretion of a protein, IdsD, via the T6S, to exchange self-identity information between 

cells. Interactions between IdsD and its binding partner, IdsE, in a recipient cell regulate 

self recognition behaviors. Self (clonal) populations merge while non-self populations 

form a macroscopic boundary in between them. The goal of my thesis research was to 

understand how IdsD is regulated through the transport process. 

Using biochemical, genetic and imaging approaches, I interrogated the hypothesis 

that IdsD is regulated through interactions with T6S-associated proteins. This research 

led us to propose a model wherein a proposed-chaperone, IdsC, regulates IdsD prior to 

secretion. Understanding the pre-transport molecular regulation of IdsD provides us with 

novel insights into how macromolecular protein complexes can regulate the transcellular 
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communication of information to influence cellular behavior, such as P. mirabilis 

population dynamics within natural host environments.   
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Chapter 1 

Chaperone-mediated protein targeting in bacterial secretion systems 
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Contact-dependent signal exchange modulates behavior 

 Neighboring cells in direct contact can use the exchange of signals to modulate 

their interaction. Bacteria have evolved different delivery mechanisms, called secretion 

systems, to exchange signals encoded within nucleic acids or proteins. In general, these 

secretion systems are multi-protein, cell-envelope spanning conduits through which 

signals are sent from the cytoplasm of a bacterial cell into a neighboring cell. This form 

of communication forms the basis of pathogenic and symbiotic relationships between 

bacterial species as well as between bacteria and their eukaryotic or plant hosts. To date, 

at least nine different secretion systems have been described across Gram-positive and 

Gram-negative bacteria (1-8), each delivering an array of substrates, termed effectors, 

with differing enzymatic and regulatory functions.  

Shigella spp., the causative agent of dysentery, is a Gram-negative primate-

restricted intercellular pathogen that utilizes type III secretion (T3S) to modulate host 

cytoskeletal proteins (9). While subdivided into four species, all Shigella cells use 

intercellular transport to spread within a host. One set of factors required for epithelial 

cell entry is encoded by the ipa operon, which is found next to a T3S gene locus. During 

early cell entry, the T3S allows insertion of a pore composed of IpaB and IpaC proteins, 

which allows translocation of IpaA and IpaC into the host cell cytosol (10). IpaC induces 

actin polymerization and through interactions with the Rho family of GTPases promotes 

the transition between thin tube-like actin structures, filopodia, into ruffled actin 

structures, lamellipodia (11). Once Shigella entry has begun, IpaA binds to the focal 

adhesion protein, vinculin, and induces actin depolymerization (12). IpaA deficient 

mutants are unable to invade host cells (13).   
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Agrobacterium tumefaciens is a Gram-negative plant pathogen that utilizes type 

IV secretion (T4S) to exploit its plant host for the production of an exclusive nitrogen 

source. A. tumefaciens carries a plasmid, the tumor-inducing (Ti) plasmid, which encodes 

multiple genes, including a set of virulence genes and a T4S gene locus (14). Integration 

of the Ti plasmid into the plant cell genome results in virulence gene expression and 

crown gall disease or tumor formation in flowering plants. In addition to virulence, the Ti 

plasmid encodes genes for synthesis and catabolism of specialized amino acids called 

opines. Transformed plant cells then secrete these opines, which serve as a nitrogen 

source for A. tumefaciens (15).  

In these two examples, the secreted effectors are encoded in close genomic 

proximity to the secretion system that translocates them. Each type of secretion system is 

a specialized delivery mechanism, and as such, a single type of system exchanges a given 

substrate.  However, an individual bacterial cell can express more than one active 

secretion system at a time. This presents an interesting question of how a substrate is 

targeted to its correct delivery system for exchange. While much is known about the 

structure of secretion systems and the type of cargo they can deliver, relatively little is 

known about how cargo is targeted. The systems in which this question has been best 

addressed are the T3S and T4S.  

 

Roles of chaperones in T3S and T4S substrate secretion 

 T3S are derived from flagellar components and are present in Gram-negative 

bacteria (16, 17). T3S structural studies have shown it to be a needle-like apparatus that 

transverses the inner and outer membrane of donor cells and punctures the cellular 
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membrane of recipient eukaryotic or plant cells (18). T3S substrates are proteins 

generally identified by an N-terminal signal sequence that is poorly conserved at the 

sequence level but is an inherently unstructured region enriched in particular amino acids 

(19-21). T3S effector targeting is mediated by binding of customized chaperones 

downstream of the signal sequence, generally in non-enzymatic regions (22, 23). This 

binding interaction prevents substrate degradation by inhibiting substrate aggregation 

(24-28). While T3S chaperone proteins increase secretion efficiency of T3S substrates, 

they are not required for substrate export (22, 28-32). T3S chaperones generally do not 

exhibit sequence similarity, but do share structural similarities across species (33-40).  

 The T4S machinery is derived from bacterial conjugation components, and 

therefore can translocate nucleic acids, proteins, or nucleo-protein complexes in both 

Gram-positive and Gram-negative bacteria through formation of a pilus-like structure 

(41-44). In T4S, the ATPase VirD4 is believed to dock substrates on to the machinery 

and as such has been termed the “coupling protein” (45, 46). In certain systems, such as 

Legionella, VirD4 acts in complex with the chaperone-like proteins, IcmS and IcmW 

(47). While the molecular roles of IcmS and IcmW are poorly understood, they do not 

appear to unfold effectors like the T3S chaperones, but rather form an extended platform 

for substrate docking.  

While chaperone functions differ between T3S and T4S chaperones, it is enticing 

to consider that targeting of substrates to their correct delivery system is dependent on 

system-specific chaperone-substrate interactions and that such chaperones are the key to 

understanding substrate sorting.  
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Figure 1.1 Type III and Type IV Secretion in Gram-negative bacteria Some T3S and 

T4S substrates interact with chaperone-like proteins to aid in their efficient secretion. 

However, the molecular functions of chaperones within each system are distinct. 

Oversimplified structures of T3S and T4S machineries are shown with characteristics of 

described chaperones below.  
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Recent identification of a chaperone-family in T6S   

 Recently, a chaperone protein-family has been proposed for type VI secretion 

(T6S) systems (48, 49). T6S are derived from bacteriophage components, and resemble 

inverted bacteriophage tails through which substrates are plunged through an inner tube 

formed of Hcp hexamers. Substrates are generally capped by a tip-forming trimer of 

VgrG proteins which are themselves often decorated by PAAR-proteins (3, 50-58). 

About one-third of Gram-negative bacteria encode T6S systems to deliver protein signals 

into neighboring eukaryotic or prokaryotic cells (59). T6S substrates lack conservation of 

a signal sequence, and vary in protein size and protein activity. Genetic proximity to 

genes encoding Hcp, VgrG, or PAAR-protein homologs has classically been used to find 

putative T6S substrates. Recent bioinformatics described short motif sequences, called 

MIX motifs, present in known or predicted T6S substrates that may serve as a type of 

signal sequence (60). Bioinformatics performed by a different research group showed that 

proteins frequently encoded adjacent to T6S substrates contained a common protein 

motif- the DUF4123 protein domain. It was proposed that DUF4123-proteins could 

function as chaperones for T6S substrates (48). While it was demonstrated that 

DUF4123-proteins bind VgrG proteins in vitro, and that they are essential for substrate 

secretion, it is unclear what molecular functions these chaperone proteins serve and 

whether targeting to the T6S machinery is one such function (48, 49, 53).  

 

T6S in Proteus mirabilis modulates self-recognition behaviors 

 In the Gram-negative bacterium Proteus mirabilis, the T6S is used to deliver 

proteins that encode information about genetic relatedness. At least two self-recognition 



	 7 

systems, Ids and Idr, use T6S to deliver effectors that encode self-identity information 

(61, 62). Of these, Ids encodes a DUF4123-protein upstream of the T6S effector (62). Ids 

is a six-protein system, IdsA through IdsF, encoded within a single operon (Figure A.1). 

IdsA, IdsB, IdsC, and IdsF are well conserved across P. mirabilis strains and by protein 

homology are implicated in aiding in T6S transport; IdsA is an Hcp homolog, IdsB is a 

VgrG homolog, IdsC is a DUF4123-protein and IdsF is a PAAR-motif protein. However, 

IdsA is not required for self-recognition to occur (62). IdsD and IdsE encode 

hypervariable regions (VR) that determine in vitro IdsD-IdsE binding. In vitro binding 

correlates to in vivo self-recognition behaviors on surfaces (62, 63). Clonal (self) 

populations will merge upon encountering each other, while non-clonal (non-self) 

populations will form a macroscopic boundary between them, called the Dienes line (62, 

63). Only the binding state of IdsD-IdsE in recipient cells, and not donor cells, 

contributes to self-recognition behaviors (64). These data led to a model wherein IdsD is 

secreted from a donor cell in a T6S-dependent manner into a recipient cell. If IdsD is 

capable of binding IdsE in the recipient cell, this triggers a self recognition phenotype. 

Conversely, if IdsD is not capable of binding IdsE in the recipient cell, this results in a 

non-self recognition phenotype.  

The regulation of IdsD pre-transport and its targeting to the T6S for delivery 

remained unresolved questions. Since IdsB and IdsF are required for self-recognition 

(62), and IdsB is in itself secreted (61), we predicted that they aided in secretion of IdsD 

and wondered if either IdsB or IdsF played a role in substrate regulation or targeting. The 

role of IdsC however, remained elusive, until recent literature suggested that DUF4123 

proteins function as putative T6S substrate chaperones (48, 49).  



	 8 

 In this thesis, I show that IdsD interacts with IdsB, IdsC, and IdsF mostly 

exclusive of IdsA and IdsE (Figure 2.1). This led to a model wherein IdsBCDF form a 

“secretion” complex in donor cells that was independent of the IdsDE “recognition” 

complex in recipient cells. I demonstrate that IdsD forms discrete puncta that can be 

found proximal to the T6S machinery and that these puncta are independent of T6S 

function as well as IdsE, but do depend on IdsC (Chapter 2). I then show that the IdsC-

IdsD interaction is independent of other Ids or T6S proteins and is mediated by the IdsC 

DUF4123-domain. I show that the IdsC-IdsD interaction is important for localization of 

IdsD, maintenance of IdsD protein levels, and for secretion of IdsD (Chapter 3). 

Furthermore, I demonstrate that single amino acid polymorphisms within IdsC uncouple 

IdsD localization and secretion (Figure 3.12-Figure 3.14).  This data expanded the 

molecular model of self-recognition to include IdsC as a protein that clusters IdsD in 

preparation for delivery in donor cells, and targets it to the T6S machinery. In vitro, IdsC 

and IdsD interact with T6S machinery components, and these interactions are not 

disrupted by amino acid changes in IdsC. This suggests that IdsC, and perhaps more 

broadly DUF4123-proteins, couple T6S substrate regulation with substrate secretion and 

that secretion involves at least three distinct stages: 1) clustering of substrate, 2) targeting 

to the correct machinery and 3) secretion through machinery.   
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Figure 1.2 Chaperone-dependent regulation of a T6S substrate IdsD is a T6S-

dependent effector that encodes self-identity information in P. mirabilis (61-63). Based 

on data presented in this thesis we propose a model wherein (1) IdsC binds IdsD to 

stabilize IdsD cluster formation in donor cells and couple substrate regulation to (2) 

substrate targeting. IdsC belong to the recently proposed DUF4123-protein family of T6S 

chaperones. DUF4123 proteins are commonly found upstream of T6S substrates and have 

been shown to mediate binding with VgrG proteins, involved in T6S secretion (48, 49, 

53). Single amino acid polymorphisms within IdsC uncouple substrate targeting from (3) 

substrate secretion, indicating that these are distinct steps in the transport of T6S 

substrates. 
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Role of P. mirabilis self-recognition in nature  

 While the Gibbs lab has uncovered effects of Ids-mediated self-recognition on P.  

mirabilis population interactions, the role of Ids, and more broadly of self-recognition in 

natural environments is unclear. P. mirabilis is a commensal bacterium in the human gut 

and an opportunistic pathogen in the human urinary tract, particularly in patients with 

long-term catheterization. Currently, a mouse host model of P. mirabilis exists which has 

helped provide insights on P. mirabilis gene expression (65), cell morphotypes present 

(66) and factors that influence strain infectivity (65, 67). Using this mouse model, recent 

work has implicated that Ids is an essential factor for polymicrobial infections of 

catheter-associated urinary tract infections (68). An open question in the field is whether 

multiple P. mirabilis strains can co-infect a patient and whether social behaviors, like self 

versus non-self recognition, play a role in colonization of a host.  The current mouse 

model is not sufficient to answer this question due to small sample sizes, cost, and 

inability to image at a single-bacterial-cell resolution. Therefore, in Chapter 4 I describe 

work aiming to adapt and expand a Caenorhabditis elegans model of P. mirabilis 

infection with the goal of assessing whether laboratory characterization of P. mirabilis 

social behaviors is translatable to in vivo conditions in a host.  
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Abstract 

Proteus mirabilis encodes and interprets information about self-identity within 

two proteins, IdsD and IdsE. Of these, IdsD is exchanged between cells by the type VI 

secretion (T6S) machinery, which is widely conserved across Gram-negative bacteria. 

Only after being transported into neighboring cells does IdsD interact with its self-

identity protein partner, IdsE. While IdsD secretion is known to be T6S-dependent, IdsD 

interactions with T6S proteins and its localization relative to the T6S machinery remained 

unknown. Furthermore, whether these interactions could sequester IdsD in producing 

cells to inhibit the IdsD-IdsE interaction remained untested. Here I show that IdsD 

interacts with homologs of known T6S-associated proteins as well as components of the 

core T6S machinery itself. Additionally, I demonstrate that IdsD localizes into discrete 

puncta that are often, but not always, found proximal to the T6S machinery. Finally, I 

show IdsD localization is not dependent on T6S function, but is dependent on IdsC, a 

protein belonging to a proposed family of T6S-substrate chaperones.  

   

Introduction 

 Self versus non-self recognition behaviors in the bacterium Proteus mirabilis 

result in the physical separation between clonal (self) populations and foreign (non-self) 

populations. Self-identity information is encoded within IdsD, a protein that is secreted 

by the type VI secretion (T6S) machinery into neighboring cells, where it interacts with 

its self-identity partner protein, IdsE (1-4). Although IdsD is known to be a T6S 

substrate, its interactions with the T6S machinery and its localization relative to the 

machinery were unknown. Furthermore, other proteins encoded by the ids operon 
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(Figure A.1) share homology with proteins involved in T6S transport in other bacterial 

systems. Unlike many other bacterial systems, P. mirabilis encodes a single T6S locus. It 

remained unclear whether IdsD interacts with these T6S-associated proteins and whether 

these interactions would affect IdsD localization or transport in producing cells. 

Furthermore, previous work demonstrated that IdsD and IdsE do not interact in producing 

cells (4). One possibility is that interactions between IdsD and the T6S machinery, in 

preparation for IdsD secretion, prevent IdsD-IdsE interactions in producing cells.  

 Here I take an unbiased approach to look at IdsD protein partners, and confirm a 

subset of results through western blot analysis. I assessed that IdsD interacts with both 

Ids T6S-associated proteins as well as components of the core machinery. I localized 

IdsD and show that it can be found proximal to the machinery and that its localization is 

independent of T6S function. Surprisingly, its localization is dependent on one Ids 

protein, IdsC, which belongs to a proposed family of chaperones for T6S-substrates.  

 

Materials and Methods 

Bacterial strains and media 

All strains are described in Table 2.1. P. mirabilis strains were maintained on 

LSW- agar (5). P. mirabilis was grown on CM55 Blood Agar Base agar (Oxoid, 

Basingstoke, England) for colony growth assays. For broth cultures, all strains were 

grown in LB broth under aerobic conditions at 37°C. Antibiotics were used at the 

following concentrations: 15 microgram per milliliter (µg/mL) tetracycline; 35 µg/mL 

kanamycin; and 50 µg/mL chloramphenicol. 

 



	 20 

Expression plasmids 

All plasmids used are described in Table 2.2. Gene fragments (gBlocks) 

(Integrated DNA Technologies, Coralville, IA) were used for cloning of pIds-derived 

vectors. Listed gBlocks were sub-cloned into TOPO pCR2.1 vector using the TOPO TA-

Cloning Kit (Thermo Fisher Scientific, Waltham, MA). The FLAG epitope is 

DYKDDDDK and was introduced into genes idsA, idsC, idsE, and idsF in pIds using 

standard Quikchange reaction protocols (Agilent Technologies, Santa Clara, CA). pIds-

derived plasmids were constructed via restriction digest using listed restriction enzymes 

(New England BioLabs, Ipswich, MA) of noted plasmids. Restriction digest was 

followed by overnight ligation at 16°C and subsequent transformation into OneShot 

Omnimax2 T1R competent cells (Thermo Fisher Scientific, Waltham, MA).  Resultant 

plasmids were confirmed by sequencing (Genewiz, Inc., South Plainfield, NJ). Vectors 

were then transformed into S17λpir, which was used to conjugate plasmids into P. 

mirabilis as previously described (1). To test that epitope-tagged proteins remained 

functional, boundary assays were performed (Figure A.2).  

 

Anti-FLAG pull-downs from P. mirabilis cell extracts  

P. mirabilis strains carrying pIds plasmids were inoculated from overnight 

cultures onto CM55 swarm agar plates and incubated at 37°C 16-20 hours until the 

population almost reached the edge of the petri dish.  Cells from five plates were re-

suspended in 5 mL LB each and harvested by centrifugation.  Pellets were re-suspended 

in 1 mL cell lysis buffer (50mM Tris HCl pH 7.4, 150mM NaCl, 1% triton X-100, 1 mM 

EDTA) supplemented with 40 µl of either Complete protease inhibitor cocktail (Roche, 
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Basel, Switzerland) or Biotools protease inhibitor cocktail (Biotools, Houston, TX) and 

lysed by vortexing with cell disruptor beads (0.1-diameter, Electron Microscopy 

Sciences, Hatfield, PA). Lysates were cleared by centrifugation and 900 µL was applied 

to 40 µL pre-equilibrated α-FLAG M2 antibody resin (Sigma-Aldrich, St. Louis, MO; 

Biotools, Houston, TX). Control lysate (containing pIds with no FLAG-tagged protein) 

was supplemented with 2 µg of purified FLAG-tagged E. coli bacterial alkaline 

phosphatase (FLAG-BAP) protein (Sigma-Aldrich, St. Louis, MO). Lysates were 

incubated with resin for two hours at 4°C. Unbound cell extract was removed. Resin was 

washed five times in wash buffer (50mM Tris HCl pH 7.4, 150mM NaCl, 1% triton X-

100), and bound proteins were eluted with 50 µl of elution buffer (50mM Tris HCl pH 

7.4, 150mM NaCl, 200 ng/µl 3XFLAG peptide) for 45 minutes at 4°C. The elution was 

re-centrifuged and the top 40 µl was retained. Samples of load (L), non-binding (-) and 

binding (+) fractions were separated by SDS-PAGE and analyzed by liquid 

chromatography tandem mass spectrometry or western blot. 

 

Antibody generation 

Antibodies specific to IdsB amino acids 713-723 (CRAKAMKKGTA), IdsD 

amino acids 4-18 (EVNEKYLTPQERKAR) and IdsE amino acids 298-312 

(EQILAKLDQEKEHHA) were raised in rabbits using standard peptide protocols 

(Covance, Dedham, MA). 

 

SDS-PAGE and western blots  
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Samples from the above co-immunoprecipitation assays were separated by gel 

electrophoresis using 12% Tris-Tricine polyacrylamide gels, transferred to nitrocellulose 

membranes, and probed with: rabbit α-IdsB (1:5000), rabbit α-IdsD (1:2000); rabbit α-

IdsE (1:2000); rabbit α-FLAG (1:4000, Sigma-Aldrich, St. Louis, MO); rabbit α-mKate 

(1:4000, OriGene, Rockville, MD); mouse α-σ70 (1:1000, Thermo Fisher Scientific, 

Waltham, MA) or (1:1000, BioLegend, San Diego, CA) followed by goat α-rabbit or goat 

α-mouse conjugated to HRP (1:5000, KPL, Inc., Gaithersburg, MD) and developed with 

Immun-Star HRP Substrate Kit (Bio-Rad Laboratories, Hercules, CA). Blots were 

visualized using a Chemidoc (Bio-Rad Laboratories, Hercules, CA). Figures were made 

in Adobe Illustrator (Adobe Systems, San Jose, CA).  

 

Liquid chromatography tandem mass-spectrometry  

Binding samples from α-FLAG immunoprecipitations were separated by gel 

electrophoresis using 12% Tris-Tricine polyacrylamide gels. Bands were cut between 0-

37 kDa, 37-75 kDa, and 75-250 kDa and sent to LC-MS/MS analysis (Taplin Mass 

Spectrometry Core Facility, Harvard Medical School, Boston MA). Technical advice 

provided by the Taplin Mass Spectrometry Facility led to a three unique peptide cutoff to 

confirm protein hits. Bioinformatics analysis of Ids and T6S protein hits was done using 

Pfam 31.0 (6). Full data tables can be found in ‘LABSTORAGE’ on Gibbs Laboratory 

Data Computer under ‘Martha’ ‘Mass Spectrometry’ ‘Data Spreadsheets’ subfolder. 

 

Microscopy  
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Strains were grown overnight shaking in LB supplemented with kanamycin at 

37°C. 1.0 mm-thick agar pads of swarming permissive media supplemented with 

kanamycin were inoculated with 2 µl of overnight cultures and incubated in a humidified 

chamber at 37° for 4 to 6 hours. Images were acquired either with a Leica DM5500B 

(Leica Microsystems, Buffalo Grove, IL) with a CoolSnap HQ2 cooled CCD camera 

(Photometrics, Tucson, AZ) or an Olympus BX61 (Olympus Corporation, Waltham, MA) 

with a Hamamatsu C10600-10B CCD camera (Hamamtsu Phototonics K.K., Boston, 

MA). MetaMorph version 7.8.0.0 (Molecular Devices, Sunnyvale, CA) was used for 

image acquisition. Figures were made in Fiji (7, 8) and Adobe Illustrator (Adobe 

Systems, San Jose, CA). 

 

P. mirabilis boundary assays  

 Self-recognition phenotype of test strains was examined against the parent strain 

BB2000 and BB2000 lacking the ids genes (Δids), each carrying a plasmid to confer 

kanamycin resistance. Epitope-tagged and fluorescent-fusion proteins were deemed 

functional if test strain merged with BB2000 and formed a boundary with Δids (Figure 

A.2). Strains were grown up in liquid-broth under aerobic conditions at 37°C. Cultures 

were normalized by optical density at 600 nm (OD600) and spotted on swarming 

permissive CM55 Blood Agar Base agar (Oxoid, Basingstoke, England) plates 

supplemented with 2 mg/mL Coomassie blue, 4 mg/mL congo red dyes, and 35 µg/mL 

kanamycin. Plates were incubated overnight at 37°C. 
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Table 2.1 Strains used in this study  

Strain Notes Source KAG
# 

MZR
# 
 

Plasmid 

Δids Δids::Tn-Cm(R) (1) 006 002  
Δids + pIds-IdsA-
FLAG 

Modified protein(s): 
IdsA-FLAG 
 
Δids carrying a modified 
pIds plasmid with a C-
terminal FLAG-tag encoded 
in-frame with idsA. 

(3) 930 029 pLMW06 

Δids + pIds-
FLAG-IdsC 

Modified protein(s): 
FLAG-IdsC 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC. 

This study 644/ 
645 
 

039/ 
167 

pLC-001 

Δids + pIds-
FLAG-IdsD 

Modified protein(s): 
FLAG-IdsD 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsD. 

(2) 661 036 pLC-015 

Δids + pIds-
FLAG-IdsE 

Modified protein(s): 
FLAG-IdsE 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsE. 

(2) 655 045 pLC-013 

Δids + pIds-IdsF-
FLAG 

Modified protein(s): 
IdsF-FLAG 
 
Δids carrying a modified 
pIds plasmid with a C-
terminal FLAG-tag encoded 
in-frame with idsF. 

This study 657 042 pLC-014 
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Table 2.1 Strains used in this study (continued) 

Δids:: 
BB2000_0821-
sfGFP 

Modified protein(s): 
TssB-sfGFP 
 
Δids with chromosomal 
BB2000_0821 fused to 
superfolder GFP. 

(9) 2537   

Δids::BB2000_08
21-sfGFP + pIds-
FLAG-IdsC-
mKate2-IdsD 

Modified protein(s): 
TssB-sfGFP, FLAG-IdsC, 
mKate2-IdsD 
 
Δids::BB2000_0821-sfGFP 
carrying a modified pIds 
plasmid with an N-terminal 
FLAG-tag encoded in-frame 
with idsC and an N-terminal 
mKate2 fluorophore fused to 
idsD. 

This study 2874 169 pMZ49 

Δids:: 
BB2000_0821T95G 
(CCS05) 

Modified protein(s): 
TssBL32R 
 
Δids with chromosomal 
BB2000_0821 with a single 
T à G point mutation at 
base pair 95. This results in a 
disrupted T6S sheath.  

(4) 2115   

CCS05+pIds-
FLAG-IdsC-
mKate2-IdsD 

Modified protein(s): 
TssBL32R, FLAG-IdsC, 
mKate2-IdsD 
 
CCS05 carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC and an N-
terminal mKate2 fluorophore 
fused to idsD. 

This study 3278 302 pMZ49  

BB2000_0808* Modified protein(s): 
IcmF* 
 
BB2000_0808::Tn-Cm(R). First 
described as tssN* in (3).  

(3) 633 010  
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Table 2.1 Strains used in this study (continued) 

BB2000_0808* 
+pIds-FLAG-
IdsC-mKate2-
IdsD 

Modified protein(s): 
IcmF*, FLAG-IdsC, mKate2-
IdsD 
 
BB2000_0808* carrying a 
modified pIds plasmid with 
an N-terminal FLAG-tag 
encoded in-frame with idsC 
and an N-terminal mKate2 
fluorophore fused to idsD. 

This study 2870 238 pMZ49 

BB2000_0808* 
+pIds-FLAG-
IdsD 

Modified protein(s): 
IcmF*, FLAG-IdsD 
 
BB2000_0808* carrying a 
modified pIds plasmid with 
an N-terminal FLAG-tag 
encoded in-frame with idsD. 

(3) 835 037 pLC-015 

∆ids::BB2000_08
14G1145A 

Modified protein(s): 
TssKS382N  
 
BB2000 with chromosomal 
BB2000_0814 with a GàA 
point mutation at base pair 
1145.  

This study 2107   

∆ids::BB2000_08
14G1145A c. pIds-
FLAG-IdsC-
mKate2-IdsD 

Modified protein(s): 
TssKS382N, FLAG-IdsC, 
mKate2-IdsD 
 
∆ids with chromosomal 
BB2000_0814 with a GàA 
point mutation at base pair 
1145 linked to carrying a 
modified pIds plasmid in 
which an N-terminal FLAG 
epitope tag is encoded in-
frame with idsC and an N-
terminal mKate2-fluorophore 
is encoded in frame with 
idsD. 

This study 3282 304 pMZ49  
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Table 2.1 Strains used in this study (continued) 

∆ids::BB2000_08
14G1145A c. pIds-
FLAG-IdsD 

Modified protein(s): 
TssKS382N, FLAG-IdsD 
 
∆ids with chromosomal 
BB2000_0814 with a GàA 
point mutation at base pair 
1145 linked to carrying a 
modified pIds plasmid in 
which an N-terminal FLAG 
epitope tag is encoded in-
frame with idsD. 

This study 3168 266 pLC-015 

∆ids::BB2000_08
14G1329T 

Modified protein(s): 
TssKW443C 
 
BB2000 with chromosomal 
BB2000_0814 with a GàT 
point mutation at base pair 
1329. 

This study 2255   

∆ids::BB2000_08
14G1329T c. pIds-
FLAG-IdsC-
mKate2-IdsD 

Modified protein(s): 
TssKW443C, FLAG-IdsC, 
mKate2-IdsD 
 
∆ids with chromosomal 
BB2000_0814 with a GàT 
point mutation at base pair 
1329 carrying a modified 
pIds plasmid. Plasmid has an 
N-terminal FLAG epitope 
tag encoded in-frame with 
idsC and an N-terminal 
mKate2-fluorophore fused to 
idsD. 

This study 3286 306  pMZ49  

∆ids::BB2000_08
14G1329T c. pIds-
FLAG-IdsD 

Modified protein(s): 
TssKW443C, FLAG-IdsD 
 
∆ids with chromosomal 
BB2000_0814 with a GàT 
point mutation at base pair 
1329 carrying a modified 
pIds plasmid. Plasmid has an 
N-terminal FLAG epitope 
tag encoded in-frame with 
idsD. 

This study 3172 270 pLC-015 
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Table 2.1 Strains used in this study (continued) 

CCS05 c. pIds-
723mt-FLAG-
IdsC-mKate2-
IdsD 

Modified protein(s): 
TssBL32R, ΔIdsB, FLAG-
IdsC, mKate2-IdsD 
 
CCS05 carrying a modified 
pIds plasmid with a 711-bp 
disruption of IdsB (1). 
Plasmid also has an N-
terminal FLAG epitope 
encoded in-frame with idsC 
and an N-terminal mKate2-
fluorophore fused to idsD.  

This study 3180 273 pMZ52 

CCS05 c. pIds-
FLAG- 
IdsCΔDUF4123-
mKate2-IdsD 

Modified protein(s): 
TssBL32R, FLAG-IdsC 

ΔDUF4123, mKate2-IdsD 
 
CCS05 carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC with 
nucleotides 373-762 deleted 
and an N-terminal mKate2 
fluorophore fused to idsD. 

This study 2730 157 pMZ34 

CCS05 c. pIds-
FLAG-IdsC-
mKate2-IdsD-
ΔIdsE 

Modified protein(s): 
TssBL32R, FLAG-IdsC, 
mKate2-IdsD, ΔIdsE 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC and an N-
terminal mKate2 fluorophore 
fused to idsD. In-frame 
deletion of idsE.  

This study 3002 246 pMZ51 

Δids + pIds-
FLAG-IdsC-
mKate2-IdsD 

Modified protein(s): 
FLAG-IdsC, mKate2-IdsD 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC and an N-
terminal mKate2 fluorophore 
fused to idsD.  

This study  2868 173 pMZ49 
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Table 2.1 Strains used in this study (continued) 

Δids + pIds-
FLAG-
IdsCΔDUF4123-
mKate2-IdsD 

Modified protein(s): 
FLAG-IdsCΔDUF4123, 
mKate2-IdsD 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC with 
nucleotides 373-762 deleted 
and an N-terminal mKate2 
fluorophore fused to idsD. 

This study 2720 155 pMZ34 

OneShot 
Omnimax 2 T1R 
Competent Cells 

Cloning strain for pIds-
derived plasmids 

Thermo 
Fisher 
Scientific, 
Waltham, 
MA.  

   

S17λpir Escherichia coli mating 
strain to introduce plasmids 
into P. mirabilis 

(10) 068   
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Table 2.2 Primers used in this study  
 
Plasmid Construction details (primers and gBlocks 5’ à 3’)  
pIds-FLAG-
IdsC  

FLAG epitope (DYKDDDDK) was introduced 5’ of idsC in pIds using 
Quikchange reaction protocols (Agilent Technologies, Santa Clara, CA).  
F:  
GCGAAAGCGATGAAAAAAGGAACGGCCTAATGGACTA 
CAAAGACGATGACGATAAACTCTTGAGTCCAAATCCCC 
TCTATAAAGCG 
R:  
CGCTTTATAGAGGGGATTTGGACTCAAGAGTTTATCGTCAT 
CGTCTTTGTAGTCCATTAGGCCGTTCCTTTTTTCATCGCTTT 
CGC 

pIds-IdsF-
FLAG  

FLAG epitope (DYKDDDK) was introduced 3’ of idsF in pIds using 
Quikchange reaction protocols (Agilent Technologies, Santa Clara, CA).  
F: 
GTTCAGATGGCTGTATACTCGTTGCAACAGATGACTACAAAGACG
ATGACGATAAATAAGCGATACCCAATATCATGTATCATAAATAAA
AAATGATA 
R: 
TATCATTTTTTATTTATGATACATGATATTGGGTATCGCTTATTTAT
CGTCATCGTCTTTGTAGTCATCTGTTGCAACGAGTATACAGCCATC
TGAAC 

pIds-FLAG-
IdsC-
mKate2-IdsD 

Constructed by restriction digest of pIds-mKate2-IdsD and pIds-FLAG-IdsC 
using BstEII/PacI. 

pIds-FLAG-
IdsCΔDUF4123 

Deletion of basepairs 373 to 762 in idsC in pIds-FLAG-IdsC using gBlock 
and restriction digest with BstEII/PacI.  
 
Geneblock: 
GGTTACCATTAGCTGAGGATTGCCGTGCGAAAGCGATGAAAAAAG
GAACGGCCTAATGGACTACAAAGACGATGACGATAAACTCTTGAG
TCCAAATCCCCTCTATAAAGCGTATTGGGTTGCTCAATGCCGTTAT
ACTCGCAACGGTGAACAATTCAAGGGGGTGATGACCGTAGCAGGT
ACAAGTCAATCACAAGCTATTAAGCAGATGCGCCAGTACTTTACG
GCTCACCCAGGTGAATATACCTTTGCGGACTATGACACATTAATCC
CTTTAATCACCCATATTGAACAAAGTTCAACCTTAGAATTACCGTT
AATACGGCAAGTACGTGAGCAACATAATGCAAAGGTTTCAGCCGT
ATTAGTGGATAAATGCAACCTCACACACCCAAGACCGTCAGAAAA
AGGCGACATTCATTACCGTGAGGGGCAACCTACGTTTATTGAATAT
TCGCATTAA 

pIds-FLAG-
IdsCΔDUF4123-
mKate2-IdsD 

Constructed by restriction digest of pIds-mKate2-IdsD and pIds-FLAG-
IdsCΔDUF4123 using BstEII/PacI. 
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Table 2.2 Primers used in this study (continued) 
	
pIds-723mt-
FLAG-IdsC-
mKate2-IdsD 

Constructed by restriction digest of pIds-FLAG-IdsC-mKate2-IdsD and pIds-
723mt (1) using BstEII/NheI. 

pIds-FLAG-
IdsC-
mKate2-
IdsD-ΔIdsE 

Deletion of idsE in pIds-FLAG-IdsC-mKate2-IdsD using gBlock (4) and 
restriction digest with EcoNI/KpnI.  
 
Geneblock: 
GCGAACAATTAAAAATGGCAAGTGAAAAAGGTGATTGGAACCCTG
AAACAGGTATATTTAAATTTAGTTTGGAAGTACAGTCTCAATTAGT
AAATACATATTCTGCTTTTGGTGCACATCCTAATAGCCGTATAGGT
ATTGAAGATTTATATTGGTATTATCAAGTCAATCCCGAGGTAACAA
CACCGATGCGTTATATCAATTGGGGGGGAGATACCCAAGAAAACA
ATCAGCTTTTAGGCTTTATTAACAGGAGAATATCTAAATCAGGAGA
AAGAACACCATGCGTAGTTTGGTAAACGGCAGAAAGATTATTTTA
GAAAATGATACAACAAATACCGGCGGTACCGTACTTACCGGCTCT 
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Results 

IdsBCDF form a protein interaction network 

We predicted that IdsD interacts with T6S-associated Ids proteins in preparation 

for its delivery. T6S delivery requires contraction of a sheath and plunging of an inner 

tube comprised of Hcp hexamers (11, 12). T6S substrates typically interact with the Hcp 

tube as well as VgrG proteins that form the tip of the spike for membrane penetration 

(13-16). VgrG proteins themselves are often decorated by PAAR-proteins (15, 17). 

Therefore, IdsD was predicted to interact with IdsA (Hcp homolog), IdsB (VgrG 

homolog, and IdsF (PAAR-domain protein). To assay for the protein-interactions 

partners, an established Ids expression system was used in which all ids genes are 

expressed from a plasmid under regulation of the native ids promoter (pIds) in a parent 

strain lacking the ids genes (1). IdsD was modified with an N-terminal FLAG-epitope 

(2), and cell extracts were subjected to anti-FLAG co-immunoprecipitations. To detect 

direct and indirect interactions partners, the binding fraction was analyzed using liquid 

chromatography tandem mass spectrometry (LC-MS/MS) (Table 2.3). FLAG-IdsD 

pulled down IdsB, IdsC, IdsD, IdsE, and IdsF. FLAG-IdsD did not pull down IdsA, 

consistent with previous phenotypic data (1).  

To confirm these interactions, I performed anti-FLAG co-immunoprecipitations 

on cell extracts from P. mirabilis separately expressing IdsA-FLAG, FLAG-IdsC, FLAG-

IdsE, or IdsF-FLAG. P. mirabilis extract with no FLAG-tagged proteins doped with 

purified FLAG-tagged Escherichia coli bacterial alkaline phosphatase (FLAG-BAP) was 

used as a negative control. The load (L), non-binding (-) and binding (+) fractions were 

analyzed by western blot using custom polyclonal anti-IdsB, anti-IdsD, anti-IdsE or 
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commercial anti-FLAG, and anti-sigma70 antibodies. IdsA-FLAG did not pull down any 

Ids proteins, consistent with previous phenotypic data (1) and was therefore omitted from 

further analysis (Figure 2.1). Due to lack of anti-IdsC and anti-IdsF antibodies, binding 

fractions were additionally analyzed by LC-MS/MS (Table 2.4 and Table 2.5). IdsB, 

IdsC, and IdsF pulled down each other and IdsD but not IdsE (Figure 2.1, Table 2.4 and 

Table 2.5) suggesting these interactions are independent of IdsE. While LC-MS/MS 

analysis of the FLAG-IdsC binding fraction showed trace amounts of IdsE (Table 2.4), 

this result was not visible by western blot. LC-MS/MS analysis of the IdsF-FLAG 

binding fraction additionally showed traced amounts of IdsA. Therefore, IdsBCDF 

appear to interact with each other predominantly without IdsA and IdsE.  
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Table 2.3 Ids and T6S specific LC-MS/MS hits pulled down by FLAG-IdsD  
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Figure 2.1 IdsBCDF form a protein complex almost exclusive of IdsA and IdsE Anti-

FLAG co-immunoprecipitation assays were performed as previously described (2). 

Soluble (L), non-binding (-) and binding (+) fractions were analyzed via western blot 

using polyclonal anti-IdsB, polyclonal anti-IdsD, polyclonal anti-IdsE, monoclonal anti-

FLAG, and monoclonal anti-sigma70 antibodies. Green boxes indicate a band in the 

binding fraction; white boxes indicate no band in the binding fraction. Bait samples are 

labeled above: FLAG-IdsD (2), IdsA-FLAG, FLAG-IdsC, FLAG-IdsE (2), IdsF-FLAG, 

and FLAG-BAP, which is a purified FLAG-tagged E. coli protein mixed with P. 

mirabilis lysate. All Ids proteins were individually modified with a FLAG epitope and 

expressed in Δids cells on a modified pIds plasmid (1).  
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Table 2.4 Ids and T6S specific LC-MS/MS hits pulled down by FLAG-IdsC 

 

 

 

Table 2.5 Ids and T6S specific LC-MS/MS hits pulled down by IdsF-FLAG 
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IdsCDF interact with conserved T6S components 

IdsB and IdsF show homology to proteins implicated in T6S-dependent substrate 

transport in other bacterial systems. IdsC contains a DUF4123 protein motif recently 

suggested to be present in chaperone proteins encoded upstream of T6S substrates (15, 

18, 19). Therefore, LC-MS/MS results were analyzed for T6S components pulled down 

by FLAG-IdsC, FLAG-IdsD, and IdsF-FLAG (Table 2.3, Table 2.4, and Table 2.5). 

Briefly, the T6S subcellular sheath is comprised of TssB and TssC that plunges the 

interior Hcp tube across the cell envelope through a core membrane complex consisting 

of several proteins including TssM (11-14, 20-23). The baseplate, composed of TssEFGK 

proteins, links sheath assembly and the core membrane complex (24, 25). FLAG-IdsC 

and FLAG-IdsD both pulled down BB2000_0820 (TssC), BB2000_0818 (TssF), and 

BB2000_0814 (TssK). FLAG-IdsC further pulled down BB2000_0821 (TssB), 

BB2000_0817 (TssG), and BB2000_0806 (TssF) (Table 2.3, Table 2.4, and Table 2.5). 

Therefore, FLAG-IdsC and FLAG-IdsD interact with conserved T6S sheath and 

baseplate components. IdsF-FLAG surprisingly did not pull down any T6S components.  

 

IdsD forms puncta that localize proximal to T6S sheath 

 Given that IdsD is a T6S substrate that interacts with conserved T6S sheath 

components, we predicted that IdsD would be found proximal to the T6S sheath. For all 

microscopy experiments we used a construct that expressed FLAG-IdsC in conjunction 

with IdsD fused to an N-terminal mKate2 fluorophore (mKate-IdsD). This construct was 

expressed in a strain where BB2000_0821 (TssB) is fused to superfolder green 

fluorescent protein (TssB-sfGFP) (9). mKate-IdsD formed distinct puncta and typically 
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one to three foci were seen per cell (Figure 2.2). To determine what percentage of foci 

were found proximal to the T6S machinery, only cells that expressed both red (mKate-

IdsD) and green (TssB-sfGFP) fluorescence signals were analyzed. Each mKate-IdsD 

associated puncta was visually determined to either be proximal or not proximal to a 

TssB-sfGFP associated rod. In 100 cells counted, 26 of them had mKate-IdsD foci that 

overlapped with the T6S machinery. Of these, 31 out of 113 of the mKate-IdsD foci 

counted overlapped with TssB-sfGFP fluorescence.  
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Figure 2.2 mKate-IdsD forms distinct puncta found proximal to the T6S sheath The 

T6S sheath was labeled using a chromosomal fusion of the sheath component TssB to 

sfGFP (9). FLAG-IdsC and mKate-IdsD were produced from pIds in this strain 

background. TssB-sfGFP associated fluorescence formed rod-like structures along cells, 

while mKate-IdsD associated fluorescence formed discrete foci. For a given cell 

displaying both mKate-IdsD and TssB-sfGFP signals, mKate-IdsD foci that did (white 

arrow) or did not (yellow arrow) overlap with the T6S machinery were counted. Of 113 

mKate-IdsD puncta counted, 31 of them overlapped with TssB-sfGFP. Left, Phase. 

Middle left, fluorescence in the RFP channel for mKate2. Middle right, fluorescence in 

the GFP channel for sfGFP. Right, false-colored overlay in which for contrast, mKate-

IdsD fluorescence is in red, and TssB-sfGFP fluorescence is in cyan. Scale bar is 10 µm. 
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Figure 2.2 mKate-IdsD forms distinct puncta found proximal to the T6S sheath 

(continued) 
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IdsD puncta are independent of T6S machinery  

 To test whether IdsD puncta formation occurs in preparation for IdsD secretion by 

the T6S machinery, pIds-FLAG-IdsC-mKate2-IdsD was expressed in four different T6S 

chromosomal disruptions. Sheath formation was abrogated using a single point mutation 

in BB2000_0821 (TssB) (4, 9). The core membrane complex was disrupted through a 

transposon insertion in BB2000_0808 (TssM) (3) . Baseplate formation was disrupted 

using two independent point mutations in BB2000_0814 (TssK) isolated and 

characterized by a previous graduate student, Christina C. Saak.  The TssKS382N mutation 

supports sheath formation but results in attenuated secretion while TssKW443C inhibits 

sheath formation and secretion. In all of these T6S-abrogated strains, mKate-IdsD 

continued to pattern as foci, suggesting that that IdsD puncta formation is independent of 

its secretion (Figure 2.3).  

This suggests that in the absence of T6S function, IdsD continues to interact with 

proteins that could aid in stabilizing these protein clusters. To test what proteins IdsD 

interacts with in T6S abrogated strains, co-immunoprecipitation assays were performed 

on the TssM disruption and both TssK disruption strains expressing FLAG-IdsD. LC-

MS/MS data sets from these experiments were compared and only protein hits with at 

least three unique peptide fragments detected were considered in the analysis (Figure 2.4 

and Table A.3). A small subset of hits was shared between all three strains (38 hits), 

including IdsB, IdsC, IdsD, and IdsF. This suggests that one or more of the other Ids 

proteins could be important for the formation of IdsD puncta. In both TssK mutant 

backgrounds, IdsD continued to interact with components of the T6S machinery, 

including the sheath protein BB2000_0821 (TssB), as well as the baseplate protein 
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BB2000_0812 (TssJ). While in the TssKS382N background, FLAG-IdsD pulled down 

BB2000_0814 (TssK), this was not the case in the TssKW443C background. This suggests 

that sheath formation is important for interactions between IdsD and TssK, or 

alternatively that the TssK tryptophan at residue 443 is important for that interaction.  
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Figure 2.3 mKate-IdsD puncta form independently of T6S activity P. mirabilis 

strains with different chromosomal disruptions of T6S activity all expressing pIds-FLAG-

IdsC-mKate2-IdsD. (A) Disruption of sheath formation (4), (B-C) disruption of 

baseplate, and (D) disruption of the core membrane complex (3). Left, Phase. Middle, 

fluorescence in the RFP channel for mKate2. Right, false-colored overlay in which for 

contrast, mKate-IdsD fluorescence is in red and phase is in cyan. All scale bars are 10 

µm. Illustrations to the right of images depict models for IdsD localization at the 

membrane. Three main components of the T6S machinery (the baseplate, the membrane-

complex and sheath) are shown. Black arrow represents previously tested IdsA (Hcp 

homolog) secretion, which is a hallmark of T6S activity (3, 4).  
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Figure 2.3 mKate-IdsD puncta form independently of T6S activity (continued) 
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Figure 2.4 Comparison of LC-MS/MS protein hits from FLAG-IdsD co-

immunoprecipitations in T6S abrogated strains Protein hits with at least three unique 

peptides pulled down by FLAG-IdsD in TssM*, TssKS382N, or TssKW443C mutant 

backgrounds were compared using VENNY (26). Full data sets can be found on Gibbs 

laboratory data storage computer. Table A.3 lists protein hits by category. 
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IdsD puncta formation depends on IdsC 

 Given that none of the four T6S-deficient strains impacted IdsD localization, the 

TssB chromosomal mutant strain (CCS05) (4, 9) was used as a representative donor-only 

population. To test the prediction that interactions with other Ids proteins affect IdsD 

puncta formation in donor cells, pIds-FLAG-IdsC-mKate2-IdsD was modified to disrupt 

IdsB (VgrG), IdsC (DUF4123) or IdsE (self-identity determinant) and expressed in 

CCS05. IdsB expression was disrupted as previously described (1), IdsC was disrupted 

by removing the DUF4123-encoding domain, and idsE was removed using a clean 

deletion (4). Given that IdsD and IdsE do not appear to interact in donor cells (4), we 

hypothesized that absence of IdsE would not affect IdsD clusters. Indeed, in the absence 

of IdsE, mKate-IdsD continued to appear as bright puncta. In the absence of IdsB, 

mKate-IdsD continued to appear as bright puncta. However, in the absence of the 

DUF4123 domain of IdsC, mKate-IdsD was mostly diffuse along cells (Figure 2.5). In 

some cells, either puncta or a combination of puncta and diffused localization was 

observed. To test whether diffuse localization was due to fluorophore cleavage, whole 

cell extracts of Δids or CCS05 expressing pIds-FLAG-IdsC-mKate2-IdsD or pIds-FLAG-

IdsCΔDUF4123-mKate2-IdsD were subjected to western blot analysis using anti-IdsD, anti-

mKate, and anti-sigma70 antibodies. Bands corresponding to the mKate-IdsD fusion 

were observed, while bands corresponding to unlabeled IdsD or mKate2 alone were 

minimally found (Figure 2.6). These results suggest that while IdsD localization is 

independent of its transfer, it is dependent on IdsC, which is a protein of a family of 

recently proposed chaperone proteins for T6S substrates.  
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Figure 2.5 mKate-IdsD puncta depend on IdsC, but not IdsE P. mirabilis with 

abrogated sheath formation (4, 9) expressing mKate-IdsD in (A) absence of IdsB, (B) 

disruption of the DUF4123 domain of IdsC or (C) absence of IdsE.  Left, Phase. Middle, 

fluorescence in the RFP channel for mKate2. Right, false-colored overlay in which for 

contrast, mKate-IdsD fluorescence is in red and phase is in cyan. All scale bars are 10 

µm. Illustrations to the right of images depict models for IdsD localization at the 

membrane. Three main components of the T6S machinery (the baseplate, the membrane-

complex and sheath) are shown.  
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Figure 2.6 mKate-IdsD dispersed signal is not due to fluorophore cleavage Whole 

cell extracts were collected from P. mirabilis strains with functional (T6S +) or disrupted 

(T6S-) secretion (4) expressing modified pIds vectors producing FLAG-IdsC-mKate2-

IdsD (DUF4123+) or FLAG-IdsCΔDUF4123-mKate2-IdsD (DUF4123-). Extracts were 

analyzed using polyclonal anti-IdsD, polyclonal anti-mKate, and monoclonal anti-

sigma70 antibodies. mKate-IdsD fusion protein (black arrow) versus mKate2 alone (gray 

arrow) are differentiated by size.  
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Discussion  

 In this chapter I have shown that IdsD interacts, either directly or indirectly, with  

T6S proteins and that as a T6S substrate, it can be found proximal to the T6S machinery. 

IdsD forms clusters or puncta, even in the absence of a transport-associated protein, IdsB 

(VgrG) or T6S function. In T6S-deficient strain backgrounds, IdsD continued to pull 

down IdsB, IdsC, and IdsF. This suggested that perhaps one of these proteins contributed 

to the formation or the stability of IdsD clusters. Given that IdsD is predicted to have two 

transmembrane domains, it is impossible that monomers of IdsD interact laterally in the 

membrane to form these large clusters, and that another protein is important for 

stabilizing such interactions. I have shown that IdsD clusters do indeed depend on IdsC, a 

protein in a family proposed to act as T6S-substrate chaperones. When the main protein 

domain within IdsC (DUF4123) is disrupted, IdsD clusters no longer form and instead 

IdsD-associated fluorescence is diffuse along cells.  

 Several open questions remain however, regarding the IdsC-IdsD interaction and 

its role in the communication of IdsD between neighboring cells. Whether this interaction 

is direct is unknown, but given that IdsC and IdsD both pulled down components of the 

T6S machinery, suggests that their interaction occurs pre-IdsD transport. Whether effects 

on IdsD localization affect IdsD secretion and whether these processes are coupled 

through IdsC remains to be tested. Additionally, the molecular mechanism by which IdsC 

acts as a “chaperone” remains elusive. In the following chapter, I probe at these 

questions.  
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Chapter 3 

Localization and secretion of a T6S substrate can be uncoupled by single residue 

polymorphisms in its DUF4123 chaperone 
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Abstract 

IdsD is a self-identity protein exchanged between Proteus mirabilis cells by the 

type VI secretion system (T6S). IdsD can be found proximal to T6S machineries and 

interacts in vitro with T6S-associated proteins as well as core components of the 

machinery. IdsD localization is impacted if IdsC, a protein belonging to a recently 

proposed family of chaperones, lacks its main protein domain (DUF4123). Key questions 

about the IdsC-IdsD interaction remained, specifically whether IdsC couples IdsD 

localization and secretion, and whether this occurs in producing and/or recipient cells.  

Here I demonstrate that the IdsC-IdsD interaction is independent of other Ids or T6S 

proteins and is essential for maintenance of IdsD protein levels. Furthermore I show that 

IdsD localization and secretion can be uncoupled by single amino acid polymorphisms in 

IdsC and that this regulatory mechanism occurs only in producing cells, before IdsD 

exchange.  

 

Introduction 

 IdsD and IdsE are self-identity determinants in the bacterium Proteus mirabilis. 

IdsD is secreted via the well-conserved type VI secretion (T6S) system from a producing 

to a recipient cell. The IdsD-IdsE binding state exclusively in recipient cells signals for 

either self or non-self recognition phenotypes. It remained unclear how IdsD-IdsE 

interactions are prevented from occurring in producing cells. As a T6S-substrate, IdsD 

localizes into discrete puncta that can be found proximal to the T6S machinery. However, 

IdsD localization is independent of T6S assembly or function, and is dependent on 

another protein-IdsC.  
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 IdsC is a DUF4123-domain protein, a protein family that has recently been 

proposed to act as chaperones for T6S substrates. DUF4123-proteins are commonly 

found encoded upstream of known or predicted T6S substrates (1) and in some systems 

have been shown to be essential for interactions with the VgrG protein and substrate 

secretion (2, 3). However, the molecular mechanisms by which DUF4123-proteins act as 

chaperones remained largely unexplored. Given IdsC’s role in IdsD localization, it 

seemed plausible that IdsC couples IdsD localization and secretion. Whether this was the 

case and whether this could be a general mechanism to prevent IdsD-IdsE interactions in 

producing cells remained untested.   

 In this chapter I demonstrate that the IdsC-IdsD interaction is diminished in the 

absence of the IdsC DUF4123 domain. This in turn affects IdsD localization and 

maintenance of IdsD protein levels. Furthermore, I show that IdsD localization proximal 

to the T6S and IdsD secretion can be uncoupled by single amino acid polymorphisms in 

IdsC. This regulatory mechanism occurs only in producing cells, before IdsD exchange. 

Therefore, it appears that IdsC acts as chaperone to maintain IdsD protein levels, cluster 

IdsD, and aid in targeting these clusters to the T6S machinery. However, secretion 

through the machinery appears to be a distinct additional step. The role of other 

DUF4123 proteins could be a general yet unexplored mechanism of T6S substrate 

regulation pre-transport.  

 

Materials and Methods 

Bacterial strains and media 
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All strains are described in Table 3.1. Escherichia coli strains were maintained on 

LB agar and P. mirabilis strains were maintained on LSW- agar (4). P. mirabilis was 

grown on CM55 Blood Agar Base agar (Oxoid, Basingstoke, England) for colony growth 

assays. For broth cultures, all strains were grown in LB broth under aerobic conditions at 

16°C, 30°C, or 37°C. Antibiotics were used at the following concentrations: 100 

microgram per milliliter (µg/mL) carbenicillin; 15 µg/mL tetracycline; 35 µg/mL 

kanamycin; 50 µg/mL chloramphenicol. 

 

Expression plasmids 

All plasmids used are described in Table 3.2. Gene fragments (gBlocks) 

(Integrated DNA Technologies, Coralville, IA) were used for cloning of pIds-derived 

vectors. Listed gBlocks were sub-cloned into TOPO pCR2.1 vector using the TOPO TA-

Cloning Kit (Thermo Fisher Scientific, Waltham, MA). pIds-derived, pAD100-derived, 

and pLTetO (pTet) plasmids were constructed via restriction digest using listed restriction 

enzymes (New England BioLabs, Ipswich, MA) of noted plasmids. Restriction digest was 

followed by overnight ligation at 16°C and subsequent transformation into OneShot 

Omnimax2 T1R competent cells (Thermo Fisher Scientific, Waltham, MA) or XL10-

Gold Ultracompetent cells (Agilent Technologies, Santa Clara, CA).  Resultant plasmids 

were confirmed by sequencing (Genewiz, Inc., South Plainfield, NJ). pIds and pTet 

vectors were then transformed into S17λpir, which was used to conjugate plasmids into 

P. mirabilis as previously described (5). pAD100 vectors were transformed into E. coli 

strain BL21(DE3) pLysS (Thermo Fisher Scientific, Waltham, MA).  
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Anti-FLAG co-immunoprecipitations from P. mirabilis cell extracts  

P. mirabilis strains carrying pIds plasmids were inoculated from overnight 

cultures onto CM55 swarm agar plates and incubated at 37°C 16-20 hours until the 

population almost reached the edge of the petri dish.  Cells from five plates were re-

suspended in 5 mL LB each and harvested by centrifugation.  Pellets were re-suspended 

in 1 mL cell lysis buffer (50mM Tris HCl pH 7.4, 150mM NaCl, 1% triton X-100, 1 mM 

EDTA) supplemented with 40 µl of either Complete protease inhibitor cocktail (Roche, 

Basel, Switzerland) or Biotools protease inhibitor cocktail (Biotools, Houston, TX) and 

lysed by vortexing with cell disruptor beads (0.1-diameter, Electron Microscopy 

Sciences, Hatfield, PA). Lysates were cleared by centrifugation and 900 µL was applied 

to 40 µL pre-equilibrated α-FLAG M2 antibody resin (Sigma-Aldrich, St. Louis, MO; 

Biotools, Houston, TX). Control lysate (containing pIds with no FLAG-tagged protein) 

was supplemented with 2 µg of purified FLAG-tagged E. coli bacterial alkaline 

phosphatase (FLAG-BAP) protein (Sigma-Aldrich, St. Louis, MO). Lysates were 

incubated with resin for two hours at 4°C. Unbound cell extract was removed. Resin was 

washed five times in wash buffer (50mM Tris HCl pH 7.4, 150mM NaCl, 1% triton X-

100), and bound proteins were eluted with 50 µl of elution buffer (50mM Tris HCl pH 

7.4, 150mM NaCl, 200 ng/µl 3XFLAG peptide) for 45 minutes at 4°C. The elution was 

re-centrifuged and the top 40 µl was retained. Samples of load (L), non-binding (-) and 

binding (+) fractions were separated by SDS-PAGE and analyzed by liquid 

chromatography tandem mass spectrometry or western blot. 

 

Anti-FLAG co-immunoprecipitations from E. coli cell extracts  
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E. coli BL21 (DE3) pLysS cells (Thermo Fisher Scientific, Waltham, MA) were 

grown in 25 mL of LB supplemented with carbenicillin under shaking conditions at 30°C 

until optical density at 600 nm (OD600) was between 0.6 and 1. Cultures were cooled on 

ice, induced with 1 mM isopropyl-β-D-1 thiogalactopyranoside (IPTG), and incubated 

overnight shaking at 16°C. Cells were harvested by centrifugation. Lysates were mixed to 

a total volume of 1 ml of which 900 µl was applied to 40 µL pre-equilibrated α-FLAG 

M2 antibody resin (Sigma-Aldrich, St. Louis, MO; Biotools, Houston, TX). Anti-FLAG 

co-immunoprecipitation was continued as described above.  

 

Anti-FLAG co-immunoprecipitations from mixed P. mirabilis and E. coli cell 

extracts  

P. mirabilis and E. coli extracts were obtained separately as described above. 

Lysates were mixed to a total volume of 1 ml of which 900 µl was applied to 40 µL pre-

equilibrated α-FLAG M2 antibody resin (Sigma-Aldrich, St. Louis, MO; Biotools, 

Houston, TX). Anti-FLAG co-immunoprecipitation was continued as described above.  

 

Antibody generation 

Antibodies specific to IdsB amino acids 713-723 (CRAKAMKKGTA), IdsD 

amino acids 4-18 (EVNEKYLTPQERKAR) and IdsE amino acids 298-312 

(EQILAKLDQEKEHHA) were raised in rabbits using standard peptide protocols 

(Covance, Dedham, MA). 

 

SDS-PAGE and western blots  
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Samples from the above immunoprecipitation assays were separated by gel 

electrophoresis using 12% Tris-Tricine polyacrylamide gels, transferred to nitrocellulose 

membranes, and probed with: rabbit α-IdsB (1:5000), rabbit α-IdsD (1:2000); rabbit α-

IdsE (1:2000); rabbit α-FLAG (1:4000, Sigma-Aldrich, St. Louis, MO); mouse α-σ70 

(1:1000, Thermo Fisher Scientific, Waltham, MA) or (1:1000, BioLegend, San Diego, 

CA) followed by goat α-rabbit or goat α-mouse conjugated to HRP (1:5000, KPL, Inc., 

Gaithersburg, MD) and developed with Immun-Star HRP Substrate Kit (Bio-Rad 

Laboratories, Hercules, CA). Blots were visualized using a Chemidoc (Bio-Rad 

Laboratories, Hercules, CA). Figures were made in Adobe Illustrator (Adobe Systems, 

San Jose, CA).  

 

Liquid chromatography tandem mass-spectrometry  

Binding samples from α-FLAG co-immunoprecipitations were separated by gel 

electrophoresis using 12% Tris-Tricine polyacrylamide gels. Bands were cut between 0-

37 kDa, 37-75 kDa, and 75-250 kDa and sent to LC-MS/MS analysis (Taplin Mass 

Spectrometry Core Facility, Harvard Medical School, Boston MA). Technical advice 

provided by the Taplin Mass Spectrometry Facility led to a three unique peptide cutoff to 

confirm protein hits. Bioinformatics analysis of Ids and T6S protein hits was done using 

Pfam 31.0 (6). Full data tables can be found in ‘LABSTORAGE’ on Gibbs Laboratory 

Data Computer under ‘Martha’ ‘Mass Spectrometry’ ‘Data Spreadsheets’ subfolder.  

 

Colony expansion assay 
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Colony expansion assays were conducted as previously described (7). 

Modifications to those protocols are as follows. Swarming-permissive plates 

supplemented with kanamycin were inoculated with 1 µl of overnight cultures normalized 

by OD600. Plates were incubated at 37° for 17 hours and swarming radii recorded.  

 

Tricholoroacetic acid (TCA) precipitations  

All trichloroacetic acid precipitations were performed as previously described (8). 

Binding fractions from α-FLAG immunoprecipitations or supernatant fractions from 

TCA were separated by gel electrophoresis using 12% Tris-Tricine polyacrylamide gels 

and stained with Coomassie blue as previously described (7, 8). Supernatant fractions 

from TCA were cut into two bands at 75-150 kDa and 10-25 kDa. LC-MS/MS was 

performed by the Taplin Mass Spectrometry Facility (Harvard Medical School, Boston, 

MA). Technical advice provided by the Taplin Mass Spectrometry Facility led to a three 

unique peptide cutoff to confirm protein hits. Bioinformatics analysis of Ids and T6S 

protein hits was done using Pfam 31.0 (6). Full data tables can be found in 

‘LABSTORAGE’ on Gibbs Laboratory Data Computer under ‘Martha’ ‘Mass 

Spectrometry’ ‘Data Spreadsheets’ subfolder. 

 

P. mirabilis boundary assays  

 Self-recognition phenotype of test strains was examined against the parent strain 

BB2000 and BB2000 lacking the ids genes (Δids), each carrying a plasmid to confer 

kanamycin resistance. Strains were grown up in liquid-broth under aerobic conditions at 

37°C. Cultures were normalized by OD600 and spotted on swarming permissive CM55 
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Blood Agar Base agar (Oxoid, Basingstoke, England) plates supplemented with 2 mg/mL 

Coomassie blue, 4 mg/mL congo red dyes, and 35 µg/mL kanamycin. Plates were 

incubated overnight at 37°C. 
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Table 3.1 Strains used in this study  

Strain Notes Source KAG
# 

MZR
# 
 

Plasmid 

BB2000 Wild-type (4) 001 001  
HI4320 Wild-type  034 008  
CW677 Wild-type (9) MLU

4.274 
  

BB2000::ΔidsE Modified protein(s): 
ΔIdsE 
 
BB2000 with a chromosomal 
in-frame deletion of idsE.  

This study 3126   

Δids Δids::Tn-Cm(R) (5) 006 002  
Δids c. pIds Δids carrying pIds (5) 036 006 pIds 
∆ids c. pIds-
ΔIdsABC 

Modified protein(s): 
ΔIdsA, ΔIdsB, ΔIdsC 
 
∆ids carrying a modified 
pIds plasmid with an in-
frame deletion of idsA 
through idsC. The plasmid 
was first described as ABC- 
in (5). 

(5) 043  pIds-
Δ172-407 

∆ids c. pIds-
ΔIdsDEF 

Modified protein(s): 
ΔIdsD, ΔIdsE, ΔIdsF 
 
∆ids carrying a modified 
pIds plasmid with an in-
frame deletion of idsD 
through idsF. The plasmid 
was first described as DEF- 
in (5). 

(5) 033  pIds-
Δ1034-89 

∆ids c. pIds-
IdsBmt 
 

Modified protein(s): 
IdsB- 
 
∆ids carrying a modified 
pIds plasmid with a 711-bp 
disruption of IdsB. The 
plasmid was first described 
as B- in (5). 

(5) 076  pIds-
723mt 
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Table 3.1 Strains used in this study (continued) 

∆ids c. pIds-
IdsCmt 
 

Modified protein(s): 
IdsC- 
 
∆ids carrying a modified 
pIds plasmid with insertion 
of three stop codons resulting 
in disruption of IdsC. The 
plasmid was first described 
as C- in (5). 

(5) 092 131 pIds-407-
mt.1 

∆ids c. pIds-
IdsFmt 
 

Modified protein(s): 
IdsF- 
 
∆ids carrying a modified 
pIds plasmid with a 1.9 kbp 
insertion resulting in 
disruption of IdsF. The 
plasmid was first described 
as F- in (5). 

(5) 080  pIds-89mt 

Δids c. pIds-
FLAG-IdsC 

Modified protein(s): 
FLAG-IdsC 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC. 

This study 644/ 
645 
 

039/ 
167 

pLC-001 

Δids c. pIds-
FLAG-
IdsCΔDUF4123 

Modified protein(s): 
FLAG-IdsCΔDUF4123 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC with 
nucleotides 373-762 deleted. 

This study 2556 144 pMZ32 

Δids c. pIds-
FLAG-IdsC-
ΔIdsE 

Modified protein(s): 
FLAG-IdsC, ΔIdsE 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC. In-frame 
deletion of idsE.  

This study 2749 158 pMZ36 
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Table 3.1 Strains used in this study (continued) 

CCS05 Modified protein(s): 
TssBL32R 
 
Δids with chromosomal 
BB2000_0821 with a single 
TàG point mutation at base 
pair 95. This results in a 
disrupted T6S sheath.  

(7) 2115   

CCS05 c. pIds-
FLAG-IdsC-
ΔIdsE 

Modified protein(s): 
TssBL32R, FLAG-IdsC, 
ΔIdsE 
 
CCS05 carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC. In-frame 
deletion of idsE. 

This study 2755 159 pMZ36 

Δids c. pIds-
FLAG-
IdsCΔDUF4123-
ΔIdsE 

Modified protein(s): 
FLAG-IdsCΔDUF4123, ΔIdsE 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC with 
nucleotides 373-762 deleted. 
In-frame deletion of idsE.  

This study 2763 160 pMZ37 

CCS05 c. pIds-
FLAG-
IdsCΔDUF4123-
ΔIdsE 

Modified protein(s): 
TssBL32R, FLAG-
IdsCΔDUF4123, ΔIdsE 
 
CCS05 carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC with 
nucleotides 373-762 deleted. 
In-frame deletion of idsE. 

This study  2769 161 pMZ37 
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Table 3.1 Strains used in this study (continued)	
	
CCS05 c. pIds-
FLAG-PelB-
IdsC-ΔIdsE 

Modified protein(s): 
TssBL32R, FLAG-PelB-IdsC, 
ΔIdsE 
 
CCS05 carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag and a 
PelB signal sequence 
encoded in-frame with idsC. 
In-frame deletion of idsE.  

This study 3925 494 pMZ118 

CCS05 c. pIds-
FLAG-OmpA-
IdsC-ΔIdsE 

Modified protein(s): 
TssBL32R, FLAG-OmpA-
IdsC, ΔIdsE 
 
CCS05 carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag and a 
OmpA signal sequence 
encoded in-frame with idsC. 
In-frame deletion of idsE.  

This study 3887 480 pMZ114 

BB2000 c.  
pTet-FLAG-IdsC 

Modified protein(s): 
FLAG-IdsC 
 
BB2000 carrying a modified 
pTet anhydrotetraclycine 
inducible plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC.  

This study  3893 483 pMZ116 

BB2000::ΔidsE  
c. pTet-FLAG-
IdsC 

Modified protein(s): 
FLAG-IdsC, ΔIdsE 
 
BB2000:: ΔIdsE carrying a 
modified pTet 
anhydrotetraclycine 
inducible plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC. 

This study  3895 484 pMZ116 

Δids:: 
BB2000_0821-
sfGFP 

Modified protein(s): 
TssB-sfGFP 
 
Δids with chromosomal 
BB2000_0821 fused to 
superfolder GFP. 

(10) 2537   
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Table 3.1 Strains used in this study (continued)	
	
Δids c. pIds-
FLAG-IdsCS38P 

Modified protein(s): 
FLAG-IdsCS38P 

 

Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC 
containing a TàC mutation 
at nucleotide 112.  

This study 3385 183 pMZ69 

Δids c. pIds-
FLAG-IdsCS38P-
mKate2-IdsD 

Modified protein(s): 
FLAG-IdsCS38P, mKate2-
IdsD 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC 
containing a TàC mutation 
at nucleotide 112 and an N-
terminal mKate2-fluorophore 
fused to idsD.  

This study 3397 327 pMZ70 

Δids:: 
BB2000_0821-
sfGFP c. pIds-
FLAG-IdsCS38P-
mKate2-IdsD 

Modified protein(s): 
TssB-sfGFP, FLAG-
IdsCS38P, mKate2-IdsD 
 
Δids::BB2000_0821-sfGFP 
carrying a modified pIds 
plasmid with an N-terminal 
FLAG-tag encoded in-frame 
with idsC containing a TàC 
mutation at nucleotide 112 
and an N-terminal mKate2-
fluorophore fused to idsD.  

This study 3403 330 pMZ70 

Δids c. pIds-
FLAG-IdsCS38P-
ΔIdsE 

Modified protein(s): 
FLAG-IdsCS38P, ΔIdsE 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC 
containing a TàC mutation 
at nucleotide 112 and an in-
frame deletion of idsE.  

This study 3469 362 pMZ75 
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Table 3.1 Strains used in this study (continued) 

CCS05 c. pIds-
FLAG-IdsCS38P-
ΔIdsE 

Modified protein(s): 
TssBL32R, FLAG-IdsCS38P, 
ΔIdsE 
 
CCS05 carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC 
containing a TàC mutation 
at nucleotide 112 and an in-
frame deletion of idsE. 

This study  3473 364 pMZ75 

Δids c. pIds-
FLAG-IdsCR186Q 

Modified protein(s): 
FLAG-IdsCR186Q 

 

Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC 
containing a GàA mutation 
at nucleotide 557.  

This study 3413 335 pMZ71 

Δids 
c. pIds-FLAG-
IdsCR186Q-
mKate2-IdsD 

Modified protein(s): 
FLAG-IdsCR186Q,  
mKate2-IdsD 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC 
containing a GàA mutation 
at nucleotide 557 and an N-
terminal mKate2-fluorophore 
fused to idsD.  

This study 3425 341 pMZ72 

Δids:: 
BB2000_0821-
sfGFP c. pIds-
FLAG-IdsCR186Q-
mKate2-IdsD 

Modified protein(s): 
TssB-sfGFP, FLAG-
IdsCR186Q, mKate2-IdsD 
 
Δids::BB2000_0821-sfGFP 
carrying a modified pIds 
plasmid with an N-terminal 
FLAG-tag encoded in-frame 
with idsC containing a GàA 
mutation at nucleotide 557 
and an N-terminal mKate2-
fluorophore fused to idsD.  

This study 3431 344 pMZ72 
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Table 3.1 Strains used in this study (continued) 

Δids c. pIds-
FLAG-IdsCR186Q-
ΔIdsE 

Modified protein(s): 
FLAG-IdsCR186Q, ΔIdsE 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC 
containing a GàA mutation 
at nucleotide 557 and an in-
frame deletion of idsE.  

This study 3497 376 pMZ77 

CCS05 c. pIds-
FLAG-IdsCR186Q-
ΔIdsE 

Modified protein(s): 
TssBL32R, FLAG-IdsCR186Q, 
ΔIdsE 
 
CCS05 carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC 
containing a GàA mutation 
at nucleotide 557 and an in-
frame deletion of idsE. 

This study  3501 378 pMZ77 

Δids c. pIds-
FLAG-
IdsCS38P/R186Q 

Modified protein(s): 
FLAG-IdsCS38P/R186Q 

 

Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC 
containing a TàC mutation 
at nucleotide 112 and a 
GàA mutation at nucleotide 
557.  

This study 3441 185 pMZ73 
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Table 3.1 Strains used in this study (continued) 

Δids c. pIds-
FLAG-
IdsCS38P/R186Q-
mKate2-IdsD 

Modified protein(s): 
FLAG-IdsCS38P/R186Q, 
mKate2-IdsD 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC 
containing a TàC mutation 
at nucleotide 112 and a 
GàA mutation at nucleotide 
557. N-terminal mKate2-
fluorophore fused to idsD.  

This study 3453 354 pMZ74 

Δids::BB2000_08
21-sfGFP c. pIds-
FLAG-
IdsCS38P/R186Q-
mKate2-IdsD 

Modified protein(s): 
TssB-sfGFP, FLAG-
IdsCS38P/R186Q, mKate2-IdsD 
 
Δids::BB2000_0821-sfGFP 
carrying a modified pIds 
plasmid with an N-terminal 
FLAG-tag encoded in-frame 
with idsC containing a TàC 
mutation at nucleotide 112 
and a GàA mutation at 
nucleotide 557. N-terminal 
mKate2-fluorophore fused to 
idsD.  

This study 3459 357 pMZ74 

Δids c. pIds-
FLAG-
IdsCS38P/R186Q-
ΔIdsE 

Modified protein(s): 
FLAG-IdsCS38P/R186Q, ΔIdsE 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC 
containing a TàC mutation 
at nucleotide 112 and a 
GàA mutation at nucleotide 
557. In-frame deletion of 
idsE.  

This study 3525 390 pMZ79 
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Table 3.1 Strains used in this study (continued) 

CCS05 c. pIds-
FLAG-
IdsCS38P/R186Q-
ΔIdsE 

Modified protein(s): 
TssBL32R,  
FLAG-IdsCS38P/R186Q, ΔIdsE  
 
CCS05 carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC 
containing a TàC mutation 
at nucleotide 112 and a 
GàA mutation at nucleotide 
557. In-frame deletion of 
idsE. 

This study  3529 392 pMZ79 

BL21(DE3) 
pLysS c.  
pAD-IdsC-FLAG 

Modified protein(s): 
IdsC-FLAG 
 
BL21(DE3) pLysS carrying 
a modified pAD100 plasmid 
with a C-terminal FLAG-tag 
encoded in-frame with idsC.  

This study 2376 113 pMZ14 

BL21(DE3) 
pLysS c.  
pAD-IdsDBB-His6 

Modified protein(s): 
IdsDBB2000-His6 
 
BL21(DE3) pLysS carrying 
a modified pAD100 plasmid 
with a C-terminal His6-tag 
encoded in-frame with idsD 
from strain BB2000.  

(11) 1101 061 pLC-027 

BL21(DE3) 
pLysS c.  
pAD-
IdsCΔDUF4123-
FLAG 

Modified protein(s): 
IdsCΔDUF4123-FLAG 
 
BL21(DE3) pLysS carrying 
a modified pAD100 plasmid 
with a C-terminal FLAG-tag 
encoded in-frame with idsC 
with nucleotides 382-765 
deleted.  

This study 2467 168 
 

pMZ28 
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Table 3.1 Strains used in this study (continued) 

BL21(DE3) 
pLysS c.  
pAD-IdsDHI-His6 

Modified protein(s): 
IdsDHI4320-His6 
 
BL21(DE3) pLysS carrying 
a modified pAD100 plasmid 
with a C-terminal His6-tag 
encoded in-frame with idsD 
from strain HI4320.   

(11) 
 

1489 116 pLC-050 

BL21(DE3) 
pLysS c.  
pAD-IdsDCW677-
His6 

Modified protein(s): 
IdsDCW677-His6 
 
BL21(DE3) pLysS carrying 
a modified pAD100 plasmid 
with a C-terminal His6-tag 
encoded in-frame with idsD 
from strain CW677.   

This study 
 

3377 182 pMZ68 

OneShot 
Omnimax 2 T1R 
Competent Cells 

Cloning strain for pIds-
derived plasmids 

Thermo 
Fisher 
Scientific, 
Waltham, 
MA.  

   

S17λpir E. coli mating strain to 
introduce plasmids into P. 
mirabilis 

(12) 068   

XL10-Gold 
Ultracompetent 
Cells 

Cloning strain for pAD100-
derived plasmids 

Agilent 
Technologi
es, Santa 
Clara, CA.  

   

OneShot 
BL21(DE3) 
pLysS Competent 
Cells 

Strain for protein 
overexpression from 
pAD100-derived plasmids.  

Thermo 
Fisher 
Scientific, 
Waltham, 
MA. 
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Table 3.2 Primers used in this study  
 
Plasmid Construction details (primers and gBlocks 5’ à 3’)  
pIds-FLAG-
IdsC  

FLAG epitope (DYKDDDDK) was introduced 5’ of idsC in pIds using 
Quikchange reaction protocols (Agilent Technologies, Santa Clara, CA).  
F:  
GCGAAAGCGATGAAAAAAGGAACGGCCTAATGGACTA 
CAAAGACGATGACGATAAACTCTTGAGTCCAAATCCCC 
TCTATAAAGCG 
R:  
CGCTTTATAGAGGGGATTTGGACTCAAGAGTTTATCGTCAT 
CGTCTTTGTAGTCCATTAGGCCGTTCCTTTTTTCATCGCTTT 
CGC 

pIds-FLAG-
IdsCΔDUF4123 

Deletion of basepairs 373 to 762 in idsC in pIds-FLAG-IdsC using gBlock 
and restriction digest with BstEII/PacI.  
 
Geneblock: 
GGTTACCATTAGCTGAGGATTGCCGTGCGAAAGCGATGAAAAAAG
GAACGGCCTAATGGACTACAAAGACGATGACGATAAACTCTTGAG
TCCAAATCCCCTCTATAAAGCGTATTGGGTTGCTCAATGCCGTTAT
ACTCGCAACGGTGAACAATTCAAGGGGGTGATGACCGTAGCAGGT
ACAAGTCAATCACAAGCTATTAAGCAGATGCGCCAGTACTTTACG
GCTCACCCAGGTGAATATACCTTTGCGGACTATGACACATTAATCC
CTTTAATCACCCATATTGAACAAAGTTCAACCTTAGAATTACCGTT
AATACGGCAAGTACGTGAGCAACATAATGCAAAGGTTTCAGCCGT
ATTAGTGGATAAATGCAACCTCACACACCCAAGACCGTCAGAAAA
AGGCGACATTCATTACCGTGAGGGGCAACCTACGTTTATTGAATAT
TCGCATTAA 

pIds-FLAG-
IdsC-ΔIdsE 

Deletion of idsE in pIds-FLAG-IdsC using gBlock (7) and restriction digest 
with EcoNI/KpnI. 
 
Geneblock: 
GCGAACAATTAAAAATGGCAAGTGAAAAAGGTGATTGGAACCCTG
AAACAGGTATATTTAAATTTAGTTTGGAAGTACAGTCTCAATTAGT
AAATACATATTCTGCTTTTGGTGCACATCCTAATAGCCGTATAGGT
ATTGAAGATTTATATTGGTATTATCAAGTCAATCCCGAGGTAACAA
CACCGATGCGTTATATCAATTGGGGGGGAGATACCCAAGAAAACA
ATCAGCTTTTAGGCTTTATTAACAGTGAGAATATCTAAATCAGGAG
AAAGAACACCATGCGTAGTTTGGTAAACGGCAGAAAGATTATTTT
AGAAAATGATACAACAAATACCGGCGGTACCGTACTTACCGGCTC
TTCTATTGCTAAACAAACACAAGGGG	
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Table 3.2 Primers used in this study (continued) 
	
pIds-FLAG-
IdsCΔDUF4123-
ΔIdsE 

Deletion of idsE in pIds-FLAG-IdsCΔDUF4123 using gBlock (7) and restriction 
digest with EcoNI/KpnI. 
 
Geneblock (oCS80): 
GCGAACAATTAAAAATGGCAAGTGAAAAAGGTGATTGGAACCCTG
AAACAGGTATATTTAAATTTAGTTTGGAAGTACAGTCTCAATTAGT
AAATACATATTCTGCTTTTGGTGCACATCCTAATAGCCGTATAGGT
ATTGAAGATTTATATTGGTATTATCAAGTCAATCCCGAGGTAACAA
CACCGATGCGTTATATCAATTGGGGGGGAGATACCCAAGAAAACA
ATCAGCTTTTAGGCTTTATTAACAGTGAGAATATCTAAATCAGGAG
AAAGAACACCATGCGTAGTTTGGTAAACGGCAGAAAGATTATTTT
AGAAAATGATACAACAAATACCGGCGGTACCGTACTTACCGGCTC
TTCTATTGCTAAACAAACACAAGGGG 

pIds-FLAG-
IdsC-
mKate2-IdsD 

Constructed by restriction digest of pIds-mKate2-IdsD and pIds-FLAG-IdsC 
using BstEII/PacI. 

pIds-FLAG-
IdsC-
mKate2-
IdsD-ΔIdsE 

Deletion of idsE in pIds-FLAG-IdsC-mKate2-IdsD using gBlock (7) and 
restriction digest with EcoNI/KpnI. 
 
Geneblock: 
GCGAACAATTAAAAATGGCAAGTGAAAAAGGTGATTGGAACCCTG
AAACAGGTATATTTAAATTTAGTTTGGAAGTACAGTCTCAATTAGT
AAATACATATTCTGCTTTTGGTGCACATCCTAATAGCCGTATAGGT
ATTGAAGATTTATATTGGTATTATCAAGTCAATCCCGAGGTAACAA
CACCGATGCGTTATATCAATTGGGGGGGAGATACCCAAGAAAACA
ATCAGCTTTTAGGCTTTATTAACAGTGAGAATATCTAAATCAGGAG
AAAGAACACCATGCGTAGTTTGGTAAACGGCAGAAAGATTATTTT
AGAAAATGATACAACAAATACCGGCGGTACCGTACTTACCGGCTC
TTCTATTGCTAAACAAACACAAGGGG 

pIds-FLAG-
IdsC ΔDUF4123-
mKate2-IdsD 

Constructed by restriction digest of pIds-mKate2-IdsD and pIds-FLAG-IdsC 

ΔDUF4123 using BstEII/PacI.  

pIds-FLAG-
IdsC ΔDUF4123-
mKate2-
IdsD-ΔIdsE 

Deletion of idsE in pIds-FLAG-IdsC ΔDUF4123-mKate2-IdsD using gBlock (7) 
and restriction digest with EcoNI/KpnI.  
 
Geneblock: 
GCGAACAATTAAAAATGGCAAGTGAAAAAGGTGATTGGAACCCTG
AAACAGGTATATTTAAATTTAGTTTGGAAGTACAGTCTCAATTAGT
AAATACATATTCTGCTTTTGGTGCACATCCTAATAGCCGTATAGGT
ATTGAAGATTTATATTGGTATTATCAAGTCAATCCCGAGGTAACAA
CACCGATGCGTTATATCAATTGGGGGGGAGATACCCAAGAAAACA
ATCAGCTTTTAGGCTTTATTAACAGGAGAATATCTAAATCAGGAGA
AAGAACACCATGCGTAGTTTGGTAAACGGCAGAAAGATTATTTTA
GAAAATGATACAACAAATACCGGCGGTACCGTACTTACCGGCTCT 
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Table 3.2 Primers used in this study (continued) 
	
pIds-OmpA-
FLAG-IdsC 

Constructed by restriction digest of pIds and gBlock using BstEII/PacI; 
 
Geneblock: 
AATGAAGGGTTACCATTAGCTGAGGATTGCCGTGCGAAAGCGATG
AAAAAAGGAACGGCCTAATGAAAAAGACAGCTATCGCATTAGCA
GTGGCAGTGGCAGCTTTCGCAACTGCAGCGCAAGCAATGGACTAC
AAAGACGATGACGATAAACTCTTGAGTCCAAATCCCCTCTATAAA
GCGTATTGGGTTGCTCAATGCCGTTATACTCGCAACGGTGAACAAT
TCAAGGGGGTGATGACCGTAGCAGGTACAAGTCAATCACAAGCTA
TTAAGCAGATGCGCCAGTACTTTACGGCTCACCCAGGTGAATATAC
CTTTGCGGACTATGACACATTAATCCCTTTAATCACCCATATTGAA
CAAAGTTCAACCTTAGAATTACCGTTAATACGGCAAGTACGTGAG
CAACATAATGCAAAGGTTTCAGCCGTATTAGTGGATAAATGCAAC
CTCACACACCCAAGGCCTTCAGAAAAAGGCGACATTCATTACCGT
GAGGGGCAACCTACGTTTATTGAATATTCGCATCTCTATGTCGTCA
TTGACAGTGGGGAATACCACCGCCAAACCGGGCAACATCTTGTAC
CGAAACTGCATGGCTCACAACTGCCATGGAAATCACTCTATCAAG
GAGAAACCCAAGACAGCCTTGAAGATAAAGCCCCTTATTTGGTAC
ACATTGCCGCCAATCAAGCCGGTCAGCGGTTTCTGGCTCATTACTT
GAATTTACCACATAAAGCGAGTCTCGGATTATTTATCAATAGCCTC
AAACCCTTTACCGATATTCACCGGCAAATGCGAAAACTCACCTATT
TATATAATCAAAAACTGGAGAGTTGGAATTTCTTTCGTTTTTATGA
TGTTAAGCACTTTATCCCATTTATTGAGTCTTTGACTCACGGACAG
TTAATTAATGTGGCCAATG 

pIds-OmpA-
FLAG-IdsC- 
ΔIdsE 

Deletion of idsE in pIds-OmpA-FLAG-IdsC using gBlock (7) and restriction 
digest with EcoNI/KnpI.  
 
Geneblock: 
GCGAACAATTAAAAATGGCAAGTGAAAAAGGTGATTGGAACCCTG
AAACAGGTATATTTAAATTTAGTTTGGAAGTACAGTCTCAATTAGT
AAATACATATTCTGCTTTTGGTGCACATCCTAATAGCCGTATAGGT
ATTGAAGATTTATATTGGTATTATCAAGTCAATCCCGAGGTAACAA
CACCGATGCGTTATATCAATTGGGGGGGAGATACCCAAGAAAACA
ATCAGCTTTTAGGCTTTATTAACAGGAGAATATCTAAATCAGGAGA
AAGAACACCATGCGTAGTTTGGTAAACGGCAGAAAGATTATTTTA
GAAAATGATACAACAAATACCGGCGGTACCGTACTTACCGGCTCT 
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Table 3.2 Primers used in this study (continued) 
	
pIds-PelB-
FLAG-IdsC- 
ΔIdsE 

Constructed by restriction digest of pIds-OmpA-FLAG-IdsC-ΔIdsE and 
gBlock using BstEII/StuI.  
 
Geneblock: 
AATGAAGGGTTACCATTAGCTGAGGATTGCCGTGCGAAAGCGATG
AAAAAAGGAACGGCCTAATGAAATACCTATTGCCTACGGCAGCCG
CTGGATTGTTATTACTCGCTGCCCAACCAGCGATGGCCATGGACTA
CAAAGACGATGACGATAAACTCTTGAGTCCAAATCCCCTCTATAA
AGCGTATTGGGTTGCTCAATGCCGTTATACTCGCAACGGTGAACAA
TTCAAGGGGGTGATGACCGTAGCAGGTACAAGTCAATCACAAGCT
ATTAAGCAGATGCGCCAGTACTTTACGGCTCACCCAGGTGAATAT
ACCTTTGCGGACTATGACACATTAATCCCTTTAATCACCCATATTG
AACAAAGTTCAACCTTAGAATTACCGTTAATACGGCAAGTACGTG
AGCAACATAATGCAAAGGTTTCAGCCGTATTAGTGGATAAATGCA
ACCTCACACACCCAAGGCCTTCAGAAAAAG 

pTet-FLAG-
IdsC 

Constructed by amplification of FLAG-IdsC from pIds-FLAG-IdsC followed 
by restriction digest of PCR fragment and modified pLTetO using  SacI/AgeI.  

pIds-FLAG-
IdsCS38P 

Nucleotide change was introduced in pIds-FLAG-IdsC using Quikchange 
reaction protocols (Agilent Technologies, Santa Clara, CA).  
F:  
GTACAAGTCAACCACAAGCTATTAAGC 
R:  
GCTTAATAGCTTGTGGTTGACTTGTAC	

pIds-FLAG-
IdsCS38P-
mKate2-IdsD 

Nucleotide change was introduced in pIds-FLAG-IdsC-mKate2-IdsD using 
Quikchange reaction protocols (Agilent Technologies, Santa Clara, CA).  
F:  
GTACAAGTCAACCACAAGCTATTAAGC 
R:  
GCTTAATAGCTTGTGGTTGACTTGTAC 

pIds-FLAG-
IdsCS38P-
ΔIdsE 

Deletion of idsE in pIds-FLAG-IdsCS38P using gBlock (7) and restriction 
digest with EcoNI/KnpI.  
 
Geneblock: 
GCGAACAATTAAAAATGGCAAGTGAAAAAGGTGATTGGAACCCTG
AAACAGGTATATTTAAATTTAGTTTGGAAGTACAGTCTCAATTAGT
AAATACATATTCTGCTTTTGGTGCACATCCTAATAGCCGTATAGGT
ATTGAAGATTTATATTGGTATTATCAAGTCAATCCCGAGGTAACAA
CACCGATGCGTTATATCAATTGGGGGGGAGATACCCAAGAAAACA
ATCAGCTTTTAGGCTTTATTAACAGGAGAATATCTAAATCAGGAGA
AAGAACACCATGCGTAGTTTGGTAAACGGCAGAAAGATTATTTTA
GAAAATGATACAACAAATACCGGCGGTACCGTACTTACCGGCTCT 
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Table 3.2 Primers used in this study (continued) 
	
pIds-FLAG-
IdsCR186Q 

Nucleotide change was introduced in pIds-FLAG-IdsC using Quikchange 
reaction protocols (Agilent Technologies, Santa Clara, CA).  
F:  
CAAGCCGGTCAGCAGTTTCTGGCTCATTAC 
R:  
GTAATGAGCCAGAAACTGCTGACCGGCTTG	

pIds-FLAG-
IdsCR186Q-
mKate2-IdsD 

Nucleotide change was introduced in pIds-FLAG-IdsC-mKate2-IdsD using 
Quikchange reaction protocols (Agilent Technologies, Santa Clara, CA).  
F:  
CAAGCCGGTCAGCAGTTTCTGGCTCATTAC 
R:  
GTAATGAGCCAGAAACTGCTGACCGGCTTG 

pIds-FLAG-
IdsCR186Q-
ΔIdsE 

Deletion of idsE in pIds-FLAG-IdsCR186Q using gBlock (7) and restriction 
digest with EcoNI/KnpI.  
 
Geneblock: 
GCGAACAATTAAAAATGGCAAGTGAAAAAGGTGATTGGAACCCTG
AAACAGGTATATTTAAATTTAGTTTGGAAGTACAGTCTCAATTAGT
AAATACATATTCTGCTTTTGGTGCACATCCTAATAGCCGTATAGGT
ATTGAAGATTTATATTGGTATTATCAAGTCAATCCCGAGGTAACAA
CACCGATGCGTTATATCAATTGGGGGGGAGATACCCAAGAAAACA
ATCAGCTTTTAGGCTTTATTAACAGGAGAATATCTAAATCAGGAGA
AAGAACACCATGCGTAGTTTGGTAAACGGCAGAAAGATTATTTTA
GAAAATGATACAACAAATACCGGCGGTACCGTACTTACCGGCTCT 

pIds-FLAG-
IdsCS38P/R186Q 

Nucleotide change was introduced in pIds-FLAG-IdsCR186Q using 
Quikchange reaction protocols (Agilent Technologies, Santa Clara, CA).  
F:  
GTACAAGTCAACCACAAGCTATTAAGC 
R:  
GCTTAATAGCTTGTGGTTGACTTGTAC 

pIds-FLAG-
IdsCS38P/R186Q

-mKate2-
IdsD 

Nucleotide change was introduced in pIds-FLAG-IdsCR186Q-mKate2-IdsD 
using Quikchange reaction protocols (Agilent Technologies, Santa Clara, 
CA).  
F:  
GTACAAGTCAACCACAAGCTATTAAGC 
R:  
GCTTAATAGCTTGTGGTTGACTTGTAC 
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Table 3.2 Primers used in this study (continued) 
	
pIds-FLAG-
IdsCS38P/R186Q

-ΔIdsE 

Deletion of idsE in pIds-FLAG-IdsCS38P/R186Q using gBlock (7) and restriction 
digest with EcoNI/KnpI.  
 
Geneblock: 
GCGAACAATTAAAAATGGCAAGTGAAAAAGGTGATTGGAACCCTG
AAACAGGTATATTTAAATTTAGTTTGGAAGTACAGTCTCAATTAGT
AAATACATATTCTGCTTTTGGTGCACATCCTAATAGCCGTATAGGT
ATTGAAGATTTATATTGGTATTATCAAGTCAATCCCGAGGTAACAA
CACCGATGCGTTATATCAATTGGGGGGGAGATACCCAAGAAAACA
ATCAGCTTTTAGGCTTTATTAACAGGAGAATATCTAAATCAGGAGA
AAGAACACCATGCGTAGTTTGGTAAACGGCAGAAAGATTATTTTA
GAAAATGATACAACAAATACCGGCGGTACCGTACTTACCGGCTCT 

pAD-IdsC-
FLAG-His 

Constructed by restriction digest of pAD100 and gBlock using BspHI/XbaI. 
 
Geneblock: 
TCATGATTCTCTTGAGTCCAAATCCCCTCTATAAAGCGTATTGGGT
TGCTCAATGCCGTTATACTCGCAACGGTGAACAATTCAAGGGGGT
GATGACCGTAGCAGGTACAAGTCAATCACAAGCTATTAAGCAGAT
GCGCCAGTACTTTACGGCTCACCCAGGTGAATATACCTTTGCGGAC
TATGACACATTAATCCCTTTAATCACCCATATTGAACAAAGTTCAA
CCTTAGAATTACCGTTAATACGGCAAGTACGTGAGCAACATAATG
CAAAGGTTTCAGCCGTATTAGTGGATAAATGCAACCTCACACACC
CAAGACCGTCAGAAAAAGGCGACATTCATTACCGTGAGGGGCAAC
CTACGTTTATTGAATATTCGCATCTCTATGTCGTCATTGACAGTGG
GGAATACCACCGCCAAACCGGGCAACATCTTGTACCGAAACTGCA
TGGCTCACAACTGCCATGGAAATCACTCTATCAAGGAGAAACCCA
AGACAGCCTTGAAGATAAAGCCCCTTATTTGGTACACATTGCCGCC
AATCAAGCCGGTCAGCGGTTTCTGGCTCATTACTTGAATTTACCAC
ATAAAGCGAGTCTCGGATTATTTATCAATAGCCTCAAACCCTTTAC
CGATATTCACCGGCAAATGCGAAAACTCACCTATTTATATAATCAA
AAACTGGAGAGTTGGAATTTCTTTCGTTTTTATGATGTTAAGCACT
TTATCCCATTTATTGAGTCTTTGACTCACGGACAGTTAATTAATGT
GGCCAATGGGGTAAATGCGTTCTACGGCTATAGTGCACAATACCC
CGATGGGGTTGAAATCACCTTTCACCCAGATTATCTGTATGACGGC
AGTAAGCGAGAGCCGTTATTTATTAATACCTATTTATACAATCACT
ACGCGAATATCACACAGATGCAAACTGTGGCTAAAGCTAAGGCAC
TGATTGAACAATTTTCTCAGGTAGAAGGGGATGAGTTAGAGGGTG
ACGCATTAATGGGCTACTGTATACACGCAGCAAATTGCAGTTTTTT
AGACGATATTCATCAATCAAAAGCGTTATTGTACGATTTGCAAGCT
CGCTATTTGTGCCGTCATCAACCGAGAACATGGCAGATCGCCAAT
GAAAAAGCTGCACCTTATAAATACAACCAAGTTTTATTGAGTTACC
ACCGTTATATCGCCTGCTTAAATACCCAAGGAGAAATGAAAGGTC
TAGACTAC 
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Table 3.2 Primers used in this study (continued) 
	
pAD-IdsC-
FLAG 

Constructed by restriction digest of pAD100 and gBlock using PacI/BglII.  
 
Geneblock: 
CGCGCGTTAATTAATGTGGCCAATGGGGTAAATGCGTTCTACGGCT
ATAGTGCACAATACCCCGATGGGGTTGAAATCACCTTTCACCCAG
ATTATCTGTATGACGGCAGTAAGCGAGAGCCGTTATTTATTAATAC
CTATTTATACAATCACTACGCGAATATCACACAGATGCAAACTGTG
GCTAAAGCTAAGGCACTGATTGAACAATTTTCTCAGGTAGAAGGG
GATGAGTTAGAGGGTGACGCATTAATGGGCTACTGTATACACGCA
GCAAATTGCAGTTTTTTAGACGATATTCATCAATCAAAAGCGTTAT
TGTACGATTTGCAAGCTCGCTATTTGTGCCGTCATCAACCGAGAAC
ATGGCAGATCGCCAATGAAAAAGCTGCACCTTATAAATACAACCA
AGTTTTATTGAGTTACCACCGTTATATCGCCTGCTTAAATACCCAA
GGAGAAATGAAAGGTCTAGACTACAAGGACGACGATGACAAGAG
ATCTCGCGCG 

pAD-
IdsDCW677-
His6 

Constructed by amplification of 5’ portion of IdsD from genomic DNA of 
CW677.  
F: 
CGGATAACAATTTCACACAGGAAACAGACCATGGGGACTGGAGAA
GTGAATGAGAGATATTTAAC 
 
R: 
CTTTTGAGTGGCTGCTTAATCCCT 
 
SliCE cloning was used to piece together PCR product, pAD100 digested 
with NcoI/BglII restriction enzymes, and gBlock. 
 
Geneblock: 
ACTGGAAGGGATTAAGCAGCCACTCAAAAGTTTCTCAAAGAATAT
GAAGAAGATGTTTGATTGGGATACTCGATTTAAATCAGCGGGTCT
AAAACAGATTATCACAACCGCTAAATTTAAATTAATGGAAGGCTA
CAGTGCTATGTATTTACCTACAGATAAGAAATCCTTAAACGCTCAC
ATGAAATTAGCACTAGATATTTATACACTGCTCACAAGTATCATTG
AATTTAGTACAGTTTCACATACGAAAGAGTTTGATAAACAAGACC
CATTAAATGCCGCTGCCGTGAATATATTTCGTGTTCAAATGGTGGC
ACATATTTTAAATACCGCAGAAGCAGTAGTTGAAATACGCCAAGC
AGCTCGAGGTTATGCGACATCAGTGACTTTTCCACCGCTTCAGCGG
TTATTGACTAAAATTCAGTTGCCTGAAATCCAAACCAAGTTAGGGA
AAGTGGGCTTAAAAGGGCTTGGATATACCGTGGCAATTTTAGGGG
TCGCATTACCCCTCGCGGAGGCATCAACAGAGTTTTATAACCATGA
TTACATTACAGGCTCAGCAAAAATTGCGGAAGCGGTAGGGACATT
GGCTTTTTCAGTGGGGCTAGCAGCATGGGGTGCCACTGAGGGTGT
AGTTGCAACTACCATTGCGGCATTTGCGTGGGAGTTAATAGTTATC
GGTGCGATCGTCTATGGCGTCGGTGCGGCAATTTACACGTATTTTA 
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Table 3.2 Primers used in this study (continued) 
	
 AAACAGATTCGTTTGAAAAGTTATTGAAGCAGTGTTTTTGGGGTAA

TGGGGATAAGTATTTTGCGGGGGGATATAAATTAAAGGAAGGGCA
AAAAATCAAAAGACCTGATACTACAGATGCTCAATTGGAGATTTA
TATTCGATATATTGAAGAATATAAATCTTACTTTCAAATGGAGTTA
CAAGAATTTGCCAATCTTTTCTTTACCTCTCAGCTACAAGTCAAAG
CAATACTAAAACCCGATTTTCAACCAAGCTATGGTACAGCACGCT
ACTCTATTCAATATCAATTTAAATTGTCCAATTTTCAATATGGTATT
TCAGATATTGAATATCAGTTGGTAGAAAAGAAAATGCCACATATT
TATCCATCAGAGACTCCGATTAAGTATATATCTAAACAAGGTAATA
CCGTGGTTAAATATAAAGGTGCTGAATATTTAGCTTCACAACAAAC
AAAATTTAATACCGCATTTGAAATGGCTTTACAACACACCATTGAA
GCAGCTTTACAAAAGGACACAATGCTAGGTAATGGGCTGCTTACT
CTAAATTTTGAGATAGAAGCAGGTATATTTACGGGGGATCCGATA
GGAAAATCCATCCCTTCTATTTACTGGTATTACATTGTAGATCGCA
TTAAAGGCGAAATTGCACCATTACGTTACCGAAACGGCAACCCCG
ACGATAAAATATATGGCTGTATTGATGAGGAGGGCACGGAACACC
ATCATCACCATCACTGAGTGACTGAGATCTAACTAGCATAACCCCT
TGGGGCCTCTAAAC 
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Results 

IdsC binds IdsD directly via the DUF4123 domain  

 To test whether the IdsC-IdsD interaction depended on other Ids or T6S proteins, 

IdsC-FLAG and IdsD-His6 were separately produced from pAD100-derived plasmids 

(13) in Escherichia coli strain BL21(DE3) pLysS, which lacks Ids or T6S (14). pAD100 

is an IPTG-inducible plasmid optimized for protein expression. Anti-FLAG co-

immunoprecipitation assays were performed on a mixture of cell lysates. Lysate 

expressing IdsD-His6 was doped with purified FLAG-tagged E. coli bacterial alkaline 

phosphatase (FLAG-BAP) as a negative control. The load (L), non-binding (-) and 

binding (+) fractions were analyzed by western blot using a custom polyclonal anti-IdsD 

antibody, commercial anti-FLAG and anti-sigma70 antibodies. IdsC-FLAG pulled down 

IdsD-His6 (Figure 3.1), showing that this interaction is independent of T6S or other Ids 

proteins. 

The main protein domain within IdsC is a DUF4123 domain. To test whether this 

domain is required for the IdsC-IdsD interaction, IdsC lacking the DUF4123 domain 

(IdsCΔDUF4123-FLAG) was produced and mixed with IdsD-His6 and subjected to anti-

FLAG co-immunoprecipitation assays. Considerably less IdsD-His6 was pulled down 

(Figure 3.1), indicating that lack of the DUF4123 domain decreases the interaction 

between IdsC and IdsD. These results suggest that IdsC binds IdsD directly and that the 

DUF4123 domain helps mediate this interaction.  
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Figure 3.1 DUF4123 domain of IdsC is necessary for IdsC-IdsD interaction Anti-

FLAG co-immunoprecipitation assays were performed as previously described on lysates 

of E. coli BL21(DE3) pLysS expressing Ids proteins from modified pAD100 vectors (11, 

13). Soluble (L), non-binding (-) and binding (+) fractions were analyzed via western blot 

using a custom polyclonal anti-IdsD, and commercial monoclonal anti-FLAG and anti-

sigma70 antibodies. Green boxes indicate a band in the binding fraction; white boxes 

indicate no bind in the binding fraction. Lysate mixtures are labeled above: IdsD-His6 

mixed with IdsC-FLAG, IdsD-His6 mixed with IdsCΔDUF4123-FLAG, and IdsD-His6 

mixed with FLAG-BAP, a purified FLAG-tagged E. coli protein, as a negative control.  
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IdsC-IdsD interaction is essential for maintenance of IdsD protein levels 

 To confirm these results in P. mirabilis, an established Ids expression system was 

used in which all ids genes are expressed on a plasmid under regulation of the native ids 

promoter (pIds) in a parent strain lacking the ids genes (Δids). Anti-FLAG co-

immunoprecipitations were attempted on a strain expressing FLAG-IdsC lacking the 

DUF4123 domain (FLAG-IdsCΔDUF4123). FLAG-IdsCΔDUF4123 and IdsD protein levels 

overall appeared to be diminished in this strain. Therefore, protein was supplemented by 

adding E. coli lysate expressing IdsCΔDUF4123-FLAG. As a control, P. mirabilis lysate 

expressing FLAG-IdsC was supplemented with E. coli lysate expressing IdsC-FLAG. 

While FLAG-IdsC pulled down IdsB and IdsD, FLAG-IdsCΔDUF4123 did not pull down 

IdsB or IdsD (Figure 3.2).  

To further test if lower IdsD protein levels were due to changes in IdsC, relative 

levels of IdsD in cell extracts from P. mirabilis strains lacking expression of one or more 

of the Ids proteins were examined. IdsD appeared to be lower or absent in strains 

completely lacking IdsC or IdsD (Figure 3.3). This observation correlated to the lower 

levels of mKate-IdsD observed in previous experiments (Figure 2.5). However, the 

mKate-IdsD fusion appears to stabilize IdsD in the absence of full-length IdsC (Figure 

2.6). It is possible that the N-terminal mKate2 flourophore occludes a degradation signal 

or allows IdsD to adopt a more stable tertiary structure, but these possibilities remain to 

be tested.  
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Figure 3.2 DUF4123 domain of IdsC is necessary for IdsBCD complex formation  

Anti-FLAG co-immunoprecipitation assays were performed as previously described on 

P. mirabilis lysate doped with E. coli lysate expressing IdsC-FLAG or IdsC ΔDUF4123-

FLAG. Soluble (L), non-binding (-) and binding (+) fractions were analyzed via western 

blot using a custom polyclonal anti-IdsB, anti-IdsD, anti-IdsE, and commercial 

monoclonal anti-FLAG antibodies. Black arrows indicate expected sizes of IdsB, IdsD, 

IdsE, IdsC, and IdsCΔDUF4123. 
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Figure 3.3 IdsD protein levels are diminished in absence of IdsC Whole cell extracts 

of P. mirabilis strains expressing pIds (control) or modified pIds vectors that result in 

absence of IdsA-IdsC, IdsD-IdsF or IdsB, IdsC, IdsF individually were analyzed via 

western blot using custom polyclonal anti-IdsB, anti-IdsD, and monoclonal anti-sigma70 

antibodies.  
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IdsC-IdsD interaction is necessary for IdsD secretion 

 Given that lack of the DUF4123 domain in IdsC disrupts the IdsBCD interaction 

and results in overall lower IdsD protein levels, we predicted that a FLAG-IdsCΔDUF4123 

strain would be unable to secrete IdsD. An in vivo IdsD transfer assay was used where 

secretion of IdsD into neighboring cells that lack the self-identity binding partner, IdsE, 

results in a restricted colony migration radius. Disruption of T6S activity, through a 

chromosomal point mutation in the sheath protein TssB, alleviates this restriction (7). P. 

mirabilis expressing FLAG-IdsC and lacking IdsE displayed a restricted colony radius 

that was alleviated upon T6S disruption (Figure 3.4). P. mirabilis expressing FLAG-

IdsCΔDUF4123 and lacking IdsE showed a large colony radius which showed no synergistic 

effects upon T6S disruption (Figure 3.4). Given that the mKate-IdsD fusion appears to 

maintain IdsD protein levels to a detectable extent, we repeated this assay in cells lacking 

IdsE but expressing FLAG-IdsC or FLAG-IdsCΔDUF4123 and mKate-IdsD. Similar results 

were obtained (Figure A.3). This in vivo assay was complemented by in vitro 

tricholoroacetic acid precipitations. The supernatants of liquid-grown cells of T6S-

positive strains expressing FLAG-IdsC or FLAG-IdsCΔDUF4123 and either unlabeled IdsD 

or mKate-IdsD were concentrated using tricholoroacetic acid and sent to liquid 

chromatography tandem mass spectrometry (LC-MS/MS) for analysis. While IdsD 

peptides could be detected in the supernatants of FLAG-IdsC strains, they were not 

detected in FLAG-IdsCΔDUF4123 strains (Table 3.3 and Table A.4).  
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Figure 3.4 IdsC-IdsD interaction is essential for IdsD secretion In vivo assay for IdsD 

cell-to-cell transfer in which IdsD secretion results in reduced colony, while lack of 

transport alleviates this restriction (7). P. mirabilis strains expressing modified pIds 

vectors producing FLAG-IdsC (+) or  FLAG-IdsCΔDUF4123 (-). T6S+ is a P. mirabilis 

strain producing a fully functional T6S system; T6S- is the TssB chromosomal mutant 

(7). Open circles indicate migration radii per replicate and bars indicate average 

migration radius. N=10.  
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Table 3.3 Ids specific LC-MS/MS hits secreted by FLAG-IdsC and  

FLAG-IdsCΔDUF4123 strains  
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IdsC appears to be an IdsD-specific chaperone 

 DUF4123 proteins in other bacterial systems have been shown to be specific for 

the T6S substrate encoded immediately downstream (1-3). To test whether IdsC is 

specifically involved in IdsD secretion or whether IdsC acts as a more general secretion 

chaperone, LC-MS/MS data sets from the tricholoroacetic acid precipitation experiments 

were compared. Only protein hits with at least three unique peptide fragments detected 

were considered in the analysis. The majority of detected secreted proteins were found in 

the concentrated supernatants of both FLAG-IdsC and FLAG-IdsCΔDUF4123 (242 hits) 

(Figure 3.5 and Table A.5), suggesting that disruption of the DUF4123 domain in IdsC 

does not broadly alter the T6S-dependent secretome. Proteins that were found to be 

secreted exclusively in FLAG-IdsC (45 hits) or FLAG- IdsCΔDUF4123 (55 hits) were 

further run through SecReT6 (15), a database that allows comparison of protein 

sequences to known T6S substrates. None of these proteins were found to be homologous 

to known T6S substrates. If IdsC acts on another unique T6S substrate not in the 

SecReT6 (15) database, the prediction would be that FLAG-IdsC would pull down this 

substrate and secrete it, and that secretion of that substrate would be abrogated in FLAG- 

IdsCΔDUF4123. To test this, the LC-MS/MS data set for proteins pulled down by FLAG-

IdsC was analyzed for those proteins that were exclusively secreted by FLAG-IdsC (45 

hits). This comparison generated a list of 8 proteins (Figure 3.6 and Table A.6), 

including IdsB and IdsD. Of these, the only known T6S-dependent substrate is IdrD (8), a 

protein that is predicted to function in an effector/immunity pair to also signal self-

identity. However, given that the Idr system is known to function independently of the 
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Ids system (8), it is unlikely that IdsC is required for IdrD secretion. This suggests that 

IdsC is most likely an IdsD-specific chaperone.  
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Figure 3.5 Comparison of LC-MS/MS proteins secreted by FLAG-IdsC and FLAG-

IdsCΔDUF4123 Protein hits with at least three unique peptides detected in concentrated 

supernatants of liquid-grown FLAG-IdsC or FLAG-IdsCΔDUF4123 cells were compared 

using VENNY (16). Full data sets can be found on Gibbs laboratory data storage 

computer. Table A.5 lists protein hits by category. 
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Figure 3.6 Comparison of LC-MS/MS proteins secreted exclusively by and pulled 

down with FLAG-IdsC Protein hits with at least three unique peptides detected in 

concentrated supernatant of liquid-grown FLAG-IdsC but not FLAG-IdsCΔDUF4123 cells 

was compared to proteins pulled down by FLAG-IdsC using VENNY (16). Full data sets 

can be found on Gibbs laboratory data storage computer. Table A.6 lists protein hits.  
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IdsC acts on IdsD only in producing cells 

 These results led to a model wherein the DUF4123 domain of IdsC mediates 

binding of IdsD in producing cells, independent of interactions with other Ids proteins or 

the T6S machinery, to form a transport-ready complex with IdsB and IdsF. The 

subcellular location of IdsD after transport is not known, as T6S substrates can be 

delivered to the cytoplasm or the periplasm of neighboring cells (17-22). To test whether 

IdsC could bind and regulate IdsD transferred from a neighboring cell, we expressed 

FLAG-IdsC in the periplasm or excess FLAG-IdsC in the cytoplasm. To test periplasmic 

expression, FLAG-IdsC was targeted to the periplasm with either a PelB (23) or an 

OmpA (23) signal sequence. IdsE was deleted in each construct and the resultant pIds 

plasmids expressed in the TssB chromosomal mutant strain that lacks T6S activity. Each 

strain was tested for self-recognition phenotypes against the parent strain BB2000, or a 

strain lacking the ids locus. If periplasmic FLAG-IdsC is sufficient to bind and neutralize 

transferred IdsD, then these strains should recognize BB2000 as self. However, strains 

expressing periplasmic FLAG-IdsC recognized BB2000 as non-self (Figure 3.7). To test 

cytoplasmic expression, FLAG-IdsC was induced in an anhydrotetracyline inducible 

plasmid (24) in either BB2000 or BB2000 with a chromosomal idsE deletion 

(BB2000::ΔidsE). BB2000::ΔidsE shows restricted colony migration as compared to 

BB2000 in the absence of FLAG-IdsC induction (Figure 3.8). If cytoplasmic IdsC is able 

to bind and neutralize transferred IdsD, then induction of FLAG-IdsC in BB2000::ΔidsE 

should display an equivalent colony radius to BB2000. Induction of FLAG-IdsC in 

BB2000::ΔidsE did not restore colony migration (Figure 3.8). Together, these results 

indicate that IdsC exclusively binds IdsD produced within the same cell.  
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Figure 3.7 Periplasmic FLAG-IdsC does not neutralize transferred IdsD pIds-

FLAG-IdsC-ΔIdsE was modified to target FLAG-IdsC to the periplasm with either a 

PelB (23) or an OmpA (25) signal sequence in the TssB chromosomal mutant strain. If 

IdsD is secreted into the periplasm, and periplasmic FLAG-IdsC (pp-FLAG-IdsC) is 

sufficient to bind and neutralize incoming IdsD, then the prediction is that this strain 

would recognize a parent strain (BB2000) as self. Self-recognition was tested via 

boundary formation, and strains expressing periplasmic FLAG-IdsC formed a boundary 

with BB2000 (grey arrow) indicating a non-self phenotype. 
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Figure 3.8 Excess cytoplasmic FLAG-IdsC does not neutralize transferred IdsD 

BB2000 or BB2000 with a chromosomal IdsE deletion (BB2000::ΔidsE) carried an 

anhydrotetracycline-inducible plasmid expressing FLAG-IdsC. If IdsD is secreted into 

the cytoplasm, and excess cytoplasmic FLAG-IdsC (cyto-FLAG-IdsC) can bind and 

neutralize incoming IdsD, then the prediction is that BB2000::ΔidsE will no longer 

display inhibited swarm colony expansion upon inducing expressing of FLAG-IdsC with 

micromolar (µM) anhydrotetracyline [aTc]. Open circles indicate migration radii per 

replicate and bars indicate average migration radius. N=3. 
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Figure 3.8 Excess cytoplasmic FLAG-IdsC does not neutralize transferred IdsD 

(continued)	
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IdsC is highly conserved and can bind IdsD originating from various strains 

 To test whether IdsC regulation of IdsD was exclusive to strain BB2000 or if it is 

a more general mechanism used, I compared protein sequences of IdsC and IdsD across 

several P. mirabilis strains. IdsC was of equivalent length and showed high sequence 

conservation across strains (Figure 3.9). IdsD proteins are either 1033(4) or 1072 amino 

acids in length and while they show high sequence conservation in the first 57 amino 

acids, the protein sequences then diverge based on protein length (Figure 3.10) (5, 11).  

The high sequence conservation of IdsC suggests this is a general mechanism, and the 

prediction would be that IdsC proteins are interchangeable between strains. If so, then 

IdsC from strain BB2000 would be able to bind IdsD proteins from different strains. I 

tested whether IdsC-FLAG from strain BB2000 binds IdsD from strains HI4320 (IdsDHI-

His6) and strain CW677 (IdsDCW677-His6). Each was expressed separately in E. coli strain 

BL21(DE3) pLysS and lysates were mixed and subjected to anti-FLAG co-

immunoprecipitations. IdsC-FLAG from strain BB2000 pulled down IdsD proteins from 

BB2000 (Figure 3.1), strain HI4320 and strain CW677 (Figure 3.11).  
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Figure 3.9 IdsC is highly conserved across P. mirabilis strains Alignment of IdsC 

protein sequences from P. mirabilis strains BB2000, HI4320, CW677, S4/3, CW977, 

I5/5, G151, and WGLW6. The DUF4123 domain (amino acids 127-254) is highlighted 

above alignment with a black line. The color scheme is based on ClustalX (26). 

Sequences were accessed by NCBI using a BLASTp PSI-BLAST search of the sequence 

database. Alignments were constructed using ClustalW2 (26-28) and then displayed 

using JalView (29). The polymorphic amino acid residues are highlighted with an 

asterisk above alignment.  
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Figure 3.9 IdsC is highly conserved across P. mirabilis strains (continued) 
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Figure 3.10 The first 57 amino acids of IdsD are highly conserved across P. mirabilis 

strains Alignment of IdsD protein sequences highlighting the first 70 amino acids from 

P. mirabilis P. mirabilis strains BB2000, HI4320, CW677, S4/3, CW977, I5/5, G151, 

and WGLW6. The color scheme is based on ClustalX (26). Sequences were accessed by 

NCBI using a BLASTp PSI-BLAST search of the sequence database. Alignments were 

constructed using ClustalW2 (26-28) and then displayed using JalView (29). Full 

sequence alignment of IdsD can be found in Cardarelli et al (11). 
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Figure 3.11 IdsC binds IdsD from various P. mirabilis strains Anti-FLAG co-

immunoprecipitation assays were performed on lysate mixtures of E. coli BL21(DE3) 

pLysS expressing Ids proteins from modified pAD100 vectors (11, 13). Soluble (L), non-

binding (-) and binding (+) fractions were analyzed via western blot using a custom 

polyclonal anti-IdsD, and commercial monoclonal anti-FLAG and anti-sigma70 

antibodies. Green boxes indicate a band in the binding fraction; white boxes indicate no 

bind in the binding fraction. Lysate mixtures are labeled above: IdsC-FLAG with IdsDBB-

His6, IdsC-FLAG with IdsHI-His6, and IdsC-FLAG with IdsDCW677-His6.  
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Functions of IdsC can be uncoupled by single amino acid changes  

 Although IdsC is highly conserved there are a few single amino acid 

polymorphisms across strains. Of these, we noted that three appeared to be present in 

about half of the protein sequences we analyzed. In reference to the IdsC sequence from 

BB2000 these amino acids are a serine to proline change at position 38 (S38P), an 

arginine to glutamine change at position 186 (R186Q), and a methionine to leucine 

change at position 309 (M309L). Based on the dramatic differences in amino acid 

properties, we focused on S38P and R186Q. We generated modified pIds-FLAG-IdsC 

constructs with each of these single changes (FLAG-IdsCS38P and FLAG-IdsCR186Q) as 

well as the double mutant (FLAG-IdsCS38P/R186Q) and expressed these in P. mirabilis. 

Lysates were subjected to anti-FLAG co-immunoprecipitations and resulting fractions 

analyzed via western blot using custom polyclonal anti-IdsB, anti-IdsD, and anti-IdsE 

antibodies. FLAG-IdsC, FLAG-IdsCS38P, FLAG-IdsCR186Q, and FLAG-IdsCS38P/R186Q all 

pull down IdsB and IdsD (Figure 2.1 and Figure 3.12). Trace amounts of IdsE were 

pulled down by FLAG-IdsCS38P (Figure 3.12). These are perhaps indirect interactions 

between IdsC and IdsE mediated by IdsD due to in vitro reassortment. To test whether 

these amino acid changes alter IdsC interactions with Ids or T6S machinery components 

(Table 2.4), the binding fractions of these co-immunoprecipitations were analyzed by 

LC-MS/MS. FLAG-IdsCS38P (Table 3.4), FLAG-IdsCR186Q (Table 3.5), and FLAG-

IdsCS38P/R186Q (Table 3.6) all pulled down IdsB, IdsD, and IdsF. They all additionally 

pulled down BB2000_0820 (TssC) and BB2000_0814 (TssK), sheath and baseplate 

components of the machinery respectively.  
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To test whether these amino acid changes in FLAG-IdsC supported mKate-IdsD 

puncta formation proximal to the T6S machinery (Figure 2.2), these constructs were 

expressed in a strain where BB2000_0821 (TssB) is fused to superfolder green 

fluorescent protein (TssB-sfGFP) (10). Epifluorescence microscopy showed that mKate-

IdsD localized into puncta that could be found proximal to the T6S machinery in all of 

these strains (Figure 3.13, Figure A.4-Figure A.6).  
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Figure 3.12 FLAG-IdsC single residue polymorphisms do not alter binding to IdsB 

or IdsD Anti-FLAG co-immunoprecipitation assays were performed on P. mirabilis 

extracts expressing FLAG-IdsC, FLAG-IdsCS38P, FLAG-IdsCR186Q, or FLAG-

IdsCS38P/R186Q. P. mirabilis lysate doped with FLAG-BAP was used as a negative control. 

Soluble (L), non-binding (-) and binding (+) fractions were analyzed via western blot 

using polyclonal anti-IdsB, polyclonal anti-IdsD, polyclonal anti-IdsE, monoclonal anti-

FLAG, and monoclonal anti-sigma70 antibodies. Green boxes indicate a band in the 

binding fraction; white boxes indicate no band in the binding fraction.  
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Table 3.4 Ids and T6S specific LC-MS/MS hits pulled down by FLAG-IdsCS38P 

 

 

Table 3.5 Ids and T6S specific LC-MS/MS hits pulled down by FLAG-IdsCR186Q 

 

 

Table 3.6 Ids and T6S specific LC-MS/MS hits pulled down by FLAG-IdsCS38P/R186Q 
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Figure 3.13 FLAG-IdsC polymorphisms support mKate-IdsD puncta formation The 

T6S sheath was labeled using a chromosomal fusion of the sheath component TssB to 

sfGFP (10). pIds-FLAG-IdsC-mKate2-IdsD was modified to express FLAG-IdsCS38P, 

FLAG-IdsCR186Q, or FLAG-IdsCS38P/R186Q.  All three FLAG-IdsC variants supported 

mKate-IdsD puncta formation. Foci that did (white arrow) or did not (yellow arrow) 

overlap with the T6S machinery were observed. False-colored overlay in which for 

contrast, mKate-IdsD fluorescence is in red, and TssB-sfGFP fluorescence is in cyan. 

Scale bar is 10 µm. Full figures can be found in Appendix A (Figure A.4-Figure A.6).  
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Given that the mutant variants of FLAG-IdsC bind IdsD, as well as T6S baseplate 

and sheath proteins, and support the presence of subcellular clusters that could be found 

proximal to the T6S machinery, we hypothesized they would likewise secrete IdsD. To 

test secretion, both the in vivo IdsD transfer assay and in vitro trichloroacetic acid 

precipitations were used. Populations of cells expressing FLAG-IdsCS38Por FLAG-

IdsCR186Q and lacking IdsE showed restricted colony expansion that was alleviated upon 

T6S disruption, similar to the pattern observed in cells expressing FLAG-IdsC (Figure 

3.14). However, cells expressing FLAG-IdsCS38P/R186Q and lacking IdsE showed 

increased colony expansion, with and without T6S activity, indicating lack of IdsD 

exchange (Figure 3.14). The prediction from these in vivo results was that IdsD would be 

detected in the supernatant of cells expressing FLAG-IdsC, FLAG-IdsCS38P or FLAG-

IdsCR186Q but would not be detected in the supernatant of cells expressing FLAG-

IdsCS38P/R186Q. IdsB was detected in supernatants of liquid-grown cells expressing FLAG-

IdsCS38P, FLAG-IdsCR186Q, and FLAG-IdsCS38P/R186Q (Table 3.7). However, IdsD was 

only detected above the limit of three unique peptides in the supernatant of cells 

expressing FLAG-IdsCR186Q (Table 3.7).  These results show that IdsC binding of IdsD 

can be uncoupled from IdsD secretion. While T6S secretion of IdsB was not disrupted, 

secretion of IdsD was specifically abrogated with the S38P point mutation, individually 

and in conjunction with the R186Q change. These results support a model (Figure 3.15) 

where IdsC functions to bind IdsD in producing cells, which allows IdsD cluster 

formation, targeting of IdsD to the T6S machinery and separately IdsD secretion through 

the T6S machinery.  
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Figure 3.14 FLAG-IdsC polymorphisms impact IdsD secretion In vivo assay for IdsD 

cell-to-cell transfer in which IdsD secretion results in reduced colony, while lack of 

transport alleviates this restriction (7). P. mirabilis strains expressing modified pIds 

vectors producing FLAG-IdsC (WT), FLAG-IdsCS38P, FLAG-IdsCR186Q, FLAG-

IdsCS38P/R186Q. T6S+ is a P. mirabilis strain producing a fully functional T6S system; 

T6S- is the TssB chromosomal mutant (7). Open circles indicate migration radii per 

replicate and bars indicate average migration radius. N=10.  
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Table 3.7 Ids specific LC-MS/MS hits secreted by FLAG-IdsC variants  
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Figure 3.15 Model for IdsD targeting to T6S machinery We propose a model where 

IdsC, a DUF4123-protein, targets IdsD to the T6S machinery. Transport of IdsD occurs at 

distinct steps: 1) clustering of IdsD, 2) targeting to the machinery, particularly to the 

sheath and baseplate components, and 3) secretion through the machinery (black arrow). 

The DUF4123 domain of IdsC is essential for all of these steps. Single amino acid 

changes in IdsC can uncouple substrate targeting and secretion.  
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IdsC variants appear to only affect IdsD secretion 

Each of the FLAG-IdsC variants showed slight differences in IdsD secretion 

phenotypes. FLAG-IdsCS38P in vivo results suggested IdsD transfer but in vitro showed 

no IdsD secretion. FLAG-IdsCR186Q phenotypically indicated IdsD transfer and in vitro 

IdsD secretion was detected. FLAG-IdsCS38P/R186Q showed no in vivo IdsD transfer and in 

vitro IdsD secretion was not detected. To assess whether these differences could be 

attributed to differential protein interactions and whether secretion of any other T6S 

effector was impacted, LC-MS/MS datasets from FLAG-IdsC and each FLAG-IdsC 

variant strain were compared. Only protein hits with at least three unique peptide 

fragments detected were considered in the analysis. From the LC-MS/MS analysis of 

resultant binding fractions from co-immunoprecipitation experiments (Figure 3.16 and 

Table A.7), a majority of hits were shared amongst all four strains (60 hits), including 

IdsB, IdsC, IdsD, and IdsF, or were unique to FLAG-IdsC (70 hits). There were few 

unique hits to FLAG-IdsCS38P (3 hits), FLAG-IdsCR186Q (10 hits) or FLAG-IdsCS38P/R186Q 

(7 hits).  All three mutant variants however had four unique hits, including a molecular 

chaperone, HtpG (BB2000_2317). BB2000_2317 is homologous to the heat-shock 

protein chaperone, Hsp90, and by PSI-BLAST has protein homologs found in closely 

related bacteria, including Xenorhabdus spp, Photorabdhus spp, Yersinia spp, and 

Morganella spp. To compare results relative to in vitro IdsD secretion, hits shared 

between FLAG-IdsC and FLAG-IdsCR186Q were compared to hits shared between FLAG-

IdsCS38P and FLAG-IdsCS38P/R186Q. FLAG-IdsC/FLAG-IdsCR186Q unique hits included 

BB2000_1317, a yet uncharacterized hypothetical protein with a DUF945 domain. 

FLAG-IdsCS38P/FLAG-IdsCS38P/R186Q shared two unique hits, including BB2000_2575, a 
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Yjj family DUF3029 protein. This suggests that differences in IdsD secretion are not due 

to differential protein interactions between IdsC variants but perhaps differences in 

affinity of key interactions, such as those with IdsB, IdsD, IdsF or the T6S machinery 

components.  

To test whether the effects on substrate secretion were specifically for IdsD or 

whether other substrates were also affected, TCA LC-MS/MS data sets were compared 

and only hits with at least three unique peptide fragments were included in the analysis 

(Figure 3.17 and Table A.8). The majority of secreted proteins were shared amongst all 

four strains (103 hits), suggesting that effects of these point mutations on IdsD secretion 

do not broadly affect the T6S secretome. To test whether effects on IdsD secretion affect 

any other particular T6S substrate, secretomes of strains in which IdsD secretion could be 

detected, FLAG-IdsC/FLAG-IdsCR186Q (7 hits), were compared to secretomes of strains 

in which IdsD secretion could not be detected, FLAG-IdsCS38P/FLAG-IdsCS38P/R186Q (4 

hits). Unique protein hits for either category lacked any known or predicted T6S effector. 

To test whether any of the variants affected secretion of other T6S substrates, hits 

specific to FLAG-IdsC were analyzed (23 hits). Of these, only IdsF is a known or 

predicted T6S substrate that is uniquely secreted. This suggests that any effects of IdsC 

on secretion are specific to IdsD.  
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Figure 3.16 Comparison of LC-MS/MS protein hits from FLAG-IdsC variant co-

immunoprecipitations Protein hits with at least three unique peptides pulled down by 

FLAG-IdsC, FLAG-IdsCS38P, FLAG-IdsCR186Q, or FLAG-IdsCS38P/R186Q were compared 

using VENNY (16). Full data sets can be found on Gibbs laboratory data storage 

computer. Table A.7 lists protein hits by category.   
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Figure 3.17 Comparison of LC-MS/MS protein hits from FLAG-IdsC variant 

trichloroacetic acid precipitations Protein hits with at least three unique peptides 

secreted by FLAG-IdsC, FLAG-IdsCS38P, FLAG-IdsCR186Q, or FLAG-IdsCS38P/R186Q were 

compared using VENNY (16). Full data sets can be found on Gibbs laboratory data 

storage computer. Table A.8 lists protein hits by category.   
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Discussion  

 
 In this chapter I have shown that the IdsC-IdsD interaction is independent of other 

Ids or T6S proteins and is likely mediated by the DUF4123 domain of IdsC. Further 

studies, such as using a combination of size exclusion chromatography and light 

scattering experiments, are required to investigate the stoichiometric ratio of the IdsC-

IdsD interaction. I demonstrate that this interaction is essential for maintenance of IdsD 

protein levels, and that IdsD localization proximal to the T6S machinery and secretion 

can be uncoupled by single amino acid changes in IdsC. While these amino acid changes 

do not appear to impact in vitro interactions with T6S sheath and baseplate components, 

it is possible they alter binding affinities between IdsC-IdsD or IdsC and the machinery, 

impacting IdsD secretion. Intriguingly for each single amino acid change, the in vivo 

assay results suggested that IdsD was still being secreted, but to a lesser extent than in the 

control strain. However, in vitro, IdsD secretion could only be detected in the FLAG-

IdsCR186Q mutant and not the FLAG-IdsCS38P mutant, despite comparable levels of IdsB 

secretion. This suggests that a certain threshold of IdsD secretion may be required to 

induce in vivo phenotypic responses and that this must be taken into account when 

comparing in vivo and in vitro secretion assay results. It also suggests that the serine to 

proline amino acid change impacts IdsD secretion to a greater extent than the arginine to 

glutamine change.  

I furthermore showed in this chapter that IdsC exclusively acts on IdsD produced 

in the same cell, and not IdsD transferred from neighboring cells. Taken together, this 

data suggests that IdsC prevents IdsD-IdsE interactions in producing cells and provides 

an alternative mechanism by which T6S substrates are regulated pre-transport. The 
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prevailing model in the field is that cognate immunity proteins bind T6S substrates both 

pre- and post- transport (19, 22, 30, 31). However, the Ids system offers an example 

where a chaperone protein (IdsC) binds the T6S substrate (IdsD) exclusively pre-

transport and a cognate immunity protein (IdsE) binds the substrate exclusively post-

transport.  

 DUF4123-proteins have been shown to be specific to the immediately adjacent 

T6S substrate (1-3). Comparisons of proteins secreted by FLAG-IdsC and FLAG-

IdsCΔDUF4123 showed that the majority of protein hits were shared. This suggests that 

disruption of the DUF4123 domain of IdsC does not widely impact the T6S secretome. 

To test whether IdsC acts as a chaperone on any other T6S substrate, proteins secreted in 

cells expressing FLAG-IdsC but not FLAG-IdsCΔDUF4123 were compared to proteins 

pulled down by FLAG-IdsC. These proteins included IdsB and IdsD, as well as another 

known T6S substrate, IdrD. However, given that Idr proteins are known to act 

independently of Ids proteins (8), it is unlikely that IdsC regulates IdrD, although this 

remains to be functionally tested. No other predicted T6S substrate was found through 

this comparison, indicating that IdsC likely acts exclusively on IdsD and does not act as a 

broad T6S chaperone.  

However if the DUF4123 domain is well conserved and helps mediate the IdsC-

IdsD interaction it is unclear how substrate-specificity is therefore obtained. It is possible 

that as these proteins are co-produced their interaction is immediately formed and their 

binding affinity is sufficient to prevent chaperone-substrate re-assortment. The 

stabilization of the N-terminal fluorophore tag on IdsD in cells expressing FLAG-

IdsCΔDUF4123 could indicate that stabilization at the N-terminal end of IdsD occurs. It is 
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also possible that structural differences between T6S substrates impact these interactions. 

Further experiments testing whether co-production of these proteins is required for their 

interaction as well as experiments testing the binding affinity between IdsC-IdsD and 

IdsC variants and IdsD, perhaps through isothermal titration calorimetry, could help 

elucidate the formation of their interaction. Testing chaperone-substrate binding using 

substrate truncation constructions will help define substrate regions recognized by 

DUF4123 proteins. In the case of IdsC-IdsD, given that IdsC can bind different IdsD 

variants that are most highly conserved at the N-terminus, the first 53 amino acids of 

IdsD are likely involved in this interaction. Understanding this interface between other 

DUF4123-proteins and their substrates in conjunction with refined protein structures of a 

wider variety of T6S substrates could aid in comparison of structural differences in these 

regions to begin understanding chaperone-substrate specificity.  

In this chapter I also describe IdsC point mutations where localization and 

maintenance of IdsD protein levels is uncoupled from its secretion. A comparison of 

proteins pulled down and secreted by FLAG-IdsC, FLAG-IdsCS38P, FLAG-IdsCR186Q, 

FLAG-IdsCS38P/R186Q showed that the majority of protein hits were shared amongst all 

four or were exclusive to FLAG-IdsC. Additionally, no other known or predicted T6S 

substrate was exclusively secreted in FLAG-IdsC/FLAG-IdsCR186Q as compared to 

FLAG-IdsCS38P/FLAG-IdsCS38P/R186Q. This data further supports that IdsC acts 

exclusively on IdsD. These point mutations could serve as valuable tools for 

understanding how large substrates are shuttled through the machinery. Using protein 

structure studies, such as electron microscopy, the structure of the T6S machinery with 

FLAG-IdsCS38P or FLAG-IdsCS38P/R186Q and IdsD at the machinery could be obtained. 
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Other structural studies have been able to observe the entire T6S structure, or structures 

of smaller substrates within the sheath of the machinery.  However, no structure of a 

large substrate at the machinery has yet been obtained.  

 While we now understand more of the molecular details of self-recognition in P. 

mirabilis, the biological impact of self-recognition on P. mirabilis populations, 

particularly within host systems, remains elusive. In the following chapter, I probe at this 

by attempting to set up a host system that allows manipulation of P. mirabilis populations 

and imaging of their dynamics over time.  
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Establishing an in vivo host model to study Proteus mirabilis interstrain interactions 
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Abstract 

The bacterium Proteus mirabilis is found in a wide array of environments, 

including soil, seawater, and as a commensal bacterium in the human gastrointestinal 

tract. Multiple studies have concluded that a population of P. mirabilis descends from the 

gastrointestinal tract to the urinary tract during infection in patients with long-term 

catheterization. However, none of the methods used can discriminately assay whether this 

P. mirabilis population is comprised of a single strain or multiple strains and whether 

self-recognition systems impact host colonization. I attempted to analyze P. mirabilis 

interstrain interactions within a host by using the nematode model Caenorhabditis 

elegans. Consistent with other published work, I show that C. elegans requires an intact 

innate immune system to survive the presence of P. mirabilis. In N2 wild-type worms, P. 

mirabilis strains persist in the nematode gut, and in some cases appear to be concentrated 

in the nematode pharynx. When feeding on a mix of two P. mirabilis strains, only a 

single strain persists in the C. elegans gut. However, sequential feeding experiments 

showed that a second strain displaces the first. Overall, these experiments suggest that a 

single strain of P. mirabilis is predominantly present within a host at any given time. This 

work set up a system that could potentially be used to stringently test and visualize P. 

mirabilis in an animal host, particularly to test whether self-recognition behaviors impact 

interstrain and interspecies interactions.  

 
Introduction 
 

P. mirabilis is a commensal bacterium in the human gut and an opportunistic 

pathogen in the human urinary tract, particularly in patients with long-term 

catheterization.  Multiple factors influence P. mirabilis strain infectivity (1), but of these, 
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urease secretion leads to the formation of ammonia and leads to an increase in pH of 

urine (2, 3). Precipitation of calcium and magnesium phosphates under these conditions 

leads to the formation of a crystalline biofilm that blocks urine flow. This typically 

results in an encrustation around the catheter resulting in its surgical removal (4-7).  

There have been multiple methods to assess variability of P. mirabilis isolates 

present in samples from human patients. It has been found that multiple methods, 

including the Dienes line test, ribotyping post restriction digest with EcoRI and pulsed-

field gel electrophoresis (PFGE) post restriction digest with SfiI all have comparable 

indices of discrimination- suggesting that they are all equally valid methods for 

discriminating P. mirabilis isolates (8). However, there are isolates that are 

undistinguishable by the Dienes line test that are distinguishable by PFGE (9). These tests 

have shown that the P. mirabilis population present in a patients urine is genotypically 

identical to that found in the crystalline biofilm catheter encrustation (9). This suggests 

that P. mirabilis descends from the gastrointestinal tract to the urinary tract during 

infection, as opposed to coming from outside contamination during catheter exchange. 

However, none of these approaches clarify whether a single P. mirabilis strain is present 

in patients or if the population is comprised of multiple strains. The Dienes line test 

assays for the boundary phenotype of the population at the edge of a P. mirabilis colony 

and work from our lab has shown that in a mixed strain population, one will reproducibly 

sequester the other to the center of the colony (10). Both ribotyping and PFGE do not 

have the sensitivity to distinguish if different strains are present within one sample. 

Therefore, an open question in the field is whether multiple P. mirabilis strains can co-
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infect a patient and whether social behaviors, like self versus non-self recognition, play a 

role in colonization of a host. 

Currently, a mouse host model of P. mirabilis exists which has helped provide 

insights on P. mirabilis gene expression (1), cell morphotypes present (11) and factors 

that influence strain infectivity (1, 12). However, resolution of inter-strain P. mirabilis 

dynamics is limited by small sample sizes, cost, and inability to image at a single-

bacterial-cell resolution. To overcome these challenges, we aimed to establish a 

Caenorhabditis elegans model of P. mirabilis infection. Established infection assays, in 

vivo microscopy protocols, and genetic and biochemical tools make C. elegans a robust 

host model for host interactions (13-18). Such models have been established with both 

Gram-positive and Gram-negative bacterial species including Pseudomonas aeruginosa, 

Burkholderia species, and Serratia marcescens (14, 19-22). A previous study showed that 

C. elegans with compromised innate immune systems are susceptible to both P. mirabilis 

and P. vulgaris (23). This suggests that an uncompromised immune system is required 

for worm viability in the presence of Proteus species. Wild-type worms showed 

comparable lifespan to worms fed the standard lab food source, Escherichia coli OP50 

(23). Given this, in addition to rapid generation time, low cost, natural tissue transparency 

and use of bacteria as a food source, we proposed that C. elegans would allow us to 

capture P. mirabilis dynamics in vivo over the two-week life-span of an individual host.   

My goal was to assess whether the P. mirabilis developmental cycle and social 

behaviors characterized under laboratory conditions would be translatable to in vivo 

conditions in C. elegans. Here I show that four strains of P. mirabilis do not impact 

viability of wild-type worms. I then used two of these strains and show that C. elegans 
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requires an intact innate immune system to survive P. mirabilis. I further show through 

concurrent and sequential feeding experiments that a single strain is predominantly 

present in the C. elegans gut, and that a strain fed secondly will displace the first.  

 

Materials and Methods 

Developing L4-stage C. elegans 
 

For all C. elegans strains used (Table 4.1), adults were maintained by transferring 

to fresh nematode growth media (NGM) plates with E. coli OP50 (16). M9 buffer (0.2 

molar (M) monopotassium phosphate, 0.4M disodium phosphate, 0.9M sodium chloride, 

0.001M magnesium sulfate) (16) was poured on the plate to transfer worms into a 15 

milliliter (mL) Falcon tube that was spun down at 2000 revolutions per minute (rpm) for 

1 minute. Buffer was poured out such that 1.5 mL remained in the tube. 1.5 mL of a 1:1 

bleach:1M sodium hydroxide solution was added to lyse open worms. Lysing was left for 

no longer than four minutes and was quenched with an excess of M9 buffer. Tube was 

spun down at 2000 rpm for 1 minute, supernanant was removed and the tube filled again 

with M9 buffer. Tube was inverted and vortexed. This was step was repeated three times. 

Tube was filled with M9 buffer and left on a nutator at room temperature for 16 to 48 

hours. Worms were plated on NGM media with lawns of E. coli OP50 and left to develop 

for 36 hours to reach L4-stage.  

 

C. elegans viability assay 
 

L4-stage worms of N2, pmk-1, dbl-1, fshr-1 C. elegans strains were transferred on 

to a P. mirabilis strain BB2000 or strain HI4320 swarm colony on swarming permissive 
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CM55 Blood Agar Base agar (Oxoid, Basingstoke, England). Poking each individual 

worm with a worm poker and looking for movement assessed viability. If alive, worm 

was transferred to a fresh P. mirabilis swarm colony. Viability was assessed at every 24-

hour interval.   

 

P. mirabilis colonization of C. elegans gut  

P. mirabilis strains were grown up in liquid LB broth culture under aerobic 

conditions at 37°C. All strains used are listed in Table 4.2. Cultures were normalized by 

optical density at a wavelength of 600 nanometers (OD600). Swarming permissive CM55 

Blood Agar Base agar (Oxoid, Basingstoke, England) plates were inoculated with 

individual strains. N2 L4-stage C. elegans were transferred on this plate and allowed to 

feed. At 24-hour intervals the majority of worms were transferred to fresh P. mirabilis 

swarm colonies. About 10 worms each day was transferred to an NGM plate seeded with 

E. coli OP50. After 24 hours of feeding on E. coli OP50, worms were anesthetized, 

washed, and lysed as described below and intestinal contents were plated for bacterial 

colony-forming units as described below.  

 

Imaging of a P. mirabilis fluorescent strain in C. elegans  

NGM buffer was used to dissolve a 10% agarose solution (18). Microscopy pads 

were prepared and worms that had fed on a fluorescently-marked derivative of P. 

mirabilis strain BB2000 transferred directly on to pad. Images were acquired with a Leica 

DM5500B (Leica Microsystems, Buffalo Grove, IL) with a CoolSnap HQ2 cooled CCD 

camera (Photometrics, Tucson, AZ). MetaMorph version 7.8.0.0 (Molecular Devices, 
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Sunnyvale, CA) was used for image acquisition. Figures were made in Fiji (24, 25) and 

Adobe Illustrator (Adobe Systems, San Jose, CA).    

 
P. mirabilis mixed strain feeding assay 

P. mirabilis strains were grown up in liquid LB broth culture under aerobic 

conditions at 37°C. All strains used are listed in Table 4.2. Cultures were normalized by 

OD600. Swarming permissive CM55 Blood Agar Base agar (Oxoid, Basingstoke, 

England) plates were inoculated with a 1:1 mix of strains. N2 L4-stage C. elegans were 

transferred on this plate and allowed to feed. At 24-hour intervals the majority of worms 

were transferred to fresh P. mirabilis swarm colonies. About 10 worms each day were 

anesthetized, washed, and lysed as described below and intestinal contents were plated 

for bacterial colony-forming units as described below.  

 
P. mirabilis sequential strain feeding assay 

P. mirabilis strains were grown up in liquid LB broth culture under aerobic 

conditions at 37°C. All strains used are listed in Table 4.2. Cultures were normalized by 

OD600. Swarming permissive CM55 Blood Agar Base agar (Oxoid, Basingstoke, 

England) plates were inoculated with individual strains. N2 L4-stage C. elegans were 

transferred on this plate and allowed to feed on strain BB2000 for 48 hours and then 

transferred to feeding on either strain HI4320 or strain CW677 for an additional 48 hours. 

At 24-hour intervals the majority of worms were transferred to fresh P. mirabilis swarm 

colonies. About 10 worms each day were anesthetized, washed, and lysed as described 

below and intestinal contents were plated for bacterial colony-forming units as described 

below.  
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Colony-forming units assay 

Worms were prepared as follows. About 10 worms were placed on a droplet of 50 

microliters (µL) of 25mM levamisole and 0.1% Triton-X (levamisole+Triton-X). Droplet 

was then transferred to 1 mL of levamisole+Triton-X and spun down in a 1.5 mL 

eppendorf tube at 50g for 30 seconds. Tube was vortexed for 10-20 seconds and 

centrifuged again at 50g for 30 seconds. Contents were left to settle for 5 minutes at 

which point the supernant was aspirated. This wash procedure was repeated three 

additional times. Worms were then incubated in 1 mL of 25mM levamisole with 100 

microgram per milliliter (µg/mL) gentamicin and 1 milligram per milliliter (mg/mL) 

ampicillin for 1 hour. Wash procedure was repeated three times using 25mM levamisole. 

At end of last wash, 350 µL of levamisole+Triton-X was added. An equal volume of 

silicone-carbide 1.0mm sharp particles (BioSpec Products, Bartlesville, OK) was added 

and a mortar and pestle was used to lyse the worms. Serial dilutions of these contents 

were prepared and plated on non-swarming permissive (LSW-) agar (26) with 

appropriate antibiotics for strain-specific selection.   

  
P. mirabilis mixed population strain dominance assay  
 

P. mirabilis strains were grown up in liquid LB broth culture under aerobic 

conditions at 37°C. All strains used are listed in Table 4.2. Cultures were normalized by 

OD600 and individual strains and a 1:1 mix of the two strains were each spotted on 

swarming permissive CM55 Blood Agar Base agar (Oxoid, Basingstoke, England) plates 

supplemented with 2 mg/mL Coomassie blue and 4 mg/mL congo red dyes and incubated 

at 37°C overnight.  
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Table 4.1 Caenorhabditis elegans strains used in this study 
 
Strain Notes 
N2 Wild-type 
N2 pmk-1 N2 lacking pmk-1 gene 
N2 dbl-1 N2 lacking dbl-1 gene 
N2 fshr-1 N2 lacking fhsr-1 gene 
 
 
 
 
 
 
Table 4.2 Bacterial strains used in this study 
 
Strain Notes Source KAG# MZR# 

 
BB2000 Wild-type (26) 001 001 
BB2000Δids Δids::Tn-Cm(R) (27) 006 002 
HI4320 Wild-type (28) 034 008 
ATCC29906 Wild-type Stephen 

Saum  
611  

BB2000::gfp BB2000 produces 
constitutive 
chromosomal gfp 

(27) 1400 022 

BB2000:rfp BB2000 produces 
constitutive 
chromosomal rfp 

(27) 107  

BB2000Δids::gfp Δids::Tn-Cm(R)produces 
constitutive 
chromosomal gfp. Made 
using pKG2012-1 (27). 

This 
study 

966 026 

CW677 Wild-type (29) MLU4.274  
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Results 
 
P. mirabilis does not impact wild-type C. elegans viability  
 

Worm embryos were allowed to develop on standard NGM media plates with 

lawns of E. coli OP50 as a food source (16). Worms in the last larval stage (L4) were 

transferred on to a P. mirabilis swarm colonies of strains ATCC29906, HI4320, BB2000 

and a BB2000 derivate, BB2000Δids.  Of these, HI4320 and BB2000 were used to test 

viability of immunocompromised worms. These two were chosen on the basis that P. 

mirabilis social behaviors have best been characterized in the BB2000 strain (10, 27, 30, 

31) while mice model studies of infectivity have predominantly used strain HI4320 (1, 

32-34). At 24-hour intervals, worms were transferred to fresh P. mirabilis swarming 

colonies and viability assessed. While N2 worms showed expected lifespan (Figure 

4.1A), immunocompromised worms showed susceptibility to both P. mirabilis strains 

(Figure 4.1B-D). Immunocompromised mutants in three separate immunity pathways 

were used (Figure 4.1B-D) and impact on viability varied, however, worms fed P. 

mirabilis HI4320 were consistently less viable than those fed BB2000. These results are 

consistent with a previous study (23), and from this we concluded that our strains of P. 

mirabilis are poor pathogens for C. elegans, and while an intact immune system is 

required, viability in wild-type worms is sufficiently long enough to assess in vivo P. 

mirabilis dynamics within the host.  

 

P. mirabilis colonizes C. elegans gut  

We reasoned that P. mirabilis long-term dynamics would likely depend on 

colonization of the worm intestine, as opposed to transient passing through the intestinal 



	 131 

tract.  To establish whether P. mirabilis colonizes the host, C. elegans embryos were 

developed on P. mirabilis swarm colonies of either strain BB2000 with a chromosomal 

green fluorescent protein (GFP) marker (BB2000::gfp) or strain HI4320. At 24-hour 

intervals a subset of worms was transferred to fresh P. mirabilis swarm colonies while 

the rest were transferred to E. coli OP50. For the latter, after 24 hours worms were 

washed and lysed (17) and serial dilutions of intestinal contents were plated on selective 

non-swarming permissive (LSW-) media. Preliminary data suggests that a significant 

amount of P. mirabilis remains after 24 hours on E. coli, suggesting that P. mirabilis is 

colonizing the gut as opposed to being solely a bacterial food source transiently 

occupying the intestinal tract (Figure 4.2).  
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Figure 4.1 P. mirabilis affects viability of immunocompromised C. elegans  (A) Wild-

type N2 or (B-D) immunocompromised worms were developed on standard NGM media 

and fed E. coli OP50. L4 stage worms were transferred to swarms of a single P. mirabilis 

strain (ATCC29906, BB2000Δids, HI4320, or BB2000) as indicated. At 24-hour 

intervals, worm viability was assessed using a poker (17) and viable worms were 

transferred to fresh P. mirabilis swarms. (B-D) Disruption of p38 MAP-K signaling 

(pmk-1), TGF-β signaling (dbl-1), and a glycopeptide hormone receptor implicated in 

bacterial pathogen response (fshr-1) (35) were tested.  
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Figure 4.2 P. mirabilis appears to colonize C. elegans gut Wild-type N2 worms were 

developed on P. mirabilis swarms of strain HI4320 or strain BB2000 carrying a 

chromosomal GFP marker (BB2000::gfp). At 24-hour intervals worms were transferred 

to fresh swarms, while a subset of worms were transferred to lawns of E. coli OP50 on 

standard NGM media. For this subset, worms were fed E. coli for 24 hours, and then 

anesthetized, vigorously washed in the presence of detergent, and lysed. Intestinal 

contents were plated on tetracycline selective plates, as P. mirabilis is naturally 

tetracycline resistant while E. coli is not. Serial dilutions were plated on LSW- agar with 

tetracyline and colony-forming units calculated per mL per worm and plotted on a log10 

scale.  
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P. mirabilis colonization appears to be uniform with some concentration in C. elegans 

pharynx  

To establish if colonization occurred uniformly along the gut, worms were 

developed as above and fed strain BB2000 carrying a chromosomal red-fluorescent 

protein marker (BB2000::rfp). We avoided using BB2000::gfp as fat granules have 

previously been reported to auto-fluoresce in the GFP emission range (36). Worms were 

immobilized on agarose (18) and imaged using an upright epi-fluorescence microscope. 

RFP fluorescence could be found along the gut (Figure 4.3), however in some worms, 

high intensity signal was found in the pharynx, consistent with previous reports (23) 

(Figure 4.3).  However, this led us to conclude that P. mirabilis did not colonize a 

particular intestinal niche, giving us a larger tissue area in which to visualize in vivo 

dynamics.  
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Figure 4.3 Fluorescence corresponding to P. mirabilis is found along C. elegans gut 

Wild-type N2 worms were developed on a swarm of P. mirabilis BB2000 with a 

chromosomal RFP marker for 48 hours (BB2000::rfp). Worms were immobilized on 10% 

agarose dissolved in NGM buffer and imaged using standard epifluorescent microscope. 

Left, Phase. Middle, fluorescence in RFP channel. Right, false-colored overlay in which 

RFP channel is in magenta and phase is in blue. Scale bar is 0.2mm.  
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P. mirabilis social behaviors and interstrain dynamics within C. elegans gut 

P. mirabilis social behaviors include strain restriction to the center of a mixed 

colony and macroscopic boundary formation between populations (10, 29). At least three 

genetic loci are known to be involved in these behaviors, ids, idr, and the secretion 

system both utilize, the type VI secretion system (T6S) (10, 27). Under laboratory 

conditions, strain dominance is assayed by normalizing strains by OD600 and mixing two 

strains at a 1:1 ratio. This mixed population is then spotted against each individual 

monoclonal strain population and whichever strain merges with the mixed population is 

deemed “dominant”.  

To assess whether P. mirabilis social behaviors are likely to occur within the C. 

elegans gut, strains BB2000::gfp and HI4320 (Figure 4.4A) were mixed at a 1:1 ratio. 

This mix was compared to BB2000 lacking the ids locus with a chromosomal GFP 

marker (BB2000Δids::gfp) mixed with HI4320 (Figure 4.4B). Under laboratory 

conditions HI4320 is dominant over both BB2000::gfp and BB2000Δids::gfp (Figure 

A.7). N2 worms were developed on a mixed colony and strain-selective colony-forming 

unit assays were performed. Preliminary data suggests there is a relative abundance of 

HI4320 compared to BB2000::gfp or BB2000Δids::gfp (Figure 4.4).  
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Figure 4.4 P. mirabilis strain HI4320 outcompetes strain BB2000 in C. elegans gut A) 

Wild-type N2 worms were developed on a P. mirabilis mix of strains HI4320 and strain 

BB2000::gfp. Plates at 96 hours could not be included in analysis due to plate 

contamination. (B) To test effect of a self-recognition loci worms were developed on a 

mix of HI4320 and BB2000 lacking the ids system with a chromosomal GFP marker 

(BB2000Δids::gfp). At 24-hour intervals worms were transferred to a fresh lawn of each 

mix and a subset of worms were taken for analysis. These were anesthetized, vigorously 

washed in the presence of detergent, and lysed. Intestinal contents were plated on strain-

selective media using a carbenicillin resistance marker in BB2000::gfp and 

BB2000Δids::gfp. Serial dilutions were plated on LSW- agar with tetracycline, with and 

without carbenicillin, and colony-forming units calculated per mL per worm and plotted 

on a log10 scale.  
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This abundance could result from ids-mediated strain competition, but it could 

also be impacted by C. elegans feeding preference or physical distribution of each strain 

within the mixed colony. To test this possibility, N2 adult worms were fed strain BB2000 

for 48 hours and then switched to strain HI4320 or strain CW677 for 48 hours. At 24-

hour intervals worms were washed and strain-specific colony-forming units were 

assayed. Under laboratory conditions HI4320 is dominant over BB2000 but CW677 is 

not (Figure A.7). Therefore, if strain competition were occurring, one would expect that 

HI4320 would displace BB2000 but CW677 would not. However, both HI4320 and 

CW677 displaced BB2000 (Figure 4.5). One explanation is that in the host there is a lack 

of strain-dependent colonization or alternatively that there are inherent differences in 

dominance between laboratory conditions and within a host. 
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Figure 4.5 During serial feeding second P. mirabilis strain displaces the first Wild-

type N2 worms were developed on E. coli OP50. L4-stage worms were transferred to a P. 

mirabilis swarm of strain BB2000. Worms were fed BB2000 for 48 hours before transfer 

to (A) strain HI4320 or (B) strain CW677 for an additional 48 hours. At 24-hour 

intervals, 10 worms were anesthetized, vigorously washed in the presence of detergent, 

and lysed. Intestinal contents were plated on LSW- agar with strain selective antibiotics 

as all three strains are naturally tetracycline resistant but only strain BB2000 is rifampicin 

resistant. Total colony-forming units were calculated per mL per worm from tetracycline 

plates and BB2000 colony-forming units were calculated per mL per worm from 

rifampicin plates. The difference of these two numbers was calculated as colony-forming 

units per mL per worm for HI4320 or CW677. Calculations plotted on a log10 scale.  
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Discussion 

 In this chapter I have adapted and extended a C. elegans model for P. mirabilis 

host colonization of the gut for the lab. I show that different clinical isolates of P. 

mirabilis do not affect wild-type C. elegans viability. Preliminarily, the data suggests that 

a single strain of P. mirabilis predominantly resides in the C. elegans gut at a time and 

that an incoming strain will displace an established strain. However, the data is 

inconclusive as to the role of the ids self-recognition system in influencing strain 

dynamics.  

 With these established protocols, this system could be used in the future to more 

stringently test interstrain interactions in the gut. This would include re-testing the 

influence of the Ids system using the BB2000Δids strain, as well as using strains deficient 

in Ids signaling, such as Δids + pIds-FLAG-IdsCΔDUF4123 (Chapter 3) or Δids + pIds-

ΔidsE (30). To test the impact of the Idr self-recognition system, idr mutants already 

present in the lab can be used in similar assays. Since the acquisition of this data we have 

further evidence in the lab that Ids is a non-lethal system while Idr is a classic toxin-

antitoxin system (30). Given this, I predict that an idr mutant would be more susceptible 

during competitions in the C. elegans gut. The T6S is used for export of Ids, Idr, and 

other proteins. It is possible that T6S activity, and delivery of the combination of these 

proteins, is important for these dynamics. P. mirabilis T6S deficient mutants established 

in the lab (10, 30, 37, 38) as well as an Ids/Idr deficient mutant could be used to test this.  

 It is also possible that the presence of other bacterial species impacts P. mirabilis 

interstrain dynamics. If the interactions between different P. mirabilis strains are well 

established, this host system could be used to test how other bacterial species affect these. 
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To do so, bacterial communities comprised of P. mirabilis and other members, found 

either in the human gastrointestinal tract or during catheter-associated urinary tract 

infections, could be fed to the worms and similar assays as described here conducted.  
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Bacteria use specialized machineries, called secretion systems, to secrete signals 

into neighboring cells in order to modulate intercellular interactions. The structures of 

various secretion systems have been well studied, as well as the class of signals that they 

secrete. These classes of signals could for example be proteins, nucleic acids, or nucleo-

protein complexes. However, how a substrate is targeted to its specific secretion system 

for delivery is not well understood for any secretion system. This becomes a particularly 

intriguing problem for bacterial cells that express more than one type of secretion system 

at a time and must target signals to the correct system for exchange. In this work, the Ids 

system of the Gram-negative bacterium Proteus mirabilis was used as a model to study 

how a type VI secretion (T6S) system substrate is targeted for delivery.  

 T6S systems are multi-protein channels that span the inner and outer membranes 

of a producing Gram-negative bacterial cell to delivery protein effectors into neighboring 

eukaryotic or prokaryotic cells. In a recipient eukaryotic cell, the machinery penetrates 

the plasma membrane to deliver effectors into the cytosol. In a recipient prokaryotic cell, 

the machinery can penetrate the outer membrane to deliver effectors into the periplasmic 

space, or can additionally penetrate the inner membrane to deliver them into the 

cytoplasm. T6S systems are derived from bacteriophage components, and resemble an 

inverted bacteriophage tail that plunges proteins through an inner tube capped with a 

spike-like protein trimer of VgrG proteins for infiltration of cellular membranes (1-10). 

T6S substrates range in function and size, from <20 kDa to over 100 kDa. For some 

secretion systems, such as the type III secretion (T3S) system, signal sequences are used 

to identify substrates. However, no conserved signal sequence has been found for T6S 

substrates. Bioinformatics has uncovered short protein motifs, called MIX motifs, present 
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in known or predicted T6S substrates (11). However, not all known substrates contain 

MIX motifs. Further bioinformatics uncovered that proteins encoded immediately 

upstream of known or predicted T6S substrates contain a particular protein motif, called 

the DUF4123 domain (12, 13). In two bacterial systems, a DUF4123 protein was shown 

to be required for interactions with the VgrG cap protein and substrate secretion and it 

was therefore proposed that DUF4123 proteins act as chaperones for T6S substrate 

secretion systems (12, 13). However, the molecular functions of such chaperones were 

not detailed in these studies.  

 The best-described T6S substrates show toxic activity post-transfer into recipient 

cells. This activity is thought to be inhibited in producing cells by binding of a cognate 

immunity protein cell (3, 7, 14, 15). If the recipient cell contains the cognate immunity 

protein, toxic effector activity is inhibited. If the recipient cell lacks the cognate 

immunity protein they are susceptible to the effectors toxicity. The toxic nature of these 

proteins makes it difficult to study their targeting to the T6S machinery independent of 

their interactions with the cognate immunity protein. However, one well-described T6S 

substrate that shows population-modulatory but not cell killing activity is the P. mirabilis 

IdsD protein (16, 17).  

 The P. mirabilis Ids system functions to establish and communicate self-identity 

(18, 19). The Gibbs lab has uncovered many details of the molecular mechanism behind 

this communication, but the role of self-recognition in natural environments still requires 

further study (Chapter 4). What is known is that IdsD is secreted in a T6S-dependent 

manner for exchange of self-identity information (16-19). The binding status of IdsD 

with its strain-specific binding partner IdsE in recipient cells contributes to population 
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self-recognition behaviors (16). Clonal (self) populations will merge upon their encounter 

while non-clonal (non-self) populations will form a macroscopic boundary between them 

(19). IdsD-IdsE mismatch strains, however, show equivalent cell viability and growth to 

strains in which IdsD-IdsE match (16). The Ids system contains four additional proteins 

(IdsA, IdsB, IdsC, and IdsF). All except IdsA are implicated in aiding the transport of 

IdsD through self-recognition assays and protein homology comparisons (Figure A.1) 

(19). IdsC, encoded immediately upstream of IdsD, contains a DUF4123 domain and its 

function had previously remained unexplored.  

 IdsD forms distinct clusters that can be found proximal to the T6S machinery. The 

presence of these clusters is independent of T6S function and the strain-specific binding 

partner IdsE, but does depend on IdsC (Chapter 2). IdsC binds IdsD independently of 

other Ids or T6S proteins, and the DUF4123 domain helps mediate this interaction. While 

IdsC is highly conserved across P. mirabilis strains, single amino acid polymorphisms 

uncouple IdsD targeting from IdsD secretion (Chapter 3). This has led to a deeper 

understanding of T6S substrate delivery. This work indicates that a DUF4123-chaperone 

has at least two distinct functions, to maintain substrate levels pre-transport and target it 

to the machinery. However, delivery through the machinery constitutes an additional 

third step. We hypothesize that IdsC might actually directly hand IdsD over to IdsB 

(VgrG) and/or the T6S proteins, particularly sheath and baseplate components, when the 

IdsC-IdsD complex is localized at the T6S machinery. Given that the amino acid changes 

we introduced into IdsC did not show changes in protein interaction partners, it is 

possible that these changes alter binding affinities, either between IdsC and the T6S 

machinery or between IdsC and IdsD. Such changes would diminish the efficiency of 
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handing off IdsD to the machinery. It is also possible that a third yet unidentified protein 

factor mediates the IdsC-IdsD interaction and that the IdsC amino acid variants alter this 

interaction. Since IdsC and IdsD produced from Escherichia coli bind in vitro, this third 

unidentified protein would have to be present in both E. coli and P. mirabilis.  

 Regardless, the amino acid polymorphisms uncovered here could serve as future 

tools for structural studies of T6S substrates at the machinery pre-delivery. Multiple 

conserved T6S components have been crystallized, and electron microscopy studies of 

the entire assembled machinery can take advantage of these crystal structures to elucidate 

the entire assembled machine. One could imagine using the IdsC amino acid variants in 

such structural studies to lock IdsD at the machinery and observe how a large substrate is 

docked.  This would be particularly exciting for larger T6S substrates, like IdsD, whose 

mechanism of transport is less understood. Such variants in other DUF4123 proteins have 

not been described, but further research in this area is required. A comparison of how a 

variety of substrates are docked on to the machinery could help expand in the 

understanding of the commonalities in secretion of substrates that can be so divergent in 

size and function.   

The proposed mechanism presented here for IdsC function is reminiscent of 

chaperone activities in other bacterial transport systems, like the T3S chaperones. 

However several questions remain. Clusters of IdsD are present regardless of the 

transport machinery, however, whether these clusters self-assemble or require an 

additional nucleating proteins remains to be tested. A comparison of IdsD protein binding 

partners from three T6S abrogated strain backgrounds showed thirty-eight shared binding 

partners, including IdsB, IdsC, and IdsF. Since IdsB is not essential for the formation of 
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these clusters, this raises the possibility that IdsC itself might gather IdsD into clusters 

when IdsD is not actively transported. Since few IdsD clusters are seen per cell, it seems 

as if these clusters are formed in preparation for delivery into a recipient cell. It also 

suggests that perhaps response to IdsD activity is dose-dependent, as these clusters are 

formed of multiple IdsD monomers. Further studies, such as through size exclusion 

chromatography and light scattering experiments, are required to assess the number of 

IdsD monomers per puncta. Dose dependency of an in vivo response to IdsD transfer is 

also suggested by the differences observed between the in vivo and in vitro IdsD secretion 

assays in the FLAG-IdsC amino acid variant strains.  

In other bacterial systems, a DUF4123 protein shows specificity for secretion of 

the immediately adjacent substrate, suggesting that chaperones are not interchangeable 

(5, 13). A comparison of proteins secreted by FLAG-IdsC but not by FLAG-IdsCΔDUF4123 

did not indicate that IdsC impacts secretion of any other known T6S effector, except for 

IdrD. However, since Idr proteins are known to function independently of Ids (17), it is 

unlikely that IdsC regulates IdrD. This data therefore suggests that like in other systems, 

IdsC is specific for the substrate encoded immediately downstream. How chaperone-

substrate specificity is acquired however, is unclear. Given that IdsC from one P. 

mirabilis strain can bind IdsD proteins from various strains and that the first 57 amino 

acids of IdsD are the mostly highly conserved between them suggests the N-terminus of 

IdsD is involved in the IdsC-IdsD interaction. This is intriguing since two MIX motifs lie 

within this region (11). It has remained untested whether DUF4123 domains rely on MIX 

motif presence or combinations for identifying T6S substrates. Further experiments 

mutating or deleting the MIX motifs of IdsD could be used to test this. It is also possible 
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that as these genes are co-transcribed and co-translated chaperone-substrate complexes 

are immediately formed. Perhaps the binding affinity between them is strong enough 

and/or the rate of targeting to active machineries fast enough to prevent chaperone-

substrate reassortment. While likely due to the high sensitivity of LC-MS/MS, it was 

noted that both FLAG-IdsD and FLAG-IdsC pull down multiple components of both the 

large and small ribosomal subunits, which could support this hypothesis. Further 

experiments, perhaps ectopic expression of either IdsC or IdsD could serve to test this. It 

is also possible that structural differences between T6S substrates contribute to 

chaperone-specificity. Intriguingly however, not all T6S substrates show a DUF4123 

protein encoded upstream (12). It is possible that, like the substrates of the T3S system, 

that there are subclasses of T6S substrates whose mechanism of targeting differs.  

 Tackling the question of substrate targeting using the Ids system added an 

additional probing question. In the T6S field, it is known that effectors are bound and 

inhibited by cognate immunity proteins. The prevalent model is that this binding 

interaction occurs in both donor and kin recipient cells (3, 7, 14, 15). However, the Ids 

system provided a unique context in which the binding interaction between the effector 

(IdsD) and the cognate immunity protein (IdsE) appears to only occur in recipient cells 

(16). Given that the IdsC-IdsD interaction appear to be restricted to donor cells suggests 

an alternative model where a T6S substrate is bound and inhibited by a well-conserved 

chaperone protein pre-transport to prevent effector-immunity pair interactions in donor 

cells. Given the prevalence of DUF4123 proteins it is tantalizing to consider that this 

could be a more widespread mechanism used to ensure that communication via exchange 

of protein signals is restricted to occurring intercellularly.  
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Figure A.1 Proteus mirabilis BB2000 identity for self (ids) operon The six-gene ids 

operon is involved in encoding and communicating self-identity information between 

populations of P. mirabilis. Four of these genes, idsA, idsB, idsC, and idsF, encode 

homologs to proteins involved in type VI secretion (T6S) transport in other bacterial 

systems. Two of these, idsD and idsE, encode the strain-determinant proteins IdsD and 

IdsE. Binding interactions between IdsD and IdsE in recipient cells determines 

population self-recognition behaviors. Depicted below is the ids operon from strain 

BB2000 with known protein homologs and predicted protein sizes listed.  
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Figure A.2 Tagged Ids proteins are functional A Δids strain complemented with pIds, a 

plasmid encoding idsA-idsF driven by the native ids promoter, will merge with BB2000 

(1). To test functionality of Ids proteins tagged with a FLAG-epitope or IdsD fused to an 

N-terminal mKate-2 fluorophore, Δids c. modified pIds plasmids are tested on kanamycin 

against BB2000 and Δids each carrying an empty plasmid that confers kanamycin 

resistance. Functionality is confirmed if this population merges with BB2000 (white 

arrows) and forms a boundary against Δids (black arrows). 
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Figure A.3 IdsC-IdsD interaction is essential for mKate-IdsD secretion In vivo assay 

for IdsD cell-to-cell transfer in which IdsD secretion results in reduced colony, while lack 

of transport alleviates this restriction (2). P. mirabilis strains expressing modified pIds 

vectors producing FLAG-IdsC (+DUF4123) or  FLAG-IdsCΔDUF4123 (DUF4123-) with 

mKate2-IdsD. T6S+ is a P. mirabilis strain producing a fully functional T6S system; 

T6S- is the TssB chromosomal mutant (2). Open circles indicate migration radii per 

replicate and bars indicate average migration radius. N=10 
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Figure A.4 FLAG-IdsCS38P supports mKate-IdsD puncta formation The T6S sheath 

was labeled using a chromosomal fusion of the sheath component TssB to sfGFP (3). 

FLAG-IdsCS38P and mKate-IdsD were produced from pIds in this strain background. 

TssB-sfGFP associated fluorescence formed rod-like structures along cells, while mKate-

IdsD associated fluorescence formed discrete foci. Top left, Phase. Top right, 

fluorescence in the RFP channel for mKate2. Bottom left, fluorescence in the GFP 

channel for sfGFP. Bottom right, false-colored overlay in which for contrast, mKate-IdsD 

fluorescence is in red, and TssB-sfGFP fluorescence is in cyan. Scale bar is 10 µm. 
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Figure A.5 FLAG-IdsCR186Q supports mKate-IdsD puncta formation The T6S sheath 

was labeled using a chromosomal fusion of the sheath component TssB to sfGFP (3). 

FLAG-IdsCR186Q and mKate-IdsD were produced from pIds in this strain background. 

TssB-sfGFP associated fluorescence formed rod-like structures along cells, while mKate-

IdsD associated fluorescence formed discrete foci. Top left, Phase. Top right, 

fluorescence in the RFP channel for mKate2. Bottom left, fluorescence in the GFP 

channel for sfGFP. Bottom right, false-colored overlay in which for contrast, mKate-IdsD 

fluorescence is in red, and TssB-sfGFP fluorescence is in cyan. Scale bar is 10 µm. 
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Figure A.6 FLAG-IdsCS38P/R186Q supports mKate-IdsD puncta formation The T6S 

sheath was labeled using a chromosomal fusion of the sheath component TssB to sfGFP 

(3). FLAG-IdsCS38P/R186Q and mKate-IdsD were produced from pIds in this strain 

background. TssB-sfGFP associated fluorescence formed rod-like structures along cells, 

while mKate-IdsD associated fluorescence formed discrete foci. Top left, Phase. Top 

right, fluorescence in the RFP channel for mKate2. Bottom left, fluorescence in the GFP 

channel for sfGFP. Bottom right, false-colored overlay in which for contrast, mKate-IdsD 

fluorescence is in red, and TssB-sfGFP fluorescence is in cyan. Scale bar is 10 µm. 
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Figure A.7 P. mirabilis mixed populations show strain dominance by Dienes line test 

P. mirabilis cultures were normalized to OD600 of 0.1 and 1 ul of each strain or a 1:1 mix 

of two strains were inoculated on swarming-permissive media. The 1:1 mix will 

boundary with one of the two individual strains and merge with the other. The strain with 

which it merges is determined to be the dominant strain in the mix. (A) Strains HI43230, 

BB2000::gfp, and BB2000Δids::gfp were used to test in vitro dominance to predict in 

vivo dominance for assay in Figure 4.4. The presence of GFP alters the interaction 

between BB2000 and HI4320. (B) Strains HI4320, BB2000, and CW677 were used to 

test in vitro dominance to predict in vivo dominance for assay in Figure 4.5.  
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Table A.1 Strains used in this study 
 
Strain Notes Source KAG

# 
MZR
# 
 

Plasmid 

BB2000 Wild-type (4) 001 001  
HI4320 Wild-type  034 008  
CW677 Wild-type (5) MLU

4.274 
  

BB2000 c. 
pKG101 

BB2000 carrying a plasmid 
expressing promoterless 
green fluorescent protein.  

(6) 066 019 pKG101 

BB2000::GFP BB2000 constitutively 
expressing chromosomally 
encoded green fluorescent 
protein.  

(1) 1400 022  

Δids Δids::Tn-Cm(R) (1) 006 002  
Δids c. pKG101 Δids carrying a plasmid 

expressing promoterless 
green fluorescent protein. 

(6) 067 020 pKG101 

Δids::GFP Δids constitutively 
expressing chromosomally 
encoded green fluorescent 
protein. Made using 
pKG2012-1 (1).  

This study 966 026  

Δids + pIds-IdsA-
FLAG 

Modified protein(s): 
IdsA-FLAG 
 
Δids carrying a modified 
pIds plasmid with a C-
terminal FLAG-tag encoded 
in-frame with idsA. 

(7) 930 029 pLMW06 

Δids c. pIds-
FLAG-IdsC 

Modified protein(s): 
FLAG-IdsC 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC. 

This study 644/ 
645 
 

039/ 
167 

pLC-001 
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Table A.1 Strains used in this study (continued) 
	
Δids + pIds-
FLAG-IdsD 

Modified protein(s): 
FLAG-IdsD 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsD. 

(8) 661 036 pLC-015 

Δids + pIds-
FLAG-IdsE 

Modified protein(s): 
FLAG-IdsE 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsE. 

(8) 655 045 pLC-013 

Δids + pIds-IdsF-
FLAG 

Modified protein(s): 
IdsF-FLAG 
 
Δids carrying a modified 
pIds plasmid with a C-
terminal FLAG-tag encoded 
in-frame with idsF. 

This study 657 042 pLC-014 

Δids +pIds-
FLAG-IdsC-
mKate2-IdsD 

Modified protein(s): 
FLAG-IdsC, mKate2-IdsD 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC and an N-
terminal mKate2 fluorophore 
fused to idsD. 

This study   pMZ49  

Δids c. pIds-
FLAG-IdsC-
mKate-IdsD-
ΔIdsE 

Modified protein(s): 
FLAG-IdsC, mKate2-IdsD, 
ΔidsE 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC and an N-
terminal mKate2 fluorophore 
fused to idsD. In-frame 
deletion of idsE.  

This study    
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Table A.1 Strains used in this study (continued) 
	
Δids c. pIds-
FLAG-IdsC 

ΔDUF4123-mKate-
IdsD 

Modified protein(s): 
FLAG-IdsCΔDUF4123, 
mKate2-IdsD 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC with 
nucleotides 373-762 deleted 
and an N-terminal mKate2 
fluorophore fused to idsD.  

    

Δids c. pIds-
FLAG-IdsC 

ΔDUF4123-mKate-
IdsD-ΔIdsE 

Modified protein(s): 
FLAG-IdsCΔDUF4123, 
mKate2-IdsD, ΔIdsE 
 
Δids carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC with 
nucleotides 373-762 deleted 
and an N-terminal mKate2 
fluorophore fused to idsD. 
In-frame deletion of idsE.  

This study    

CCS05 Modified protein(s): 
TssBL32R 
 
Δids with chromosomal 
BB2000_0821 with a single 
TàG point mutation at base 
pair 95. This results in a 
disrupted T6S sheath.  

(2) 2115   

CCS05 c. pIds-
FLAG-IdsC-
mKate2-IdsD- 
ΔIdsE 

Modified protein(s): 
TssBL32R, FLAG-IdsC, 
mKate2-IdsD, ΔIdsE 
 
CCS05 carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC and an N-
terminal mKate2 fluorophore 
fused to idsD. In-frame 
deletion of idsE. 

This study    
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Table A.1 Strains used in this study (continued) 
	
CCS05 c. pIds-
FLAG-IdsC 

ΔDUF4123-mKate2-
IdsD-ΔIdsE 

Modified protein(s): 
TssBL32R, FLAG-
IdsCΔDUF4123, mKate2-IdsD, 
ΔIdsE 
 
CCS05 carrying a modified 
pIds plasmid with an N-
terminal FLAG-tag encoded 
in-frame with idsC with 
nucleotides 373-762 deleted 
and an N-terminal mKate2 
fluorophore fused to idsD. 
In-frame deletion of idsE. 

This study    

Δids:: 
BB2000_0821-
sfGFP c. pIds-
FLAG-IdsCS38P-
mKate2-IdsD 

Modified protein(s): 
TssB-sfGFP, FLAG-
IdsCS38P, mKate2-IdsD 
 
Δids::BB2000_0821-sfGFP 
carrying a modified pIds 
plasmid with an N-terminal 
FLAG-tag encoded in-frame 
with idsC containing a TàC 
mutation at nucleotide 112 
and an N-terminal mKate2-
fluorophore fused to idsD.  

This study 3403 330 pMZ70 

Δids:: 
BB2000_0821-
sfGFP c. pIds-
FLAG-IdsCR186Q-
mKate2-IdsD 

Modified protein(s): 
TssB-sfGFP, FLAG-
IdsCS38P/R186Q, mKate2-IdsD 
 
Δids::BB2000_0821-sfGFP 
carrying a modified pIds 
plasmid with an N-terminal 
FLAG-tag encoded in-frame 
with idsC containing a GàA 
mutation at nucleotide 557 
and an N-terminal mKate2-
fluorophore fused to idsD.  

This study 3431 344 pMZ72 
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Table A.1 Strains used in this study (continued) 
	
Δids::BB2000_08
21-sfGFP c. pIds-
FLAG-
IdsCS38P/R186Q-
mKate2-IdsD 

Modified protein(s): 
TssB-sfGFP, FLAG-
IdsCS38P/R186Q, mKate2-IdsD 
 
Δids::BB2000_0821-sfGFP 
carrying a modified pIds 
plasmid with an N-terminal 
FLAG-tag encoded in-frame 
with idsC containing a TàC 
mutation at nucleotide 112 
and a GàA mutation at 
nucleotide 557. N-terminal 
mKate2-fluorophore fused to 
idsD.  

This study 3459 357 pMZ74 

OneShot 
Omnimax 2 T1R 
Competent Cells 

Cloning strain for pIds-
derived plasmids 

Thermo 
Fisher 
Scientific, 
Waltham, 
MA.  

   

S17λpir E. coli mating strain to 
introduce plasmids into P. 
mirabilis 

(9) 068   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 168 

Table A.2 Primers used in this study 
 
Plasmid Construction details (primers and gBlocks 5’ à 3’)  
pIds-FLAG-
IdsC  

FLAG epitope (DYKDDDDK) was introduced 5’ of idsC in pIds using 
Quikchange reaction protocols (Agilent Technologies, Santa Clara, CA).  
F:  
GCGAAAGCGATGAAAAAAGGAACGGCCTAATGGACTA 
CAAAGACGATGACGATAAACTCTTGAGTCCAAATCCCC 
TCTATAAAGCG 
R:  
CGCTTTATAGAGGGGATTTGGACTCAAGAGTTTATCGTCAT 
CGTCTTTGTAGTCCATTAGGCCGTTCCTTTTTTCATCGCTTT 
CGC 

pIds-IdsF-
FLAG  

FLAG epitope (DYKDDDK) was introduced 3’ of idsF in pIds using 
Quikchange reaction protocols (Agilent Technologies, Santa Clara, CA).  
F: 
GTTCAGATGGCTGTATACTCGTTGCAACAGATGACTACAAAGACG
ATGACGATAAATAAGCGATACCCAATATCATGTATCATAAATAAA
AAATGATA 
R: 
TATCATTTTTTATTTATGATACATGATATTGGGTATCGCTTATTTAT
CGTCATCGTCTTTGTAGTCATCTGTTGCAACGAGTATACAGCCATC
TGAAC 

pIds-FLAG-
IdsC-
mKate2-IdsD 

Constructed by restriction digest of pIds-mKate2-IdsD and pIds-FLAG-IdsC 
using BstEII/PacI. 

pIds-FLAG-
IdsC-
mKate2-
IdsD-ΔIdsE 

Deletion of idsE in pIds-FLAG-IdsC-mKate2-IdsD using gBlock (2) and 
restriction digest with EcoNI/KpnI.  
 
Geneblock: 
GCGAACAATTAAAAATGGCAAGTGAAAAAGGTGATTGGAACCCTG
AAACAGGTATATTTAAATTTAGTTTGGAAGTACAGTCTCAATTAGT
AAATACATATTCTGCTTTTGGTGCACATCCTAATAGCCGTATAGGT
ATTGAAGATTTATATTGGTATTATCAAGTCAATCCCGAGGTAACAA
CACCGATGCGTTATATCAATTGGGGGGGAGATACCCAAGAAAACA
ATCAGCTTTTAGGCTTTATTAACAGGAGAATATCTAAATCAGGAGA
AAGAACACCATGCGTAGTTTGGTAAACGGCAGAAAGATTATTTTA
GAAAATGATACAACAAATACCGGCGGTACCGTACTTACCGGCTCT 
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Table A.2 Primers used in this study (continued) 
	
pIds-FLAG-
IdsCΔDUF4123 

Deletion of basepairs 373 to 762 in idsC in pIds-FLAG-IdsC using gBlock 
and restriction digest with BstEII/PacI.  
 
Geneblock: 
GGTTACCATTAGCTGAGGATTGCCGTGCGAAAGCGATGAAAAAAG
GAACGGCCTAATGGACTACAAAGACGATGACGATAAACTCTTGAG
TCCAAATCCCCTCTATAAAGCGTATTGGGTTGCTCAATGCCGTTAT
ACTCGCAACGGTGAACAATTCAAGGGGGTGATGACCGTAGCAGGT
ACAAGTCAATCACAAGCTATTAAGCAGATGCGCCAGTACTTTACG
GCTCACCCAGGTGAATATACCTTTGCGGACTATGACACATTAATCC
CTTTAATCACCCATATTGAACAAAGTTCAACCTTAGAATTACCGTT
AATACGGCAAGTACGTGAGCAACATAATGCAAAGGTTTCAGCCGT
ATTAGTGGATAAATGCAACCTCACACACCCAAGACCGTCAGAAAA
AGGCGACATTCATTACCGTGAGGGGCAACCTACGTTTATTGAATAT
TCGCATTAA 

pIds-FLAG-
IdsCΔDUF4123-
mKate2-IdsD 

Constructed by restriction digest of pIds-mKate2-IdsD and pIds-FLAG-
IdsCΔDUF4123 using BstEII/PacI. 

pIds-FLAG-
IdsCΔDUF4123-
mKate2-
IdsD-ΔIdsE 

Deletion of idsE in pIds-FLAG-IdsCΔDUF4123-mKate2-IdsD using gBlock (2) 
and restriction digest with EcoNI/KpnI.  
 
Geneblock: 
GCGAACAATTAAAAATGGCAAGTGAAAAAGGTGATTGGAACCCTG
AAACAGGTATATTTAAATTTAGTTTGGAAGTACAGTCTCAATTAGT
AAATACATATTCTGCTTTTGGTGCACATCCTAATAGCCGTATAGGT
ATTGAAGATTTATATTGGTATTATCAAGTCAATCCCGAGGTAACAA
CACCGATGCGTTATATCAATTGGGGGGGAGATACCCAAGAAAACA
ATCAGCTTTTAGGCTTTATTAACAGGAGAATATCTAAATCAGGAGA
AAGAACACCATGCGTAGTTTGGTAAACGGCAGAAAGATTATTTTA
GAAAATGATACAACAAATACCGGCGGTACCGTACTTACCGGCTCT 
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Table A.3 Comparison of LC-MS/MS protein hits pulled down by FLAG-IdsD in 
T6S abrogated strains  
 

TssM*, TssKS382N, TssKW443C 
AccC Acetyl-CoA carboxylase, biotin carboxylase subunit 
AceE Pyruvate dehydrogenase E1 component  
AceF Pyruvate dehydrogenase E2 component  
AtpA ATP synthase subunit alpha  
AtpD ATP synthase subunit beta 
BB2000_2388 Sulfide:quinone oxidoreductase 
DeoD Purine-nucleoside phosphorylase 
DnaK Molecular chaperone 
Eno Enolase 
FbaB Fructose-bisphosphate aldolase 
FliC1 Flagellin 
FumC Fumarate hydratase 
FusA Elongation factor G 
GapA Glyceraldehyde 3-phosphate dehydrogenase 
GlpK Glycerol kinase 
GlpT Glycerol-3-phosphate transporter  
GroL Chaperonin 
Icd Isocitrate dehydrogenase 
IdsB Type VI secretion system secreted protein VgrG 
IdsC DUF4123 protein  
IdsD Self-recognition protein (Ids locus) 
IdsF PAAR-protein 
LpdA Dihydrolipoamide dehydrogenase 
MdeA Methionine-gamma-lyase  
OmpF Outer membrane pore protein 
PykF Pyruvate kinase 
RplA Large subunit ribosomal protein L1 
RplI Large subunit ribosomal protein L9 
RplJ Large subunit ribosomal protein L10 
RpoB DNA-directed RNA polymerase subunit beta 
RpoC DNA-directed RNA polymerase subunit beta 
RpsD Small subunit ribosomal protein S4 
SucA 2-oxoglutarate dehydrogenase E1 component 
SucC Succinate dehydrogenase / fumarate reductase 
Tsf Elongation factor Ts 
TufB Elongation factor Tu 
Udp Uridine phosphorylase 
ZapA Metalloprotease 
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Table A.3 Comparison of LC-MS/MS protein hits pulled down by FLAG-IdsD in 
T6S abrogated strains (continued) 
	

TssM*, TssKS382N 
Aas Acyl-[acyl-carrier-protein]-phospholipid O-acyltransferase / long-

chain-fatty-acid--[acyl-carrier-protein] ligase 
BB2000_0144 Hypothetical protein  
GlpD Glycerol-3-phosphate dehydrogenase 
GltI Glutamate/aspartate transport system substrate-binding protein 
TalB Transaldolase  

TssM*, TssKW443C 
AspC Aspartate aminotransferase 
BB2000_1317 Hypothetical protein (DUF945 family) 
BB2000_2575 Hypothetical protein (DUF3029 family) 
MaeB Malate dehydrogenase 
OmpA Outer membrane protein A 
Pgk Phosphoglycerate kinase 
TktA Transketolase  

TssKS382N, TssKW443C 
AcnB Aconitate hydratase 2 / 2-methylisocitrate dehydratase 
AcrB Multidrug efflux pump  
AdhE Bifunctional acetaldehyde-CoA 
AhpC Peroxiredoxin 
AlaS Alanine-tRNA ligase 
AspA Aspartate ammonia-lyase 
AtpF F-type H+-transporting ATPase subunit beta 
AtpG F-type H+-transporting ATPase subunit gamma 
BB2000_0213 5'-nucleotidase 
BB2000_0373 Uncharacterized protein (GenBank: Alpha-keto acid decarboxylase) 
BB2000_0808 Type VI secretion protein IcmF 
BB2000_0809 Type VI secretion protein VasJ 
BB2000_0812 Type VI secretion protein VasG  
BB2000_0820 Type VI secretion protein ImpC  
BB2000_0885 Chromosome partitioning protein  
BB2000_1592 Uncharacterized protein (GenBank: Surface polysaccharide 

modification acyltransferase) 
BB2000_1824 Uncharacterized protein (GenBank: Phage protein) 
BB2000_1967 Uncharacterized protein (GenBank: alpha-2-macroglobulin-like 

lipoprotein) 
BB2000_2094 2-octaprenylphenol hydroxylase 
BB2000_2967 Iron complex transport system substrate-binding protein 
BB2000_3128 Uncharacterized protein (GenBanK: Glycosyltransferase) 
BB2000_3210 Hypothetical protein  
BudB Acetolactate synthase I/II/III large subunit 
Crp CRP/FNR family transcriptional regulator 
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Table A.3 Comparison of LC-MS/MS protein hits pulled down by FLAG-IdsD in 
T6S abrogated strains (continued) 
	
DegQ Serine protease  
DeoB Phosphopentomutase 
Eco Ecotin 
EmrR MarR family transcriptional regulator, negative regulator of the 

multidrug operon emrRAB 
Ffh Signal recognition particle protein  
GadB Glutamate decarboxylase 
GcvP Glycine dehydrogenase 
GlnA Glutamine synthetase 
GuaB IMP dehydrogenase 
IdrA Type VI secretion system secreted protein Hcp 
IdsE Self-recognition protein (Ids locus) 
IleS Isoleucyl-tRNA synthetase 
LeuS Leucyl-tRNA synthetase 
Mdh Malate dehydrogenase 
MetK S-adenosylmethionine synthetase 
MreB Rod shape-determining protein 
MukB Chromosome partition protein 
Ndk Nucleoside-diphosphate kinase 
OppA Oligopeptide transport system substrate-binding protein 
PckA Phosphoenolpyruvate carboxykinase 
PepB PepB aminopeptidase 
PepD Dipeptidase D 
PfkA 6-phosphofructokinase 
PrsA Ribose-phosphate pyrophosphokinase 
Pta Phosphate acetyltransferase 
PurA Adenylosuccinate synthase  
RecA Recombination protein RecA 
RfaD ADP-L-glycero-D-manno-heptose 6-epimerase 
Rho Transcription termination factor  
RplB Large subunit ribosomal protein L2 
RplC Large subunit ribosomal protein L3 
RplD Large subunit ribosomal protein L4 
RplE Large subunit ribosomal protein L5 
RplF Large subunit ribosomal protein L6 
RplK Large subunit ribosomal protein L11 
RplM Large subunit ribosomal protein L13 
RplN Large subunit ribosomal protein L14 
RplO Large subunit ribosomal protein L15 
RplP Large subunit ribosomal protein L16 
RplQ Large subunit ribosomal protein L17 
RplT Large subunit ribosomal protein L20 
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Table A.3 Comparison of LC-MS/MS protein hits pulled down by FLAG-IdsD in 
T6S abrogated strains (continued) 
	
RplV Large subunit ribosomal protein L22 
RpoA DNA-directed RNA polymerase subunit alpha 
RpsA Small subunit ribosomal protein S1 
RpsB Small subunit ribosomal protein S2 
RpsC Small subunit ribosomal protein S3 
RpsE Small subunit ribosomal protein S5 
RpsG Small subunit ribosomal protein S7 
RpsI Small subunit ribosomal protein S9 
RpsJ Small subunit ribosomal protein S10 
RpsK Small subunit ribosomal protein S11 
RpsM Small subunit ribosomal protein S13 
RpsO Small subunit ribosomal protein S15 
RpsR Small subunit ribosomal protein S18 
RpsT Small subunit ribosomal protein S20 
SdhB Succinate dehydrogenase / fumarate reductase 
SecA Preprotein translocase subunit SecA 
SecD Preprotein translocase subunit SecD 
SerC Phosphoserine aminotransferase 
SfcA Malate dehydrogenase 
SucB 2-oxoglutarate dehydrogenase E2 component 
SucD Succinyl-CoA synthetase alpha subunit 
Tig Trigger factor 
Upp Uracil phosphoribosyltranferase 
ZapB Type I secretion ATP-binding protein  
ZapC Type I secretion protein  

TssM* 
DadA D-amino-acid dehydrogenase  
Dld D-lactate dehydrogenase  
Gcd Quinoprotein glucose dehydrogenase 
Hns DNA-binding protein H-NS 
HupA DNA-binding protein HU-alpha 
RplL Large subunit ribosomal protein L7/L12 
SppA Protease IV 
TrxB Thioredoxin reductase 

TssKS382N 
AccA Acetyl-coenzyme A carboxylase carboxyl tranferase subunit alpha 
AsnA Aspartate-ammonia ligase 
AsnC Asparagine-tRNA ligase 
BB2000_0157 Uncharacterized protein (GenBank: Putative ABC transporter ATP-

binding protein) 
BB2000_0401 Uncharacterized protein (GenBank: Lipoprotein) 
BB2000_0806 Type VI secretion system protein ImpG 
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Table A.3 Comparison of LC-MS/MS protein hits pulled down by FLAG-IdsD in 
T6S abrogated strains (continued) 
	
BB2000_0807 Type VI secretion system protein VasL 
BB2000_0814 Type VI secretion system protein TssK (ImpJ) 
BB2000_0924 Uncharacterized protein (GenBank: Phage protein) 
BB2000_1222 Hypothetical protein 
BB2000_1584 Uncharacterized protein (GenBank: Transcriptional regulator) 
BB2000_1678 Putative protease 
BB2000_1761 Methyl-accepting chemotaxis protein IV 
BB2000_1812 Uncharacterized protein (GenBank: Phage protein) 
BB2000_1823 Uncharacterized protein (GenBank: Phage protein) 
BB2000_2033 Hypothetical protein  
BB2000_2222 Uncharacterized protein (GenBank: Exported amino acid deaminase) 
BB2000_2435 Pyrimidine/purine-5'-nucleotide nucleosidase 
BB2000_2820 Uncharacterized protein (GenBank: Methyl-accepting chemotaxis 

protein) 
BB2000_2947 Hypothetical protein 
Bcp Peroxiredoxin Q/BCP 
BudC Meso-butanediol dehydrogenase 
CarB Carbamoyl-phosphate synthase 
CheB Two-component system, chemotaxis family, protein-glutamate 

methylesterase/glutaminase  
ClpX ATP-dependent Clp protease ATP-binding subunit 
CysK Cysteine synthase A 
DeoA Thymidine phosphorylase 
FabG 3-oxoacyl-[acyl-carrier protein] reductase  
FliD Flagellar hook-associated protein 2 
FtsZ Cell division protein  
GldA Glycerol dehydrogenase 
GlmU Bifunctional UDP-N-acetylglucosamine pyrophosphorylase  
GlyA Glycine hydroxymethyltransferase 
Gnd 6-phosphogluconate dehydrogenase 
GuaA GMP synthase 
GyrA DNA gyrase subunit 
HemX Uroporphyrin-III C-methyltransferase 
HflC Membrane protease subunit HflC 
HflK Membrane protease subunit HflK  
HisC Histidinol-phosphate aminotransferase 
HpmA Hemolysin 
HslU ATP-dependent HslUV protease ATP-binding subunit 
InfB Translation initiation factor IF-2 
Lrp Lrp/AsnC family transcriptional regulator 
MetQ D-methionine transport system substrate-binding protein 
MinD Septum site-determining protein 
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Table A.3 Comparison of LC-MS/MS protein hits pulled down by FLAG-IdsD in 
T6S abrogated strains (continued) 
	
NadE NAD+ synthase 
NqrA Na+-transporting NADH:ubiquinone oxidoreductase subunit A  
OppA Oligopeptide transport system substrate-binding protein 
PepQ Xaa-Pro dipeptidase 
PotD Spermidine/putrescine transport system substrate-binding protein 
PurB Adenylosuccinate lyase 
PutA Bifunctional PutA protein  
PykA Pyruvate kinase 
PyrD Dihydroorotate dehydrogenase 
RfaE D-beta-D-heptose 7-phosphate kinase / D-beta-D-heptose 1-phosphate 

adenosyltransferase  
RhlB ATP-dependent RNA helicase 
Rne Ribonuclease  
RplS Large subunit ribosomal protein L19 
RplX Large subunit ribosomal protein L24 
RpsF Small subunit ribosomal protein S6 
RpsH Small subunit ribosomal protein S8 
RpsN Small subunit ribosomal protein S14 
RpsP Small subunit ribosomal protein S16 
SdaC Serine transporter 
SecB Preprotein translocase subunit 
SerS Seryl-tRNA synthetase 
SodA Superoxide dismutase, Fe-Mn family 
SthA NAD(P) transhydrogenase 
SufB Fe-S cluster assembly protein 
SufC Fe-S cluster assembly ATP-binding protein  
SufD Fe-S cluster assembly protein 
TpiA Triosephosphate isomerase 
UspG Universal stress protein G  
UvrA Excinuclease ABC subunit A 
Zwf  Glucose-6-phosphate 1-dehydrogenase 

TssKW443C 
ArnA UDP-4-amino-4-deoxy-L-arabinose formyltransferase / UDP-

glucuronic acid dehydrogenase 
ArnB UDP-4-amino-4-deoxy-L-arabinose-oxoglutarate aminotransferase 
AtpC F-type H+-transporting ATPase subunit epsilon 
AtpH F-type H+-transporting ATPase subunit delta 
BB2000_0960 Outer membrane receptor for ferrienterochelin and colicins 
BB2000_2426 Hypothetical protein  
BB2000_2497 SH3 domain protein  
BB2000_2819 Uncharacterized protein (GenBank: Methyl-accepting chemotaxis 

protein) 
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Table A.3 Comparison of LC-MS/MS protein hits pulled down by FLAG-IdsD in 
T6S abrogated strains (continued) 
	
CpdB 2',3'-cyclic-nucleotide 2'-phosphodiesterase / 3'-nucleotidase 
CydA Cytochrome bd ubiquinol oxidase subunit  
DeaD ATP-dependent RNA helicase 
DnaJ Molecular chaperone 
FabI Enoyl-[acyl-carrier protein] reductase 
FadE Acyl-CoA dehydrogenase 
FbaA Fructose-bisphosphate aldolase 
FlgE Flagellar hook protein 
FtsH Cell division protease 
GltA Citrate synthase  
IdsA Type VI secretion system secreted protein Hcp 
LipA Lipoyl synthase 
Lon Protease 
MotB Chemotaxis protein  
Ndh NADH dehydrogenase 
PflB Formate C-acetyltransferase 
Pnp Polyribonucleotide nucleotidyltransferase 
PpsA Pyruvate, water dikinase 
PrlC Oligopeptidase A 
ProS Proline-tRNA ligase 
RffH Glucose-1-phosphate thymidylyltransferase 
RpsU Small subunit ribosomal protein S21 
SdhA Succinate dehydrogenase / fumarate reductase, flavoprotein subunit 
SpeA Arginine decarboxylase 
TerD Tellurium resistance protein 
YaeT Outer membrane protein insertion porin family 
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Table A.4 Ids specific-LC-MS/MS protein hits secreted by FLAG-IdsCΔDUF4123-
mKate2-IdsD 
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Table A.5 Comparison of LC-MS/MS protein hits secreted by FLAG-IdsC or 
FLAG-IdsCΔDUF4123  
 

FLAG-IdsC 
Aas Acyl-[acyl-carrier-protein]-phospholipid O-acyltransferase / long-

chain-fatty-acid--[acyl carrier-protein] ligase 
AcrB Multidrug efflux pump  
AtfA Major type 1 subunit fimbrin 
BamD Outer membrane protein assembly factor 
BB2000_0153 Uncharacterized protein (GenBank: TonB-dependent receptor) 
BB2000_0438 Uncharacterized protein (GenBank: Glycosyl hydrolase) 
BB2000_0468 PLP dependent protein  
BB2000_0495 Iron complex outermembrane recepter protein 
BB2000_0808 Type VI secretion system protein IcmF  
BB2000_0915 Hypothetical protein  
BB2000_0951 Elongation factor P 
BB2000_1825 Uncharacterized protein (GenBank: Phage protein) 
BB2000_1910 Starvation-inducible DNA-binding protein 
BB2000_1962 Cytoskeleton protein RodZ 
BB2000_2606 Uncharacterized protein (GenBank: Fimbrial subunit) 
BB2000_2670 Uncharacterized protein (GenBank: Lipoprotein) 
BB2000_3109 N-acetylglucosamine kinase 
BB2000_3136 Hypothetical protein  
BB2000_3250 Uncharacterized protein (GenBank: Amidohydrolase/metallopeptidase) 
BB2000_3426 Hypothetical protein  
Bfr Bacterioferritin 
CoaD Pantetheine-phosphate adenylyltransferase 
DeoB Phosphopentomutase 
FadL Long-chain fatty acid transport protein 
FbaA Fructose-bisphosphate aldolase 
FdoG Formate dehydrogenase major subunit 
FldA Flavodoxin I 
FolB 7,8-dihydroneopterin aldolase/epimerase/oxygenase 
Ggt Gamma-glutamyltranspeptidase / glutathione hydrolase 
GlmM Phosphoglucosamine mutase 
GroS Chaperonin 
HemB Porphobilinogen synthase 
HisF Cyclase 
IdrD Self-recognition protein (Idr locus)  
IdsB Type VI secretion system secreted protein VgrG 
IdsD Self-recognition protein (Ids locus) 
IhfA Integration host factor subunit alpha 
MaeB Malate dehydrogenase 
NagE PTS system, N-acetylglucosamine-specific IIA component  
NhaR LysR family transcriptional regulator 
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Table A.5 Comparison of LC-MS/MS protein hits secreted by FLAG-IdsC or 
FLAG-IdsCΔDUF4123  (continued) 
 
RecC Exodeoxyribonuclease V gamma subunit 
Slt Soluble lytic murein transglycosylase 
SodC Superoxide dismutase, Cu-Zn family  
SpeF Ornithine decarboxylase 
UvrA Excinuclease ABC subunit A 

FLAG-IdsCΔDUF4123 
AccC Acetyl-CoA carboxylase, biotin carboxylase subunit 
AnsB L-asparaginase 
ArnB UDP-4-amino-4-deoxy-L-arabinose-oxoglutarate aminotransferase 
BB2000_0117 Aminobenzoyl-glutamate utilization protein A 
BB2000_0213 5'-nucleotidase 
BB2000_0653 Hypothetical protein  
BB2000_0707 Uncharacterized protein (GenBank: Amidohydrolase) 
BB2000_0779 Ribosomal protein S12 methylthiotransferase accessory factor  
BB2000_0986 TatD DNase family protein 
BB2000_1098 Uncharacterized protein (GenBank: Fimbrial protein) 
BB2000_1102 Uncharacterized protein (GenBank: Fimbrial protein) 
BB2000_1317 Hypothetical protein (DUF945 family) 
BB2000_1496 Uncharacterized protein (GenBank: Fimbrial outer membrame usher 

protein) 
BB2000_1690 N-acetylmuramoyl-L-alanine amidase 
BB2000_2040 Hypothetical protein  
BB2000_2110 Small conductance mechanosensitive channel 
BB2000_3430 Translocation and assembly module TamA 
CutF Copper homeostasis protein 
CysP Sulfate transport system substrate-binding protein 
Def Peptide deformylase  
DeoC Deoxyribose-phosphate aldolase 
DkgA 2,5-diketo-D-gluconate reductase A 
FdhF Formate dehydrogenase 
FliD Flagellar hook-associated protein 2 
GlnA Glutamine synthetase 
GltA Citrate synthase  
Gnd 6-phosphogluconate dehydrogenase 
GntR Uncharacterized protein (GenBank: GntR-family transcriptional 

regulator) 
Gor Glutathione reductase 
GyrA DNA gyrase subunit 
HpmB Hemolysin activation/secretion protein 
IdsA Type VI secretion system secreted protein Hcp  
IspG (E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase 
KduI 4-deoxy-L-threo-5-hexosulose-uronate ketol-isomerase 
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Table A.5 Comparison of LC-MS/MS protein hits secreted by FLAG-IdsC or 
FLAG-IdsCΔDUF4123  (continued) 
	
MetG Methionyl-tRNA synthetase 
MetQ D-methionine transport system substrate-binding protein 
MraZ Cell division protein  
NagB Glucosamine-6-phosphate deaminase 
NusA N utilization substance protein A 
OppA Oligopeptide transport system substrate-binding protein 
PepA Leucyl aminopeptidase 
Pgi Glucose-6-phosphate isomerase 
Pgm Beta-phosphoglucomutase 
PmfD Uncharacterized protein (GenBank: Fimbrial chaperone protein) 
PmfE Uncharacterized protein (GenBank: Minor fimbrial subunit) 
ProC Pyrooline-5-carboxylate reductase 
PurE 5-(carboxyamino)imidazole ribonucleotide mutase 
RbsB Ribose transport system substrate-binding protein 
RplQ Large subunit ribosomal protein L17 
RpsG Small subunit ribosomal protein S7 
SitA Manganese/iron transport system substrate-binding protein 
SufI Suppressor of FtsI  
Uca Major fimbrial subunit 
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Table A.6 Comparison of LC-MS/MS protein hits secreted exclusively by and pulled 
down with FLAG-IdsC  
 

FLAG-IdsC 
Aas Acyl-[acyl-carrier-protein]-phospholipid O-acyltransferase / long-

chain-fatty-acid--[acyl-carrier-protein] ligase 
AcrB Multidrug efflux pump  
BB2000_0808 Type VI secretion system protein IcmF 
BB2000_1910 Starvation-inducible DNA-binding protein 
IdrD Self-recognition protein (Ids locus) 
IdsB Type VI secretion system secreted protein VgrG 
IdsD Self-recognition protein (Idr locus) 
IhfA Integration host factor subunit alpha 
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Table A.7 Comparison of LC-MS/MS protein hits from pulled down by FLAG-IdsC 
variants  
 

FLAG-IdsC, FLAG-IdsCS38P, FLAG-IdsCR186Q, FLAG-IdsCS38P/R186Q 
Aas Acyl-[acyl-carrier-protein]-phospholipid O-acyltransferase / long-

chain-fatty-acid--[acyl-carrier-protein] ligase 
AceE Pyruvate dehydrogenase E1 component  
AceF Pyruvate dehydrogenase E2 component  
AdhE Bifunctional acetaldehyde-CoA 
AspA Aspartate ammonia-lyase 
AspC Aspartate aminotransferase 
AtpA ATP synthase subunit alpha 
AtpD ATP synthase subunit beta 
AtpF F-type H+-transporting ATPase subunit b 
BB2000_0401 Uncharacterized protein (GenBank: Lipoprotein) 
BB2000_0814 Type VI secretion system protein TssK (ImpJ) 
BB2000_0820 Type VI secretion system protein ImpC 
BB2000_1824 Uncharacterized protein (GenBank: Phage protein) 
BB2000_2967 Iron complex transport system substrate-binding protein 
DeoD Purine-nucleoside phosphorylase 
DnaJ Molecular chaperone 
DnaK Molecular chaperone 
EmrR MarR family transcriptional regulator, negative regulator of the 

multidrug operon emrRAB 
Eno Enolase 
FliC1 Flagellin 
FumC Fumarate hydratase 
FusA Elongation factor G 
GapA Glyceraldehyde 3-phosphate dehydrogenase 
GcvP Glycine dehydrogenase 
GlnA Glutamine synthetase 
GlpK Glycerol kinase 
GlpT Glycerol-3-phosphate transporter  
GroL Chaperonin 
Icd Isocitrate dehydrogenase 
IdsB Type VI secretion system secreted protein VgrG 
IdsC DUF4123 protein 
IdsD Self-recognition protein (Ids locus) 
IdsF PAAR-protein  
LpdA Dihydrolipoamide dehydrogenase 
Mdh Malate dehydrogenase 
MetQ D-methionine transport system substrate-binding protein 
OmpA Outer membrane protein A 
OmpF Outer membrane pore protein 
Pgk Phosphoglycerate kinase 
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Table A.7 Comparison of LC-MS/MS protein hits from pulled down by FLAG-IdsC 
variants (continued) 
	
PmfA Uncharacterized protein (GenBank: Major Fimbrial subunit) 
PykF Pyruvate kinase 
RfaD ADP-L-glycero-D-manno-heptose 6-epimerase 
RplA Large subunit ribosomal protein L1 
RplB Large subunit ribosomal protein L2 
RplD Large subunit ribosomal protein L4 
RplJ Large subunit ribosomal protein L10 
RplL Large subunit ribosomal protein L7/L12 
RplM Large subunit ribosomal protein L13 
RplQ Large subunit ribosomal protein L17 
RpoB DNA-directed RNA polymerase subunit beta  
RpoC DNA-directed RNA polymerase subunit beta 
RpsA Small subunit ribosomal protein S1 
RpsC Small subunit ribosomal protein S3 
RpsD Small subunit ribosomal protein S4 
SucA 2-oxoglutarate dehydrogenase E1 component 
SucB 2-oxoglutarate dehydrogenase E2 component 
SucC Succinate dehydrogenase / fumarate reductase 
Tig Trigger factor  
TufB Elongation factor Tu 
ZapA Metalloprotease 

FLAG-IdsC, FLAG-IdsCS38P, FLAG-IdsCR186Q 
BB2000_2820 Uncharacterized protein (GenBank: Methyl-accepting chemotaxis 

protein) 
FLAG-IdsC, FLAG-IdsCS38P, FLAG-IdsCS38P/R186Q 

RplC Large subunit ribosomal protein L3 
FLAG-IdsC, FLAG-IdsCR186Q, FLAG-IdsCS38P/R186Q 

AccC Acetyl-CoA carboxylase, biotin carboxylase subunit 
AtpG F-type H+-transporting ATPase subunit gamma 
CpdB 2',3'-cyclic-nucleotide 2'-phosphodiesterase / 3'-nucleotidase 
HflK Membrane protease subunit HflK  
MdeA Methionine-gamma-lyase  
RplI Large subunit ribosomal protein L9 
RpoA DNA-directed RNA polymerase subunit alpha 
SdhA Succinate dehydrogenase / fumarate reductase, flavoprotein subunit 

FLAG-IdsCS38P, FLAG-IdsCR186Q, FLAG-IdsCS38P/R186Q 
BB2000_0213 5'-nucleotidase 
BB2000_1015 Uncharacterized protein (GenBank: Lipase) 
FbaB Fructose-bisphosphate aldolase 
HtpG Molecular chaperone 

FLAG-IdsC, FLAG-IdsCS38P 
RpsR Small subunit ribosomal protein S18 
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Table A.7 Comparison of LC-MS/MS protein hits from pulled down by FLAG-IdsC 
variants (continued) 
	
Tsf Elongation factor Ts  
Udp Uridine phosphorylase 

FLAG-IdsC, FLAG-IdsCR186Q 
BB2000_1317 Hypothetical protein (DUF945 family) 
GltL Glutamate/aspartate transport system ATP-binding protein 
Lpp ATP-dependent Clp protease, protease subunit 
RecA Recombination protein RecA 
RplN Large subunit ribosomal protein L14 
SecD Preprotein translocase subunit SecD 
SucD Succinyl-CoA synthetase alpha subunit 

FLAG-IdsC, FLAG-IdsCS38P/R186Q 
AcnB Aconitate hydratase 2 / 2-methylisocitrate dehydratase 
AhpC Peroxiredoxin 
BB2000_0806 Type VI secretion system protein ImpG 
BudB Acetolactate synthase I/II/III large subunit 
HupA DNA-binding protein HU-alpha 
IdsE Self-recognition protein (Ids locus) 
RplV Large subunit ribosomal protein L22 
RpsE Small subunit ribosomal protein S5 
SpeA Arginine decarboxylase 
TktA Transketolase  

FLAG-IdsCS38P, FLAG-IdsCR186Q 
HflC Membrane protease subunit HflC 
Rne Ribonuclease  

FLAG-IdsCS38P, FLAG-IdsCS38P/R186Q 
BB2000_2575 Hypothetical protein (DUF3029 family) 
MaeB Malate dehydrogenase 

FLAG-IdsCR186Q, FLAG-IdsCS38P/R186Q 
BB2000_2533 Hypothetical protein  
GlpD Glycerol-3-phosphate dehydrogenase 
OppA Oligopeptide transport system substrate-binding protein 
PepB PepB aminopeptidase 
UshA Cys-tRNA(Pro)/Cys-tRNA(Cys) deacylase 

FLAG-IdsC 
AcrB Multidrug efflux pump  
Adk Adenylate kinase 
BB2000_0144 Hypothetical protein 
BB2000_0463 Iron complex transport system substrate-binding protein 
BB2000_0808 Type VI secretion system protein IcmF 
BB2000_0809 Type VI secretion system protein VasJ 
BB2000_0812 Type VI secretion system protein VasG 
BB2000_0817 Type VI secretion system protein ImpH 
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Table A.7 Comparison of LC-MS/MS protein hits from pulled down by FLAG-IdsC 
variants (continued) 
	
BB2000_0818 Type VI secretion system protein ImpG 
BB2000_0821 Type VI secretion system protein TssB (ImpB) 
BB2000_0885 Chromosome partitioning protein  
BB2000_1369 Uncharacterized protein (GenBank: Lipoprotein) 
BB2000_1483 Hypothetical protein  
BB2000_1762 Methyl-accepting chemotaxis protein I, serine sensor receptor  
BB2000_1910 Starvation-inducible DNA-binding protein 
BB2000_2094 2-octaprenylphenol hydroxylase 
BB2000_2819 Uncharacterized protein (GenBank: Methyl-accepting chemotaxis 

protein) 
BB2000_2947 Hypothetical protein 
BB2000_3107 Hypothetical protein 
Bcp Peroxiredoxin Q/BCP 
Crp CRP/FNR family transcriptional regulator 
DeoC Deoxyribose-phosphate aldolase 
Dps Starvation-inducible DNA-binding protein 
FabG 3-oxoacyl-[acyl-carrier protein] reductase  
FabI Enoyl-[acyl-carrier protein] reductase 
FkpA FKBP-type peptidyl-prolyl cis-trans isomerase 
Frr Ribosome recycling factor 
FtsH Cell division protease 
GpmA 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase 
Hfq Host factor-I protein  
HupB DNA-binding protein HU-beta 
IdrD Self-recognition protein (Idr locus)  
IhfA Integration host factor subunit alpha 
Lon Protease 
MotB Chemotaxis protein  
Ndh NADH dehydrogenase 
Ndk Nucleoside-diphosphate kinase 
OmpH Outer membrane protein 
Pal Peptidoglycan-associated outer membrane lipoprotein  
PrsA Ribose-phosphate pyrophosphokinase 
PurA Adenylosuccinate synthase  
RbsB Ribose transport system substrate-binding protein 
RplA large subunit ribosomal protein L1 
RplE Large subunit ribosomal protein L5 
RplF Large subunit ribosomal protein L6 
RplK Large subunit ribosomal protein L11 
RplO Large subunit ribosomal protein L15 
RplR Large subunit ribosomal protein L18 
RplS Large subunit ribosomal protein L19 
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Table A.7 Comparison of LC-MS/MS protein hits from pulled down by FLAG-IdsC 
variants (continued) 
	
RplX Large subunit ribosomal protein L24 
RpmC Large subunit ribosomal protein L29 
RpmD Large subunit ribosomal protein L30 
RpsB Small subunit ribosomal protein S2 
RpsF Small subunit ribosomal protein S6 
RpsG Small subunit ribosomal protein S7 
RpsH Small subunit ribosomal protein S8 
RpsI Small subunit ribosomal protein S9 
RpsJ Small subunit ribosomal protein S10 
RpsK Small subunit ribosomal protein S11 
RpsM Small subunit ribosomal protein S13 
RpsO Small subunit ribosomal protein S15 
RpsP Small subunit ribosomal protein S16 
RpsU Small subunit ribosomal protein S21 
SecF Preprotein translocase subunit 
SodA Superoxide dismutase, Fe-Mn family 
SspA Stringent starvation protein A 
TalB Transaldolase  
Tpx Uncharacterized protein (GenBank: Heat shock protein HtpX) 
TrxA Thioredoxin 1 

FLAG-IdsCS38P 
FadE Acyl-CoA dehydrogenase 
RplT Large subunit ribosomal protein L20 
SerS Seryl-tRNA synthetase 

FLAG-IdsCR186Q 
ClpB ATP-dependent Clp protease ATP-binding subunit 
FlgE Flagellar hook protein 
FliF Flagellar M-ring protein 
GlpQ Glycerophosphoryl diester phosphodiesterase 
GltA Citrate synthase  
Gnd 6-phosphogluconate dehydrogenase 
HpmA Hemolysin 
KatA Catalase 
LexA Repressor 
PtsI Phosphotransferase system, enzyme I 

FLAG-IdsCS38P/R186Q 
AtpH F-type H+-transporting ATPase subunit delta 
BB2000_1812 Uncharacterized protein (GenBank: Phage protein) 
GlyA Glycine hydroxymethyltransferase 
IdrB Type VI secretion system secreted protein VgrG 
Ppx Exopolyphosphatase / guanosine-5'-triphosphate,3'-diphosphate 

pyrophosphatase 
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Table A.7 Comparison of LC-MS/MS protein hits from pulled down by FLAG-IdsC 
variants (continued) 
	
RplW Large subunit ribosomal protein L23 
SerC phosphoserine aminotransferase 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 188 

Table A.8 Comparison of LC-MS/MS protein hits secreted by FLAG-IdsC variants 
 

FLAG-IdsC, FLAG-CS38P, FLAG-CR186Q, FLAG-IdsCS38P/R186Q 
AceE Pyruvate dehydrogenase E1 component  
AcnA Aconitate hydratas 
AcnB Aconitate hydratase 2 / 2-methylisocitrate dehydratase 
AdhE Bifunctional acetaldehyde-CoA 
AhpC Peroxiredoxin 
AlaS Alanine-tRNA ligase 
AphA Acid phosphatase  
ArtI Fused signal recognition particle recepto 
BB2000_0101 Phospholipid transport system substrate-binding protein 
BB2000_0134 Hypothetical protein  
BB2000_0401 Uncharacterized protein (GenBank: Lipoprotein) 
BB2000_1044 Copper resistance protein C 
BB2000_1179 Hypothetical protein  
BB2000_1494 Uncharacterized protein (GenBank: Fimbrial subunit) 
BB2000_1499 Major type 1 subunit fimbrin 
BB2000_1812 Uncharacterized protein (GenBank: Phage protein) 
BB2000_1846 Hypothetical protein  
BB2000_1967 Uncharacterized protein (GenBank: Alpha-2-macroglobulin-like 

lipoprotein) 
BB2000_2191 Hypothetical protein  
BB2000_2350 Minor pilin subunit PapF  
BB2000_2351 Minor pilin subunit PapK 
BB2000_2653 Chitin-binding protein 
BB2000_2827 Putative redox protein 
BB2000_2847 Uncharacterized protein (GenBank: Endoribonuclease) 
BB2000_2890 Glucose-1-phosphatase 
BB2000_2898 Uncharacterized protein (GenBank: Lipoprotein) 
BB2000_3016 Mat/Ecp fimbriae major subunit  
BB2000_3426 Hypothetical protein  
Bcp Peroxiredoxin Q/BCP 
ClpB ATP-dependent Clp protease ATP-binding subunit 
Crr TetR/AcrR family transcriptional regulator 
DeoD Purine-nucleoside phosphorylase 
DnaK Molecular chaperone 
Dps Starvation-inducible DNA-binding protein  
DsbA Thiol:disulfide interchange protein 
Eco Fused signal recognition particle receptor 
EmrR MarR family transcriptional regulator, negative regulator of the 

multidrug operon emrRAB 
Eno Enolase 
FabA 3-hydroxyacyl-[acyl-carrier protein] dehydratase / trans-2-decenoyl-

[acyl-carrier protein] isomerase  
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Table A.8 Comparison of LC-MS/MS protein hits secreted by FLAG-IdsC variants 
(continued) 
	
FabG 3-oxoacyl-[acyl-carrier protein] reductase  
FabI Enoyl-[acyl-carrier protein] reductase 
FkpA FKBP-type peptidyl-prolyl cis-trans isomerase 
FliC1 Flagellin 
FliD Flagellar hook-associated protein 2 
Frr Ribosome recycling factor 
FusA Elongation factor G 
GapA Glyceraldehyde 3-phosphate dehydrogenase 
GcvP Glycine dehydrogenase 
GmhA D-sedoheptulose 7-phosphate isomerase 
GroL Chaperonin 
GroS Chaperonin 
HpmA Hemolysin 
IdrA Type VI secretion system secreted protein Hcp 
IdrB Type VI secretion system secreted protein VgrG 
IdsB Type VI secretion system secreted protein VgrG 
IleS Isoleucyl-tRNA synthetase 
IreA Outer membrane receptor for ferrienterochelin and colicins 
LeuS Leucyl-tRNA synthetase 
MrcB Penicillin-binding protein 1B 
MrpA Uncharacterized protein (GenBank: Major mannose-resistant fimbrial 

protein) 
MrpE Uncharacterized protein (GenBank: Fimbrial subunit) 
OmpA Outer membrane protein A 
OmpF Outer membrane pore protein 
OmpH Outer membrane protein H 
OmpW Outer membrane protein W 
Pal Peptidoglycan-associated outer membrane lipoprotein  
PepN Aminopeptidase N 
PheT Phenylalanyl-tRNA synthetase beta chain 
PmfA Uncharacterized protein (GenBank: Major fimbrial subunit)  
PmfF Uncharacterized protein (GenBank: Minor fimbrial subunit)  
PmpA Major pilin subunit 
Pnp Polyribonucleotide nucleotidyltransferase 
PotD Spermidine/putrescine transport system substrate-binding protein 
Ppa Undecaprenyl phosphate-alpha-L-ara4N flippase subunit 
PpiA Peptidyl-prolyl cis-trans isomerase A 
PtrA Protease III 
PtrB Oligopeptidase B 
RpiA Ribose 5-phosphate isomerase A 
RplL Large subunit ribosomal protein L7/L12 
RplT Large subunit ribosomal protein L20 
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Table A.8 Comparison of LC-MS/MS protein hits secreted by FLAG-IdsC variants 
(continued) 
	
RpoB DNA-directed RNA polymerase subunit beta   
RpoC DNA-directed RNA polymerase subunit beta 
RpsG Small subunit ribosomal protein S7 
RpsM Small subunit ribosomal protein S13 
SlyB Outer membrane lipoprotein  
SodB Superoxide dismutase, Fe-Mn family 
SodC Superoxide dismutase, Cu-Zn family  
SspA Stringent starvation protein A 
SucA 2-oxoglutarate dehydrogenase E1 component 
TerD Tellurium resistance protein 
TerE Tellurium resistance protein 
ThrS Threonyl-tRNA synthetase 
TktA Transketolase  
TopA DNA topoisomerase I 
Tpx Uncharacterized protein (GenBank: Heat shock protein HtpX) 
Tsf Elongation factor Ts 
UvrA Excinuclease ABC subunit A 
ValS Valyl-tRNA synthetase 
YaeT Outer membrane protein insertion porin family 
ZapA Metalloprotease 

FLAG-IdsC, FLAG-IdsCS38P, FLAG-IdsCR186Q 
BB2000_1717 Hypothetical protein  
BB2000_1824 Uncharacterized protein (GenBank: Phage protein) 
BB2000_3107 Hypothetical protein 
CpdB 2’,3’-cyclic-nucleotide 2’-phosphodiesterase / 3’-nucleotidase 
Ggt Gamma-glutamyltranspeptidase / glutathione hydrolase  
GuaB IMP dehydrogenase 
LpdA Dihydrolipoamide dehydrogenase 
Mdh Malate dehydrogenase 
MrpC Uncharacterized protein (GenBank: Fimbrial outer membrane usher 

protein) 
PutA Bifunctional PutA protein  
Tex Transcription accessory protein  

FLAG-IdsC, FLAG-IdsCS38P, FLAG-IdsCS38P/R186Q 
BB2000_0271 Hypothetical protein  
IdrD Self-recognition protein (Idr locus) 
RpsD Small subunit ribosomal protein S4 
RspK Small subunit ribosomal protein S11 

FLAG-IdsC, FLAG-IdsCR186Q, FLAG-IdsCS38P/R186Q 
IdsA Type VI secretion system secreted protein Hcp 
Prc Carboxyl-terminal processing protease 
RplJ Large subunit ribosomal protein L10 
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Table A.8 Comparison of LC-MS/MS protein hits secreted by FLAG-IdsC variants 
(continued) 
	

FLAG-IdsCS38P, FLAG-IdsCR186Q, FLAG-IdsCS38P/R186Q 
AceF Pyruvate dehydrogenase E2 component  
Adk Adenylate kinase 
AspC Aspartate aminotransferase 
BB2000_0216 Hypothetical protein  
BB2000_0261 Cyclic-di-GMP-binding protein 
BB2000_1483 Hypothetical protein  
BB2000_1693 Hypothetical protein  
BB2000_2336 Uncharacterized protein (GenBank: Isochorismatase) 
Bfr Bacterioferritin 
ElbB Uncharacterized protein (GenBank: Isoprenoid biosynthesis protein 

with amidotransferase-like domain) 
FlgK Flagellar hook-associated protein 1 
HupA DNA-binding protein HU-alpha 
MogA Molybdopterin adenylyltransferase 
Ndk Nucleoside-diphosphate kinase 
RpsA Small subunit ribosomal protein S1 
SodA Superoxide dismutase, Fe-Mn family 

FLAG-IdsC, FLAG-IdsCS38P 
BB2000_1102 Uncharacterized protein (GenBank: Fimbrial protein) 
BB2000_1369 Uncharacterized protein (GenBank: Lipoprotein) 
OppA Oligopeptide transport system substrate-binding protein 
RplD Large subunit ribosomal protein L4 
RplI Large subunit ribosomal protein L9 
RplN Large subunit ribosomal protein L14 
RpsC Small subunit ribosomal protein S3 
RpsE Small subunit ribosomal protein S5 
RpsI Small subunit ribosomal protein S9 

FLAG-IdsC, FLAG-IdsCR186Q 
Crp CRP/FNR family transcriptional regulator 
IdsD Self-recognition protein   
PflB Formate C-acetyltransferase 
PrlC Oligopeptidase A 
Pta Phosphate acetyltransferase 
PykF Pyruvate kinase 
UshA Cys-tRNA(Pro)/Cys-tRNA(Cys) deacylase 

FLAG-IdsC, FLAG-IdsCS38P/R186Q 
FrdA Fumarate reductase flavoprotein subunit  
Lpp ATP-dependent Clp protease, protease subunit 

FLAG-IdsCS38P, FLAG-IdsCR186Q 
AtfA Major type 1 subunit fimbrin 
BB2000_0137 Uncharacterized protein (GenBank: Lipoprotein) 
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Table A.8 Comparison of LC-MS/MS protein hits secreted by FLAG-IdsC variants 
(continued) 
	
BB2000_0804 Uncharacterized protein (GenBank: Metallo-beta-lactamase 

superfamily protein) 
BB2000_1808 Hypothetical protein  
BB2000_1875 Hypothetical protein  
GrpE Molecular chaperone 
Gst Glutathione S-transferase  
GuaA GMP synthase 
HslV ATP-dependent HslUV protease, peptidase subunit 
NuoG NADH-quinone oxidoreductase subunit 
PmfD Uncharacterized protein (GenBank: Fimbrial chaperone protein) 
PurA Adenylosuccinate synthase  
PyrH Uridylate kinase  
Uca 2-oxoglutarate dehydrogenase E1 component  
Udk  Uridine kinase 

FLAG-IdsCS38P, FLAG-IdsCS38P/R186Q 
BB2000_1383 Hypothetical protein  
BB2000_2108 Hypothetical protein  
Def Peptide deformylase 
Lon Protease 

FLAG-IdsCR186Q, FLAG-IdsCS38P/R186Q 
BB2000_0438 Uncharacterized protein (GenBank: Glycosyl hydrolase) 

FLAG-IdsC 
Acs Acetyl-CoA synthetase 
ArnA UDP-4-amino-4-deoxy-L-arabinose formyltransferase / UDP-

glucuronic acid dehydrogenase 
AtpA ATP synthase subunit alpha 
AtpD ATP synthase subunit beta 
BB2000_0960 Outer membrane receptor for ferrienterochelin and colicins 
BB2000_1015 Uncharacterized protein (GenBank: Lipase) 
BB2000_2479 Subtilase-type serine protease  
CarB Carbamoyl-phosphate synthase 
EngA GTPase 
FtsZ Cell division protein  
GyrA DNA gyrase subunit 
IdsF PAAR-protein 
MaeB Malate dehydrogenase 
MreB Rod shape-determining protein 
PpsA Pyruvate, water dikinase 
RecA Recombination protein RecA 
RplB Large subunit ribosomal protein L2 
RplE Large subunit ribosomal protein L5 
RplM Large subunit ribosomal protein L13 
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Table A.8 Comparison of LC-MS/MS protein hits secreted by FLAG-IdsC variants 
(continued) 
	
RplQ Large subunit ribosomal protein L17 
SecA Preprotein translocase subunit SecA 
SpeA Arginine decarboxylase 
TolB Translocation protein  

FLAG-IdsCS38P 
AsnC Asparagine-tRNA ligase 
AspA Bifunctional aspartokinase / homoserine dehydrogenase 1 
BamD Outer membrane protein assembly factor 
BB2000_0093 Lipopolysaccharide export system protein LptA 
BB2000_0160 Uncharacterized protein (GenBank: NTPase) 
BB2000_0821 Type VI secretion system protein TssB (ImpB) 
BB2000_1058 Soluble lytic murein transglycosylase 
BB2000_1204 Hypothetical protein  
BB2000_1497 Fimbrial chaperone protein  
BB2000_1572 Hypothetical protein  
BB2000_1628 Hypothetical protein  
BB2000_1825 Uncharacterized protein (GenBank: Phage protein) 
BB2000_2606 Uncharacterized protein (GenBank: Fimbrial subunit) 
BB2000_3100 Uncharacterized protein (GenBank: Fimbrial chaperone) 
Can Monofunctional glycosyltransferase  
ChrR Chromate reductase, NAD(P)H dehydrogenase 
CysS Cysteinyl-tRNA synthetase  
FolE GTP cyclohydrolase 
GreA Transcription elongation factor  
GrxA Glutaredoxin 1 
HtpG Molecular chaperone  
Icd Isocitrate dehydrogenase 
LplA Lipoate---protein ligase 
MgsA Methylglyoxal synthase 
MipA MipA family protein 
MrpD Uncharacterized protein (GenBank: Fimbrial chaperone protein) 
RlpA Large subunit ribosomal protein L1 
RlpB Large subunit ribosomal protein L2 
RpsJ Small subunit ribosomal protein S10 
TalB Transaldolase  

FLAG-IdsCR186Q 
BB2000_0554 Hemoglobin/transferrin/lactoferrin receptor protein 
BB2000_0586 Uncharacterized protein (GenBank: Metal resistance protein) 
ClpP ATP-dependent Clp protease, protease subunit 
FumC Fumarate hydratase 
GidB 16S rRNA (guanine527-N7)-methyltransferase 
PmfE Uncharacterized protein (GenBank: Minor fimbrial subunit) 
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Table A.8 Comparison of LC-MS/MS protein hits secreted by FLAG-IdsC variants 
(continued) 
	
PurL Phosphoribosylformylglycinamidine synthase 
SucB 2-oxoglutarate dehydrogenase E2 component 

FLAG-IdsCS38P/R186Q 
MrpB Uncharacterized protein (GenBank: Fimbrial subunit) 
RibA GTP cyclohydrolase II 
Rnr Ribonuclease R 
TrxA Thioredoxin 1 
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Abstract 23 

The bacterium Proteus mirabilis can communicate identity through the secretion of the 24 

self-identity protein, IdsD, via the type VI secretion (T6S) system. IdsD secretion is essential for 25 

self versus non-self recognition behaviors in these populations. Here we provide an answer to the 26 

unresolved question of how the activity of a T6S substrate, such as IdsD, is regulated before 27 

secretion. We demonstrate that IdsD is found in clusters that form independently of the T6S 28 

machinery and activity. We show that the protein IdsC, which is a member of the proposed 29 

DUF4123 chaperone family, is essential for the maintenance of these clusters as well as the IdsD 30 

protein itself. We provide evidence that amino acid disruptions in IdsC are sufficient to disrupt 31 

IdsD secretion but not IdsD localization into subcellular clusters, strongly supporting that IdsC 32 

functions in at least two different ways: maintaining IdsD levels and secreting IdsD. We propose 33 

that IdsC, and likely other DUF4123-containing proteins, function to regulate T6S substrates in 34 

the donor cell by both maintaining protein levels and mediating secretion at the T6S machinery. 35 

 36 

Significance Statement  37 

 Understanding the subcellular dynamics of self-identity proteins is crucial for developing 38 

models of self versus non-self recognition. We directly addressed how a bacterium restricts self-39 

identity information before cell-cell exchange. We resolved two conflicting models for type VI 40 

secretion (T6S) substrate regulation by focusing on the self-identity protein IdsD. One model is 41 

that a cognate immunity protein binds the substrate, inhibiting pre-transport activity. Another 42 

model proposes that DUF4123-proteins act as chaperones in the donor cell, but no detailed 43 

molecular mechanism was previously known. We resolve this discrepancy and propose a model 44 

wherein a chaperone couples IdsD sequestration with its localization. Such a molecular 45 
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mechanism restricts the communication of identity, and possibly other T6S substrates, in 46 

producing cells.  47 

 48 

  49 
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Introduction  50 

Self versus non-self recognition is a broadly observed behavior. For single-celled 51 

organisms, recognition can allow organisms of close genetic relatedness to cooperate and access 52 

benefits that individual cells could otherwise not achieve. There are many described mechanisms 53 

for these recognition behaviors, such as the exchanges of lethal proteins (1-8), of freely diffusible 54 

molecules (9-14), and of non-lethal identity proteins (15, 16). For several non-lethal 55 

mechanisms, such as in the amoeba Dictyostelium discoideum during spore formation (17-19) 56 

and in the bacterium Myxococcus xanthus during outer membrane exchange (20-23), 57 

communicating identity among sibling cells depends on cell-to-cell contact wherein binding 58 

interactions between surface-exposed proteins on neighboring cells signal the presence or 59 

absence of kin. Similarly, self recognition in the bacterium Proteus mirabilis depends on cell-to-60 

cell contact while migrating on a surface, a behavior termed "swarming" (15). In contrast to D. 61 

discoideum and M. xanthus, identity in P. mirabilis is conveyed by the transfer of a self-identity 62 

protein, IdsD, into a neighboring cell where it interacts with its identity partner protein, IdsE (16, 63 

24). Strain-specific variable regions, comprised of several amino acids, within IdsD and IdsE 64 

confer binding specificity. Cognate IdsD and IdsE variants bind, while non-cognate IdsD and 65 

IdsE variants do not bind (24). Intriguingly, IdsD and IdsE are co-regulated and predicted to 66 

localize to the inner membrane of P. mirabilis cells (24, 25), yet only the binding status of IdsD 67 

and IdsE in the recipient cell contributes to self recognition (16, 24). IdsD that is bound by IdsE 68 

allows proficient population swarming, while IdsD that is not bound results in restricted 69 

population swarming (16). Abolishing the exchange of IdsD between cells alleviates this 70 

restriction (16), indicating that IdsD and IdsE likely do not interact in the producing (donor) cell 71 
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before IdsD secretion. These findings provoked the question of how IdsD activity is regulated in 72 

the donor cell to prevent self-restriction.  73 

IdsD secretion depends on a type VI secretion (T6S) system (26). T6S systems are multi-74 

protein, cell-envelope spanning transport machineries found broadly among gram-negative 75 

bacteria. These T6S systems generally act as conduits through which substrates are sent from the 76 

interior of a donor cell into the interior of a recipient cell (26-32). For secretion out of the donor 77 

cell, T6S substrates often interact with components of the T6S transport machinery and 78 

associated proteins, including the proposed DUF4123-containing protein chaperones as well as 79 

VgrG- and PAAR-containing proteins (33-40). Once in the recipient cell, many of the T6S 80 

substrates, termed “effectors”, have binding partners ("immunity proteins") that neutralize the 81 

effector's activity if the donor and recipient cells are related (29, 32, 41, 42). For many of these 82 

cognate two-partner proteins, the immunity protein is predicted to also prevent effector activity 83 

in donor cells. IdsD’s interaction partners for secretion out of a donor cell are yet unknown. 84 

Given this, and that IdsD does not interact with IdsE before transport, a pressing question has 85 

been how IdsD activity is regulated in donor cells before secretion.  86 

Here we have combined biochemical, genetic, and imaging techniques to address whether 87 

protein-protein interactions regulate IdsD before secretion. We demonstrate that a third protein, 88 

IdsC, which contains a predicted DUF4123 domain, is essential for the stabilization of IdsD into 89 

subcellular clusters in the donor cell independently of transport via T6S. Formation and 90 

localization of IdsD-containing clusters were unaffected by the absence of IdsE. We further show 91 

that strain-specific single amino acid variations across IdsC do not impact the IdsC-IdsD binding 92 

interaction or the formation of IdsD clusters but do disrupt IdsD secretion. Taken together, these 93 

data support that there are minimally two chaperone functions for IdsC: maintaining IdsD levels 94 
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and aiding in the secretion of IdsD. This predicted chaperone activity provides one explanation 95 

for why IdsD and IdsE do not bind in a single cell.  96 

 97 

 98 

Results  99 

IdsD subcellular localization is independent of secretion  100 

The subcellular location of IdsD, as well as other T6S substrates in P. mirabilis, was 101 

previously unknown. We predicted that IdsD would localize with the T6S machinery, minimally 102 

in preparation for secretion. Therefore, we used a well-established expression system: a low-103 

copy plasmid is used as the sole allele for in trans expression of all six ids genes (Figure SF1A) 104 

from the native ids promoter (pIdsBB) in P. mirabilis strain BB2000 lacking the chromosomal ids 105 

genes (∆ids) (15, 16, 24, 26). We engineered a variant of this plasmid to produce an N-terminal 106 

mKate2 protein fusion to IdsD (mKate-IdsD) and an N-terminal FLAG epitope-tagged IdsC 107 

(FLAG-IdsC). This plasmid was expressed in ∆ids, and we confirmed that the mKate-IdsD and 108 

FLAG-IdsC fusion proteins were functional using a self recognition assay (Figure SF1B). We 109 

then inoculated this strain on swarm-permissive agar, allowed the population to grow at 37°C for 110 

four to six hours, and then imaged actively swarming cells using epifluorescence microscopy. 111 

We observed that fluorescence associated with mKate-IdsD was found as discrete foci, often 112 

near the poles, in a subset of cells (Figure 1A).  113 

We next examined whether these IdsD-associated foci were found proximal to the T6S 114 

machinery. We used a ∆ids-derived strain in which the chromosomal sheath-encoding gene, tssB, 115 

retains a C-terminal fusion to superfolder Green Fluorescent Protein (sfGFP) (43). Briefly, T6S 116 

function occurs as follows: the contraction of a subcellular sheath comprised of TssB and TssC 117 
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proteins plunges an interior tube of Hcp protein hexamers across the cell envelope, through a 118 

core membrane complex consisting of several proteins including TssM (28, 35, 36, 44-48). The 119 

baseplate protein, TssK, links sheath assembly and the core membrane complex (49, 50). We 120 

found that in cells producing mKate-IdsD and TssB-sfGFP, 27% of the mKate-IdsD associated 121 

foci were found proximal to the fluorescence associated with TssB-sfGFP. However, the 122 

remaining 74% of IdsD-associated foci were not found proximal to any of the multiple T6S 123 

machineries within a given cell (Figure SF2). We hypothesized that the IdsD-containing foci 124 

might form independently of the T6S machinery or of active secretion.  125 

To interrogate this hypothesis, we examined the localization of mKate-IdsD in cells in 126 

which T6S function was disrupted via distinct mechanisms. Sheath formation was abrogated 127 

using a single point mutation in the gene tssB; this strain (CCS05) was previously described (16, 128 

43). The core membrane complex was impaired by disrupting the gene encoding the TssM 129 

homolog as previously described (26). Baseplate formation was disrupted using two novel 130 

independent point mutations independently introduced into the gene encoding the TssK 131 

homolog. One mutation, TssKnull, prevented sheath formation (Figure SF3) and secretion (Figure 132 

SF4). The other mutation, TssKpartial, resulted in reduced sheath formation (Figure SF3) and 133 

secretion of Hcp homologs but not of IdsD (Figure SF4). The four mutant strains impaired sheath 134 

formation and IdsD secretion to different extents (Figures SF3, SF4) (16, 26, 43). In all of these 135 

populations, mKate-IdsD-associated fluorescence was patterned as foci along the cell periphery 136 

(Figure 1B, SF5). Therefore, neither the T6S machinery nor active secretion is necessary for the 137 

subcellular localization of IdsD.  138 

 139 

IdsD subcellular localization depends on IdsC (DUF4123) but not IdsE 140 
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 One hypothesis for regulation was that IdsE is necessary for IdsD subcellular localization 141 

in donor cells. Therefore, we examined IdsD localization in cells lacking IdsE. We used the 142 

CCS05 strain background to limit observations of IdsD localization to only regulation without 143 

secretion (16, 43). We then modified the Ids expression plasmid to produce mKate-IdsD and to 144 

contain a deletion of idsE. We performed epifluorescence microscopy on a swarming population 145 

and observed that IdsD-associated fluorescence was in discrete foci in these cells (Figures 1C). 146 

Thus, IdsE is not necessary for the subcellular localization of IdsD.  147 

An alternative hypothesis is that a DUF4123-containing protein regulates IdsD in donor 148 

cells. DUF4123-containing proteins have recently been shown to bind VgrG proteins and T6S 149 

substrates and are proposed chaperones of T6S systems in other bacterial species (34, 40). The 150 

gene idsC encodes a DUF4123-containing protein and is required for IdsD activity (15, 25, 26). 151 

Therefore, we hypothesized that the IdsC protein might be essential for the subcellular 152 

localization of IdsD. We disrupted FLAG-IdsC by deleting the DUF4123 domain on the 153 

plasmid-encoded idsC gene, resulting in FLAG-idsC∆DUF. In cells producing the protein FLAG-154 

IdsC∆DUF, we observed that the mKate-IdsD-associated fluorescence was diffuse across the cell 155 

interior with few to no foci visible (Figure 1D). To control for the possibility that dispersed 156 

fluorescence was due to cleavage of mKate2 from IdsD, we performed western blot analysis on 157 

whole cell extracts from the strains producing either FLAG-IdsC∆DUF or FLAG-IdsC strains. A 158 

band corresponding to the mKate-IdsD fusion was readily apparent; bands corresponding to 159 

mKate2 or IdsD alone were minimal (Figure 2A). We concluded that cleavage of mKate-IdsD 160 

did not explain the dispersed fluorescence, and as such, IdsC is necessary for the presence of the 161 

mKate-IdsD foci.  162 
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In the course of our studies, we observed that the mKate-IdsD-associated fluorescence 163 

appeared dimmer in the strain producing FLAG-IdsC∆DUF. As the N-terminal fusion of mKate2 164 

was readily observed, we deduced that it might mask potential effects of the FLAG-IdsC∆DUF 165 

mutation by stabilizing IdsD, perhaps by occluding a degradation signal. Therefore, we 166 

examined the relative levels of unlabeled IdsD in the presence and absence of IdsC. We 167 

performed western blots on cell extracts of ∆ids strains carrying previously characterized 168 

mutations of the pIdsBB plasmid (15). We marked the cell extracts based on which proteins are 169 

missing. We found that unlabeled IdsD was lower or absent in strains completely lacking IdsC or 170 

IdsD and was readily apparent in strains lacking only IdsB (VgrG homolog) or IdsF (PAAR 171 

motif) (Figure 2B). While some IdsD was present in a strain lacking IdsA, IdsB, and IdsC, this 172 

was likely due to a higher production of IdsD, IdsE, and IdsF; in this construct, the idsD, idsE, 173 

and IdsF genes are in closer proximity to the ids promoter than normal. We concluded that IdsD 174 

protein levels are reduced in the absence of IdsC. Therefore, IdsC contributes to the subcellular 175 

localization and protein levels of IdsD.  176 

 177 

The IdsC-IdsD interaction is essential for IdsD secretion 178 

Give these results, we hypothesized that IdsC (Figure 3A) and IdsD likely interact with 179 

each other. IdsC and IdsD interactions were examined in E. coli strain BL21(DE3) pLysS where 180 

no Ids or T6S proteins are otherwise found (51). IdsD was fused to a His6 epitope tag (IdsD-His6) 181 

(24), and IdsC was fused to a FLAG epitope tag (IdsC-FLAG). Each epitope-tagged protein was 182 

separately produced from an overexpression plasmid (52) in the E. coli strain. Cell extracts were 183 

isolated, mixed, and subjected to anti-FLAG co-immunoprecipitation assays followed by western 184 

blot analysis. IdsC-FLAG pulled down IdsD-His6 (Figure 3B). The negative control, FLAG-185 
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BAP, which is E. coli bacterial alkaline phosphatase fused to an N-terminal FLAG epitope, did 186 

not pull down IdsD-His6 (Figure 3B). These results indicated that IdsC and IdsD bind each other 187 

independently of other Ids and T6S proteins. 188 

 As the molecular function of the major domain within IdsC remains unknown, we 189 

considered whether the DUF4123 domain (Figure 3A) is essential for IdsC-IdsD interactions. A 190 

derivative of IdsC-FLAG without the DUF4123 domain (IdsC∆DUF-FLAG) was constructed, 191 

produced in E. coli, and then subjected to co-immunoprecipitation assays as above. Considerably 192 

less IdsD-His6 was detected in the pull-down with IdsC∆DUF-FLAG than with IdsC-FLAG 193 

(Figure 3B). Therefore, the DUF4123 domain is essential for the binding interaction between 194 

IdsC and IdsD.  195 

We reasoned that as IdsC was essential for the subcellular localization of IdsD (Figure 196 

1D) and for IdsD recognition activity (15), then an interaction with IdsC was likely required for 197 

IdsD transport itself. This hypothesis was strengthened by evidence that DUF4123-containing 198 

proteins are essential for binding of VgrG proteins and for secretion of T6S substrates in other 199 

bacteria (34, 39, 40). To quantify the contribution of IdsC-IdsD binding for secretion, we 200 

assessed ∆ids strains producing either full-length FLAG-IdsC or FLAG-IdsC∆DUF. The resultant 201 

strains were subjected to an established in vivo recognition assay. In this assay, secretion of IdsD 202 

into neighboring cells that lack IdsE results in a small colony radius.  This restriction on colony 203 

migration is alleviated upon disruption of IdsD secretion (16). A ∆ids strain lacking IdsE and 204 

producing FLAG-IdsC displayed a small colony radius (Figure 3C), indicating successful 205 

exchange of IdsD (16). By contrast, a ∆ids strain lacking IdsE and producing FLAG-IdsC∆DUF 206 

displayed a large colony radius similar to strains lacking T6S activity (Figure 3C). Abolishing 207 

T6S activity in the strain expressing FLAG-IdsC∆DUF displayed no synergistic effects (Figure 208 
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3C). However, the decreased secretion could be due to a reduction in the subcellular 209 

concentration of IdsD, because IdsD levels are reduced in cells lacking IdsC. Given that the 210 

mKate-IdsD fusion appears to be present at roughly equivalent levels across the strains (Figure 211 

2A), we repeated these assays in strains lacking IdsE and producing mKate-IdsD and either 212 

FLAG-IdsC or FLAG-IdsC∆DUF. Similar results were obtained as with unlabeled IdsD (Figure 213 

SF6). As a complementary approach, we utilized an established in vitro secretion assay. The 214 

extracellular supernatants of liquid-grown ∆ids strains producing either FLAG-IdsC or FLAG-215 

IdsC∆DUF were concentrated using trichloroacetic acid precipitations and examined by liquid 216 

chromatography tandem mass spectrometry. IdsD is detected in the supernatant of wild-type P. 217 

mirabilis, but is absent in supernatants of strains lacking T6S function (26, 43). We identified 218 

peptides for IdsD in the extracellular extract for the strain producing FLAG-IdsC (Figure 3D) but 219 

not in that of the strain producing FLAG-IdsC∆DUF (Figure 3D). Thus, IdsC is essential for IdsD 220 

secretion. 221 

 222 

 223 

IdsC binding to and localization of IdsD is uncoupled from IdsD secretion  224 

Comparison of the full-length IdsC sequence from the P. mirabilis strain background 225 

used in this study, BB2000, and a strain recognized as non-self, HI4320, showed a uniform 226 

length of 407 amino acids with only five single amino acid polymorphisms (99% pairwise 227 

identity) (Figure SF7). Comparing the BB2000 IdsC to the HI4320 IdsC, these amino acids are a 228 

serine to proline change at position 38 (S38P), a threonine to methionine change at position 121 229 

(T121M), an arginine to glutamine change at position 186 (R186Q), alanine to valine at position 230 

258 (A258V) and a methionine to leucine at position 309 (M309L). We hypothesized that these 231 
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IdsC residues might be important for the binding and secretion of IdsD, which in itself contains a 232 

strain-specific variable region essential for its binding to its self-recognition partner IdsE.  233 

We focused on the S38P and R186Q polymorphisms. Lysates from T6S-functional 234 

BB2000-derived strains producing either FLAG-IdsC or a mutant variant, FLAG-IdsCS38P/R186Q, 235 

were subjected to anti-FLAG co-immunoprecipitation assays. The load (L), non-binding (-), and 236 

binding (+) fractions were subjected to western blot analysis to test for interactions with IdsB 237 

(VgrG), IdsD, and IdsE. Both FLAG-IdsC and FLAG-IdsCS38P/R186Q pulled down IdsB and IdsD 238 

(Figure 4A). IdsE was largely absent from elutions with FLAG-IdsC; however, there was 239 

evidence of IdsE in elutions with the FLAG-IdsCS38P/R186Q mutant (Figure 4A). The trace 240 

amounts of IdsE pulled down by FLAG-IdsCS38P/R186Q are likely due to indirect interactions 241 

between IdsC and IdsE mediated by IdsD during in vitro reassortment. The FLAG-IdsC and 242 

FLAG-IdsCS38P/R186Q constructs were next separately moved into strain CCS05 expressing 243 

mKate-IdsD. Using epifluorescence microscopy, we observed that mKate-IdsD-associated 244 

fluorescence was localized into foci in both strains (Figure 4B). Therefore, FLAG-IdsCS38P/R186Q 245 

binds IdsD and supports IdsD cluster formation.  246 

In light of these results, we predicted that FLAG-IdsCS38P/R186Q would support IdsD 247 

secretion. We subjected T6S-functional BB2000-derived strains lacking IdsE producing either 248 

FLAG-IdsC or FLAG-IdsCS38P/R186Q to the in vivo recognition assays as described above. 249 

Surprisingly, populations of cells producing FLAG-IdsCS38P/R186Q exhibited an increased colony 250 

radius with and without T6S activity (Figure 4C), indicating that IdsD was not exchanged 251 

between neighboring cells. We used trichloroacetic acid precipitations of the supernatants from 252 

liquid-grown cells T6S+ to confirm these results. We found that both IdsB and IdsD were 253 

detected in the extracellular extract for the strain producing FLAG-IdsC (Figure 4D). However, 254 
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while IdsB was readily detected, peptides for IdsD were lower for the strain producing FLAG-255 

IdsCS38P/R186Q (Figure 4D). These results indicated that IdsC binding of IdsD was uncoupled from 256 

IdsD secretion. Further, T6S secretion of IdsB was not affected by the two amino acid changes, 257 

but the specific secretion of IdsD was abrogated, strongly supporting that IdsC functions to both 258 

bind and sequester IdsD into subcellular clusters and to separately mediate IdsD secretion via the 259 

T6S machinery.  260 

 The results indicated that IdsC acts within the donor cell. If IdsC acts an immunity 261 

protein, then one would predict that excess IdsC in the “correct” compartment would be 262 

sufficient to bind and neutralize activities due to IdsD. However, it is unknown into which 263 

cellular compartment IdsD is transported. Therefore, we tested expression of both periplasmic 264 

and cytoplasmic IdsC in receiving cells. To test periplasmic expression of IdsC, we constructed 265 

two distinct CCS05-derived strains carrying a modified pIdsBB plasmid in which idsE is deleted 266 

and FLAG-IdsC has been modified to include a signal sequence for targeting to the periplasm, 267 

either that of PelB (53) or OmpA (54). Each strain was tested for self-recognition phenotypes 268 

against strains BB2000 and ∆ids. If periplasmic FLAG-IdsC is sufficient to bind and neutralize 269 

transferred IdsD, then these strains should recognize BB2000 as self and the colonies would 270 

merge. However, we observed was that swarm colonies of strains producing FLAG-IdsC with 271 

either the PelB or the OmpA signal sequence did not merge with BB2000 (Figure 5). To test 272 

cytoplasmic expression of IdsC, we constructed an inducible plasmid to increase expression of 273 

FLAG-IdsC in either strain BB2000 or BB2000::∆idsE, which encodes a chromosomal deletion 274 

of idsE. BB2000::∆idsE shows decreased swarm expansion as compared to BB2000 (Figure 5). 275 

If cytoplasmic IdsC is able to bind and neutralize transferred IdsD, then BB2000::ΔidsE should 276 

exhibit wild-type swarm expansion as the concentration of inducer increases. However, the 277 
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BB2000::∆idsE swarm colonies did not show restored swarm-expansion at any tested 278 

concentration of inducer (Figure 5). These results support that IdsC does not bind IdsD received 279 

from neighboring cells, and instead, works within the donor cell. 280 

 281 

Discussion 282 

Altogether, these results lead us to propose a model wherein IdsC, a DUF4123-containing 283 

protein, binds and maintains IdsD protein levels in a producing cell, independently of secretion 284 

(Figure 6). A chaperone-like function for DUF4123-containing proteins encoded next to T6S 285 

effectors was recently proposed based on interactions partners and transport efficiencies (39, 40). 286 

Our data solidifies this proposed role for DUF4123-containing proteins. We have also 287 

meaningfully expanded this proposal by specifically defining a mechanistic model (Figure 5) in 288 

which IdsC, a DUF4123-containing protein, binds and stabilizes the T6S substrate, IdsD, 289 

independently of transport. We have shown that in addition to the essentiality of IdsC for IdsD 290 

transport, IdsC functions in the subcellular localization of IdsD and maintenance of IdsD protein 291 

levels.  292 

The molecular mechanism by which IdsC delivers IdsD for secretion still remains to be 293 

tackled and will likely need to be informed by tertiary structures, none of which are currently 294 

available. We hypothesize that within a single cell, IdsD likely binds to IdsB (VgrG) and 295 

associates with the T6S membrane-bound complex. We predict that IdsC might protect the 296 

transmembrane domains of IdsD from spurious insertion into the donor cell’s inner membrane 297 

when IdsD is not docked in the T6S machinery. Such a mechanism has been proposed for other 298 

T6S substrates (55). We further hypothesize that since IdsC binds IdsB, it might actually directly 299 

hand IdsD over to IdsB and/or the T6S proteins when the IdsC-IdsD complex is localized at the 300 
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T6S machinery. In such a case, the amino acid changes we introduced in IdsC might alter 301 

interactions of IdsC-IdsD with proteins of the core T6S machinery. Alternatively, perhaps these 302 

amino acids affect IdsC-IdsD binding efficiency, impeding the hand-off to the T6S machinery.  303 

Indeed, many organisms face the challenge of inhibiting T6S substrates from acting in the 304 

producing cell. The mechanism elucidated here would allow IdsC to prevent IdsD from 305 

interacting with its identity partner protein, IdsE, in the donor cell. We propose that both 306 

subcellular localization and transport through the T6S machinery function intrinsically to prevent 307 

substrate activity within the donor cell and that DUF4123-containing proteins are essential for 308 

directing this subcellular regulation. Of note, this proposed mechanism for effector regulation is 309 

distinct from previously described models in which binding of a cognate strain-specific protein is 310 

thought to prevent a T6S substrate from acting in the donor cell (29, 32, 41, 42). We surmise that 311 

a DUF4123-mediated sequestration might be generally applicable given the high conservation of 312 

IdsC between P. mirabilis strains. 313 

This proposed mechanism for IdsC function is reminiscent of chaperone activities in 314 

other bacterial transport systems; and yet, several questions remain. Clusters of IdsD are present 315 

regardless of the transport machinery, raising the possibility that IdsC might gather IdsD into 316 

clusters when IdsD is not actively transported. These IdsD clusters could be for future delivery or 317 

alternatively, for sequestration of excess IdsD; such mechanisms require further study. The 318 

nucleation of these IdsC-IdsD complexes into clusters may be due to interactions between IdsD 319 

monomers or perhaps due to a yet unknown third protein factor. Interactions with the VgrG, 320 

PAAR-protein, or one or more of these factors, may help anchor IdsD to the membrane. 321 

DUF4123-domain proteins are commonly found upstream of T6S substrates even though the 322 

sequences for the predicted substrates are quite divergent (39). For the DUF4123-containing 323 
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proteins studied thus far, the DUF4123-domain proteins appear specific for the T6S substrate 324 

encoded immediately downstream (34, 39, 40). Naturally occurring amino acid variations within 325 

IdsC alleles did not prevent the binding and subcellular clustering of IdsD before transport, but 326 

did impact its secretion. These results highlight that regulation of T6S substrates before transport 327 

might be separate from their loading onto, or transport via, the T6S machinery. Further, 328 

DUF4123-containing proteins might be intermediaries between resting and actively transported 329 

substrates. Given that such mechanical aspects are yet unknown, further structural studies 330 

dissecting the role of individual amino acid residues within IdsC for binding and secretion of 331 

IdsD are required. More generally, further studies are required to determine whether a specific 332 

feature within the DUF4123 domain may be the critical marker for association with a specific 333 

T6S substrate and how specificity of substrate binding is obtained. 334 

In conclusion, this research has also provided crucial insights into the communication of 335 

self-identity within a population. Prior research left us with the perplexing conclusion that IdsD 336 

only acts in recipient cells (15, 16, 24). Here we propose a simple model for the lack of IdsD 337 

activity within the donor cell: IdsC appears to couple IdsD sequestration with its localization. We 338 

posit that IdsD might exist in two conformations with distinct functions: in a complex including 339 

IdsC in the donor cell and in a self-identity complex with IdsE in the recipient cell (16, 24).  340 

Such a molecular mechanism (Figure 6) would restrict the communication of self-identity to 341 

occur between neighboring cells. 342 

 343 

  344 
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Materials and Methods 345 

Bacterial strains and media 346 

Strains are described in Table 1. For single isolated colonies, E. coli strains were 347 

maintained on LB agar, and P. mirabilis strains were maintained on LSW- agar (56). P. mirabilis 348 

was grown on CM55 Blood Agar Base agar (Oxoid, Basingstoke, England) for swarm assays. 349 

For broth cultures, all strains were grown in LB broth under aerobic conditions at 16°C, 30°C, or 350 

37°C. Antibiotics were used at the following concentrations: 100 microgram/milliliter (Pg/mL) 351 

carbenicillin, 15 Pg/mL tetracycline, 35 Pg/mL kanamycin, 50 Pg/mL chloramphenicol, and 25 352 

Pg/mL streptomycin.  353 

 354 

Strain construction 355 

All chromosomal mutations in BB2000 and ∆ids were made as described in (16) using 356 

pKNG101-derived suicide vectors (57). The tssKnull strain introduced a BB2000_0814G1329T 357 

mutation using plasmid pCS33a. The tssKpartial strain introduced a BB2000_0814G1145A mutation 358 

using plasmid pCS33b. BB2000_0814 (GenBank accession no. AGS59310.1) is a gene encoding 359 

a TssK homolog (T6SS_VasE PFAM family PF05936). Mutations in the ∆ids background were 360 

confirmed via whole genome sequencing by the Bauer Core Facility at Harvard University using 361 

the protocol described in (16). Mutations into the BB2000 background were confirmed by 362 

Polymerase Chain Reaction (PCR) amplification of BB2000_0814 (primers: 5’- 363 

CTCTCCGGCAATAATACGTAG-3’ and 5’- CAGACCCACTACAGGCTTTAG-3’) followed 364 

by Sanger sequencing performed by GENEWIZ, Inc. (South Plainfield, NJ).  365 

 366 

Plasmid construction 367 
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Detailed primers and plasmids are listed in Supplemental Table S1. Restriction digest and 368 

subsequent ligation of gBlock gene fragments (Integrated DNA Technologies, Coralville, IA) 369 

were used for cloning of both pIdsBB-derived (15) and pAD100-derived (52) vectors. gBlock gene 370 

fragments were first subcloned into TOPO pCR2.1 vector using the TOPO TA-Cloning Kit 371 

(Thermo Fisher Scientific, Waltham, MA). All methods were performed according to 372 

manufacturers’ instructions. The FLAG epitope is DYKDDDDK and was introduced using 373 

Quikchange reaction protocols (Agilent Technologies, Santa Clara, CA). The pIdsBB-derived 374 

plasmids were constructed via restriction digest using listed restriction enzymes (New England 375 

BioLabs, Ipswich, MA). Ligations were resolved in OneShot Omnimax2 T1R competent cells 376 

(Thermo Fisher Scientific, Waltham, MA). Resultant plasmids were confirmed by Sanger 377 

sequencing (Genewiz, Inc., South Plainfield, NJ), and correct resultant plasmids were then 378 

transformed into P. mirabilis as described (15). All P. mirabilis constructs were tested for 379 

functionality using a standard boundary formation assay (58). Ligations for plasmids derived 380 

from pAD100 (52) were resolved in XL10-Gold Ultracompetent cells (Agilent Technologies, 381 

Santa Clara, CA). Correct resultant plasmids were transformed into BL21(DE3) pLysS (Thermo 382 

Fisher Scientific, Waltham, MA). A flexible linker (GSAGSAAGSGEF, (59)) is present between 383 

the mKate2 sequence and IdsD. All vectors were confirmed by sequencing with site-specific 384 

primers using the services of GENEWIZ, Inc. (South Plainfield, NJ). 385 

 386 

α-FLAG immunoprecipitation assays  387 

Assays were performed and analyzed as previously described (24). Modifications to those 388 

protocols are as follows. P. mirabilis cells were harvested from swarm-permissive media after 389 

incubation at 37°C for 16 - 20 hours. Control lysate (containing pIdsBB with no FLAG-tagged 390 
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protein) was supplemented with 2 µg of purified FLAG-BAP protein (Sigma-Aldrich, St. Louis, 391 

MO). E. coli BL21 (DE3) pLysS cells (Thermo Fisher Scientific, Waltham, MA) were grown in 392 

25 mL of LB supplemented with carbenicillin under shaking conditions at 30qC until optical 393 

density at 600 nm (OD600) was between 0.6 and 1. Cultures were cooled on ice, induced with 1 394 

mM IPTG, and incubated overnight shaking at 16qC. Cells were harvested by centrifugation and 395 

stored at -80qC. Lysates were mixed to a total volume of 1 mL of which 900 µL was applied to 396 

40 µL pre-equilibrated α-FLAG M2 antibody resin (Sigma-Aldrich, St. Louis, MO; Biotools, 397 

Houston, TX). P. mirabilis and E. coli extracts were obtained separately as described above. 398 

Lysates were mixed to a total volume of 1 mL of which 900 µL was applied to 40 µL pre-399 

equilibrated α-FLAG M2 antibody resin (Sigma-Aldrich, St. Louis, MO; Biotools, Houston, 400 

TX).  401 

 402 

Antibody production 403 

Antibodies specific to IdsB amino acids 713-723 (CRAKAMKKGTA), IdsD amino acids 404 

4-18 (EVNEKYLTPQERKAR) (24), and IdsE amino acids 298-312 (EQILAKLDQEKEHHA) 405 

(24) were raised in rabbits using standard peptide protocols (Covance, Dedham, MA).  406 

 407 

SDS-PAGE and western blots 408 

Assays were performed and analyzed as previously described (24). Polyclonal primary 409 

antibody dilutions were rabbit α-IdsB (1:5000), rabbit α-IdsD (1:2000), rabbit α-IdsE (1:2000) 410 

and rabbit α-mKate (1:4000, OriGene, Rockville, MD). Monoclonal primary antibody dilutions 411 

were rabbit α-FLAG (1:4000, Sigma-Aldrich, St. Louis, MO) and mouse α-σ70 (1:1000, Thermo 412 

Fisher Scientific, Waltham, MA or BioLegend, San Diego, CA). Secondary antibodies were goat 413 
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α-rabbit or goat α-mouse antibodies conjugated to HRP (polyclonal, 1:5000, SeraCare Life 414 

Sciences, Milford, MA). The western blots are not quantitative.  415 

 416 

Trichloroacetic acid precipitations (TCA) and liquid-chromatography tandem mass spectrometry 417 

analysis (LC-MS/MS) 418 

All trichloroacetic acid precipitations were performed as previously described (26). 419 

Binding fractions from α-FLAG immunoprecipitations or supernatant fractions from TCA were 420 

separated by gel electrophoresis using 12% Tris-Tricine polyacrylamide gels and stained with 421 

Coomassie blue as previously described (16, 26). Supernatant fractions from TCA were cut into 422 

two bands at 75-150 kDa and 10-25 kDa. LC-MS/MS was performed by the Taplin Mass 423 

Spectrometry Facility (Harvard Medical School, Boston, MA). Technical advice provided by the 424 

Taplin Mass Spectrometry Facility led to a cutoff of three unique peptides to confirm protein 425 

hits. Bioinformatics analysis of Ids and T6S protein hits was done using Pfam 31.0 (60). Full 426 

data sets can be accessed at 427 

<https://osf.io/ufphy/?view_only=d381570c43d14bc5acd38b071ed9a61e> 428 

 429 

Colony expansion 430 

Colony expansion assays were conducted as previously described (16). Modifications to 431 

those protocols are as follows. Swarming-permissive plates supplemented with kanamycin were 432 

inoculated with 1 μL of overnight cultures normalized by OD600. Plates were incubated at 37° for 433 

17 hours and swarming radii recorded. For strains carrying anhydrotetraclycine-inducible 434 

plasmids, swarming-permissive plates were supplemented with anhydrotetraclycine and 435 

kanamycin and were kept under dark conditions to preserve inducer.  436 
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 437 

Microscopy  438 

Strains were grown overnight shaking in LB supplemented with kanamycin at 37°. 1.0 439 

mm-thick agar pads of swarming permissive media supplemented with kanamycin were 440 

inoculated with 2 μL of overnight cultures and incubated in a humidified chamber at 37° for 4 to 441 

6 hours. Images were acquired either with a Leica DM5500B (Leica Microsystems, Buffalo 442 

Grove, IL) with a CoolSnap HQ2 cooled CCD camera (Photometrics, Tucson, AZ) or an 443 

Olympus BX61 (Olympus Corporation, Waltham, MA) with a Hamamatsu C10600-10B CCD 444 

camera (Hamamtsu Phototonics K.K., Boston, MA). MetaMorph version 7.8.0.0 (Molecular 445 

Devices, Sunnyvale, CA) was used for image acquisition. All images were collected with the 446 

same exposure times unless otherwise stated: 10 millisecond (ms) for phase, 150 ms for RFP, 447 

and 50 ms for GFP. Figures were made in Fiji (61, 62) and Adobe Illustrator (Adobe Systems, 448 

San Jose, CA). 449 

 450 
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Figure legends 642 

Figure 1. IdsD subcellular localization is dependent on IdsC but not the identity partner 643 

protein, IdsE. Epifluorescence microscopy was performed on the edges of swarming colonies 644 

grown on swarm-permissive agar pads at 37°C. Frames are representative images. Left, Phase. 645 

Middle, fluorescence in the RFP channel for mKate-IdsD, background subtracted. Right, false-646 

colored overlay in which for contrast mKate-IdsD fluorescence is in red and phase is in cyan. All 647 

scale bars are 10 μm. Illustrations to the right depict models for IdsD localization at the 648 

membrane based on predicted localizations. Three main components of the T6S (the baseplate, 649 

the membrane-complex, and sheath) are shown. Black arrow represents tested IdsA (Hcp 650 

homolog) secretion. N ≥ 3 per strain.  651 

(A) A ∆ids strain producing FLAG-IdsC and mKate-IdsD in trans. Fluorescence associated 652 

mKate-IdsD foci overlap at a 27% frequency with fluorescence associated with the T6S sheath 653 

(Figure SF2).   654 

(B) Strain CCS05, which is an ∆ids-derived strain in which T6S sheath formation is disrupted by 655 

a chromosomal mutation in a TssB homolog (16), producing FLAG-IdsC and mKate-IdsD.  656 

(C) Strain CCS05 producing FLAG-IdsC and mKate-IdsD and in which idsE is deleted as 657 

previously described (16). 658 

(D) Strain CCS05 producing FLAG-IdsC and mKate-IdsD and in which the DUF4123 domain of 659 

IdsC is deleted.  660 

 661 

Figure 2. IdsD protein levels are reduced in the absence of IdsC. 662 

 (A) Whole cell lysates were collected from strains with functional or disrupted T6S (16, 43) 663 

producing mKate-IdsD and either FLAG-IdsC or FLAG-IdsCΔDUF. Western blot analysis on 664 
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these samples was performed using polyclonal anti-IdsD, polyclonal anti-mKate, and 665 

monoclonal anti-sigma-70 (D-V70) antibodies. Black arrow indicates the approximately 150 kDa 666 

size of the mKate-IdsD fusion protein. Gray arrow indicates size of approximately 26 kDa 667 

mKate2 protein. The sizes of the protein ladder are noted on the left. IdsD is approximately 118 668 

kDa. N = 3.  669 

(B) Whole cell lysates were collected from ∆ids-derived strains carrying distinctly modified 670 

pIdsBB vectors, as previously described (15). Each resultant Ids protein disruption is labeled 671 

above the sample. The control strain is ∆ids carrying unmodified pIdsBB. Western blot analysis 672 

was performed using polyclonal anti-IdsB, polyclonal anti-IdsD, and monoclonal anti-sigma-70 673 

antibodies. The sizes of the protein ladder are noted on the left. The predicted size for IdsB is 82 674 

kDa. N = 3.  675 

 676 

Figure 3. IdsC binds IdsD and is essential for IdsD secretion.  677 

(A) Schematic of IdsC (407 amino acids) drawn to scale with the predicted DUF4123 domain 678 

spanning from amino acids 128 to 255.  679 

(B) IdsC-FLAG, IdsCΔDUF-FLAG, and IdsD-His (24) were separately expressed in E. coli strain 680 

BL21(DE3) pLysS from the overexpression vector, pAD100 (52). Lysates were mixed as 681 

indicated in the diagram, and anti-FLAG co-immunoprecipitation assays were performed. Lysate 682 

from E. coli BL21(DE3) pLysS expressing IdsD-His6 doped with purified FLAG-tagged E. coli 683 

bacterial alkaline phosphatase (FLAG-BAP) was used as a negative control. Soluble (L), non-684 

binding (-) and binding (+) fractions were analyzed via western blot using polyclonal anti-IdsD, 685 

monoclonal anti-FLAG, and monoclonal anti-sigma-70 (D-V70) antibodies. Green boxes indicate 686 
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a band in the binding fraction; white boxes indicate no band in the binding fraction. The sizes of 687 

the protein ladder are noted on the left. N = 3.  688 

(C) In vivo recognition assay for IdsD cell-to-cell transfer in which IdsD secretion causes a 689 

reduced swarm colony radius, while lack of transport results in an increased swarm colony radius 690 

(16). Strains producing FLAG-IdsC (DUF4123 +) or FLAG-IdsCΔDUF (DUF4123 -). T6S+ is a 691 

strain producing a fully functional T6S system. T6S- are derived from strain CCS05 (16). 692 

Average and standard deviation (s.d.) are shown. N = 10.  693 

(D) Secreted Ids proteins from strains producing either FLAG-IdsC or FLAG-IdsCΔDUF. The 694 

proteins from 75 – 250 kDa of TCA-extracted supernatants from liquid-grown cells were 695 

analyzed by LC-MS/MS as previously described (26). The non-secreted sigma-70 protein was 696 

used as a control for cell lysis. N = 1.  697 

 698 

Figure 4. IdsC binding and subcellular localization of IdsD can be uncoupled from IdsD 699 

secretion.  700 

(A) Strains were constructed in which FLAG-IdsC or FLAG-IdsCS38P/R186Q were produced in 701 

trans from modified pIdsBB vectors. Lysates were subjected to anti-FLAG batch co-702 

immunoprecipitations. Soluble (L), non-binding (-) and binding (+) fractions were analyzed via 703 

western blot using polyclonal anti-IdsB, polyclonal anti-IdsD, monoclonal anti-FLAG, and 704 

monoclonal anti-sigma-70 antibodies. Green boxes on right indicate a band in the binding 705 

fraction; a white box indicates no band in the binding fraction. The sizes of the protein ladder are 706 

noted on the left. N ≥ 3.  707 

(B) Strain CCS05 (16, 43) producing FLAG-IdsCS38P/R186Q and mKate-IdsD. Left, Phase. Middle, 708 

fluorescence in the RFP channel for mKate-IdsD, background subtracted. Right, false-colored 709 
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overlay in which for contrast, mKate-IdsD fluorescence is in red and phase is in cyan. Scale bar 710 

is 10 μm.  711 

(C) In vivo recognition assay for IdsD cell-to-cell transfer in which IdsD secretion results in 712 

reduced swarm colony radius, while abrogation of secretion results in an increased swarm colony 713 

radius (16). T6S+ are P. mirabilis strains producing a fully functional T6S system. T6S- are 714 

derived from strain CCS05 (16). Average and standard deviation (s.d.) are shown. N = 10.  715 

(D) The proteins from 75 – 250 kDa of TCA-extracted supernatants from liquid-grown cells 716 

producing FLAG-IdsC or FLAG-IdsCS38P/R186Q from a modified pIdsBB plasmid (15) were 717 

analyzed by LC-MS/MS as previously described (26). The non-secreted sigma-70 protein was 718 

used as a control for cell lysis.  719 

 720 

Figure 5. IdsC does not neutralize IdsD transferred from neighboring cells. CCS05 721 

expressing pIdsBB-ΔIdsE will boundary with BB2000 (3).  722 

(A) To test whether periplasmic IdsC binds transferred IdsD, CCS05 strains carrying modified 723 

pIdsBB-ΔIdsE to express FLAG-IdsC with two signal sequences, PelB or OmpA, to target FLAG-724 

IdsC to the periplasm, were tested for self-recognition phenotypes on kanamycin against BB2000 725 

and Δids each carrying an empty plasmid that confers kanamycin resistance. BB2000 and Δids 726 

are expected to form a boundary (white arrows). If periplasmic FLAG-IdsC binds and neutralizes 727 

transferred IdsD, the expectation is that these strains will merge with BB2000. Test strains 728 

formed boundaries with BB2000 (grey arrows) and merged with Δids (yellow arrows). N = 3.  729 

(B) In vivo recognition assay to determine whether cytoplasmic FLAG-IdsC would bind and 730 

neutralize transferred IdsD. BB2000 or BB2000::ΔidsE carrying an inducible plasmid (9) 731 

encoding FLAG-IdsC. Open circles indicate migration radii per replicate and bars indicate 732 
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average migration radius. If cytoplasmic FLAG-IdsC binds and neutralizes transferred IdsD the 733 

expectation is that swarming radii of BB2000::ΔidsE would be restored to BB2000 levels upon 734 

induction of FLAG-IdsC expression. N = 3.  735 

 736 

Figure 6. Model for IdsD regulation before delivery into a neighboring cell. We propose that 737 

IdsC is necessary for the presence and subcellular clustering of IdsD in donor cells and that IdsC 738 

mediates IdsD transport at the T6S machinery partially through interactions with IdsB (VgrG). 739 

We posit that the IdsC clustering of IdsD provides a simple mechanism to explain the prevention 740 

of identity-defining IdsD-IdsE interactions in the donor cell.  741 

  742 
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Table 1. Strains used.   743 

Strain Detailed description Source 

Proteus mirabilis strains 

BB2000 Wild-type (56) 

∆ids ∆ids::Tn-Cm(R) (15) 

∆ids c. pIdsBB 

 

∆ids carrying a plasmid expressing the ids 

operon from strain BB2000 under control of its 

native ids upstream region; this plasmid was 

first described as pidsBB2000 in (15). 

(15) 

∆ids c. pKG101 ∆ids carrying a plasmid expressing 

promoterless green fluorescent protein.  

(25) 

BB2000 c. pKG101 BB2000 carrying a plasmid expressing 

promoterless green fluorescent protein. 

(25) 

∆ids c. pIdsBB-FLAG-

IdsC-mKate2-IdsD 

 

 

∆ids carrying a modified pIdsBB plasmid in 

which an N-terminal FLAG epitope tag is 

encoded in-frame with idsC and an N-terminal 

mKate2 fluorophore is encoded in frame with 

idsD. 

This study 

∆ids::BB2000_0821w

t-sfgfp  

∆ids with chromosomal BB2000_0821 fused to 

sfgfp replacing the wildtype allele. 

(43) 

∆ids::BB2000_0821w

t-sfgfp c. pIdsBB-FLAG-

IdsC-mKate2-IdsD 

∆ids::BB2000_0821wt-sfgfp carrying a modified 

pIdsBB plasmid in which an N-terminal FLAG 

epitope tag is encoded in-frame with idsC and 

This study 
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an N-terminal mKate2-fluorophore is encoded 

in frame with idsD. 

CCS05 ∆ids with chromosomal BB2000_0821 with a 

single T Æ G point mutation at base pair 95. 

This produces the protein TssBL32R, resulting in 

a disrupted T6S sheath. 

(16) 

CCS05 c. pIdsBB-

FLAG-IdsC-mKate2-IdsD 

CCS05 carrying a modified pIdsBB plasmid in 

which an N-terminal FLAG epitope tag is 

encoded in-frame with idsC and an N-terminal 

mKate2-fluorophore is encoded in frame with 

idsD. 

This study 

BB2000_0808* BB2000_0808::Tn-Cm(R). First described as 

tssN* in (26).  

(26) 

BB2000_0808* c. 

pIdsBB-FLAG-IdsC-

mKate2-IdsD 

BB2000_0808* carrying a modified pIdsBB 

plasmid in which an N-terminal FLAG epitope 

tag is encoded in-frame with idsC and an N-

terminal mKate2-fluorophore is encoded in 

frame with idsD. 

This study 

∆ids::BB2000_0814

G1145A 

Modified protein(s): 

BB2000 with chromosomal BB2000_0814 with 

a GÆA point mutation at base pair 1145. This 

results in the production of TssKS382N 

(TssKpartial) 

This study  

 on M
arch 22, 2018 by H

arvard Library
http://jb.asm

.org/
D

ow
nloaded from

 



	 234 

	

 38 

∆ids::BB2000_0814G

1145A c. pIdsBB-FLAG-

IdsC-mKate2-IdsD 

∆ids with chromosomal BB2000_0814 with a 

GÆA point mutation at base pair 1145 linked 

to carrying a modified pIdsBB plasmid in which 

an N-terminal FLAG epitope tag is encoded in-

frame with idsC and an N-terminal mKate2-

fluorophore is encoded in frame with idsD. 

This study   

∆ids::BB2000_0814

G1329T 

BB2000 with chromosomal BB2000_0814 with 

a GÆT point mutation at base pair 1329. This 

results in the production of TssKW443C(TssKnull). 

This study  

∆ids::BB2000_0814G

1329T c. pIdsBB-FLAG-

IdsC-mKate-IdsD 

∆ids with chromosomal BB2000_0814 with a 

GÆT point mutation at base pair 1329 carrying 

a modified pIdsBB plasmid. Plasmid has an N-

terminal FLAG epitope tag encoded in-frame 

with idsC and an N-terminal mKate2-

fluorophore is encoded in frame with idsD. 

This study 

BB2000::BB2000_0

821wt-sfgfp, 

BB2000_0814G1145A 

BB2000 with chromosomal BB2000_0821 

linked to super-folder gfp and BB2000_0814 

with a G Æ A point mutation at base 1145.  

This study 

BB2000:: 

BB2000_0821wt-

sfgfp, 

BB2000_0814G1329T 

BB2000 with chromosomal BB2000_0821 

linked to super-folder gfp and BB2000_0814 

with a G Æ T point mutation at base 1329. 

This study 

BB2000:: BB2000 with chromosomal BB2000_0821 This study 
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BB2000_0814G1145A BB2000_0814 with a G Æ A point mutation at 

base 1145. 

BB2000:: 

BB2000_0814G1329T 

BB2000 with chromosomal BB2000_0814 with 

a G Æ T point mutation at base 1329. 

This study 

CCS05 c. pIdsBB- 

FLAG-IdsC-mKate2-IdsD-

ΔIdsE 

 

CCS05 carrying a modified pIdsBB plasmid 

with an N-terminal FLAG epitope tag encoded 

in-frame with idsC, an N-terminal mKate2-

fluorophore encoded in frame with idsD and an 

in-frame deletion of idsE. 

This study  

CCS05 c. pIdsBB-

FLAG-IdsCΔDUF-mKate2-

IdsD 

 

CCS05 carrying a modified pIdsBB plasmid in 

which an N-terminal FLAG epitope tag is 

encoded in-frame with idsC with nucleotides 

373-762 deleted and an N-terminal mKate2-

fluorophore is encoded in frame with idsD.  

This study  

∆ids c. pIdsBB-FLAG-

IdsCΔDUF-mKate2-IdsD 

 

∆ids carrying a modified pIdsBB plasmid in 

which an N-terminal FLAG epitope tag is 

encoded in-frame with idsC with nucleotides 

373-762 deleted and an N-terminal mKate2-

fluorophore is encoded in frame with idsD.  

This study  

∆ids c. pIdsBB-ΔIdsABC ∆ids carrying a modified pIdsBB plasmid with 

an in-frame deletion of idsA through idsC. The 

plasmid was first described as ABC- in (15). 

(15) 

∆ids c. pIdsBB-ΔIdsDEF ∆ids carrying a modified pIdsBB plasmid with (15) 

 on M
arch 22, 2018 by H

arvard Library
http://jb.asm

.org/
D

ow
nloaded from

 



	 236 

	

 40 

an in-frame deletion of idsD through idsF. The 

plasmid was first described as DEF- in (15). 

∆ids c. pIdsBB-IdsBmt 

 

∆ids carrying a modified pIdsBB plasmid with a 

711-bp disruption of IdsB. The plasmid was 

first described as B- in (15). 

(15) 

∆ids c. pIdsBB-IdsCmt 

 

∆ids carrying a modified pIdsBB plasmid with 

insertion of three stop codons resulting in 

disruption of IdsC. The plasmid was first 

described as C- in (15). 

(15) 

∆ids c. pIdsBB-IdsFmt 

 

∆ids carrying a modified pIdsBB plasmid with a 

1.9 kbp insertion resulting in disruption of IdsF. 

The plasmid was first described as F- in (15). 

(15) 

∆ids c. pIdsBB-FLAG-

IdsC 

 

∆ids carrying a modified pIdsBB plasmid in 

which an N-terminal FLAG epitope tag is 

encoded in-frame with idsC. 

This study 

∆ids c. pIdsBB-FLAG-

IdsCΔDUF 

 

∆ids carrying a modified pIdsBB plasmid in 

which an N-terminal FLAG epitope tag is 

encoded in-frame with idsC with nucleotides 

373-762 deleted. 

This study 

∆ids c. pIdsBB-FLAG-

IdsC-ΔIdsE 

 

∆ids carrying a modified pIdsBB plasmid in 

which an N-terminal FLAG epitope tag is 

encoded in-frame with idsC and an in-frame 

deletion of idsE. 

This study 
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CCS05 c. pIdsBB-

FLAG-IdsC-ΔIdsE 

CCS05 carrying a modified pIdsBB plasmid in 

which an N-terminal FLAG epitope tag is 

encoded in-frame with idsC and an in-frame 

deletion of idsE. 

This study 

∆ids c. pIdsBB-FLAG-

IdsCΔDUF-ΔIdsE 

 

∆ids carrying a modified pIdsBB plasmid in 

which an N-terminal FLAG epitope tag is 

encoded in-frame with idsC with nucleotides 

373-762 deleted and an in-frame deletion of 

idsE.  

This study 

CCS05 c. pIdsBB-

FLAG-IdsCΔDUF-ΔIdsE 

 

CCS05 carrying a modified pIdsBB plasmid in 

which an N-terminal FLAG epitope tag is 

encoded in-frame with idsC with nucleotides 

373-762 deleted and an in-frame deletion of 

idsE. 

This study  

∆ids c. pIdsBB-FLAG-

IdsCS38P/R186Q 

 

∆ids carrying a modified pIdsBB plasmid in 

which an N-terminal FLAG epitope tag is 

encoded in-frame with idsC containing a TÆC 

mutation at nucleotide 112 and a GÆA 

mutation at nucleotide 557.  

This study 

CCS05 c. pIdsBB-

FLAG-IdsCS38P/R186Q-

mKate2-IdsD 

 

CCS05 carrying a modified pIdsBB plasmid in 

which an N-terminal FLAG epitope tag is 

encoded in-frame with idsC containing a TÆC 

mutation at nucleotide 112 and a GÆA 

This study 
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mutation at nucleotide 557. N-terminal 

mKate2-fluorophore is encoded in frame with 

idsD.   

∆ids c. pIdsBB-FLAG-

IdsCS38P/R186Q-ΔIdsE 

 

∆ids carrying a modified pIdsBB plasmid in 

which an N-terminal FLAG epitope tag is 

encoded in-frame with idsC containing a TÆC 

mutation at nucleotide 112 and a GÆA 

mutation at nucleotide 557. In-frame deletion of 

idsE.  

This study 

CCS05 c. pIdsBB-

FLAG-IdsCS38P/R186Q-

ΔIdsE 

 

CCS05 carrying a modified pIdsBB plasmid in 

which an N-terminal FLAG epitope tag is 

encoded in-frame with idsC containing a TÆC 

mutation at nucleotide 112 and a GÆA 

mutation at nucleotide 557. In-frame deletion of 

idsE.  

This study 

CCS05 c. pIdsBB-PelB-

FLAG-IdsC- ΔIdsE 

CCS05 carrying a modified pIdsBB plasmid in 

which a PelB signal sequence is encoded 

upstream of a N-terminal FLAG epitope tag 

encoded in-frame with idsC. In-frame deletion 

of idsE. 

This study  

CCS05 c. pIdsBB-

OmpA-FLAG-IdsC- ΔIdsE 

CCS05 carrying a modified pIdsBB plasmid in 

which an OmpA signal sequence is encoded 

upstream of a N-terminal FLAG epitope tag 

This study  
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encoded in-frame with idsC. In-frame deletion 

of idsE. 

BB2000::ΔidsE BB2000 with a chromosomal idsE deletion.  This study  

BB2000::ΔidsE c. 

pTet-FLAG-IdsC 

BB2000::ΔidsE carrying an anhydrotetracycline 

inducible plasmid encoding idsC with an 

upstream N-terminal FLAG-epitope tag.  

This study  

BB2000 c. pTet-FLAG-

IdsC 

BB2000 carrying an anhydrotetracycline 

inducible plasmid encoding idsC with an 

upstream N-terminal FLAG-epitope tag. 

This study  

   

Escherichia coli 

strains 

  

BL21(DE3) pLysS 

c. pAD100 

BL21(DE3) pLysS carrying an IPTG-inducible, 

high copy plasmid, containing a non-expressed 

FLAG- and His6- tagged fragment of Fok1. 

(52) 

BL21(DE3) c. pAD-

DBB-His6 

BL21(DE3) pLysS carrying a C-terminal His6-

tagged idsD from strain BB2000 subcloned into 

pAD100 in place of Fok1.  

(24) 

BL21(DE3) pLysS 

c. pAD-IdsC-FLAG 

 

BL21(DE3) pLysS carrying a C-terminal 

FLAG-tagged idsC subcloned into pAD100 in 

place of Fok1. 

This study 

BL21(DE3)  

c. pAD-IdsCΔDUF-

BL21(DE3) carrying a C-terminal FLAG-

tagged idsC with nucleotides 382-765 deleted 

This study 
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 744 

 745 

FLAG 

 

subcloned into pAD100 in place of Fok1. 

S17Opir Mating strain (63) 

XL10 Gold 

Ultracompetent Cells 

Cloning strain for pAD100-derived plasmids. Agilent 

Technologies, 

Santa Clara, CA. 

One Shot Omnimax 

2 T1R Competent 

Cells 

Cloning strain for pIds-derived plasmids.  Thermo Fisher 

Scientific, 

Waltham, MA. 

OneShot BL21(DE3) 

pLysS Competent 

Cells  

Strain for protein overexpression from 

pAD100-derived plasmids.    

Thermo Fisher 

Scientific, 

Waltham, MA.  on M
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A single point mutation in a TssB/VipA
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Abstract

The type VI secretion (T6S) system is a molecular device for the delivery of proteins from

one cell into another. T6S function depends on the contractile sheath comprised of TssB/

VipA and TssC/VipB proteins. We previously reported on a mutant variant of TssB that dis-

rupts T6S-dependent export of the self-identity protein, IdsD, in the bacterium Proteus mira-

bilis. Here we determined the mechanism underlying that initial observation. We show that

T6S-dependent export of multiple self-recognition proteins is abrogated in this mutant strain.

We have mapped the mutation, which is a single amino acid change, to a region predicted to

be involved in the formation of the TssB-TssC sheath. We have demonstrated that this

mutation does indeed inhibit sheath formation, thereby explaining the global disruption of

T6S activity. We propose that this mutation could be utilized as an important tool for studying

functions and behaviors associated with T6S systems.

Introduction

Type VI secretion (T6S) systems, widely found among Gram-negative bacteria, are cell-punc-
turing devices that deliver cargo proteins from one cell into another or into the environment
[1–22]. T6S function, and ultimately cargo delivery, depends on a contractile sheath made up
of TssB/VipA (Pfam family PF05591) and TssC/VipB (Pfam family PF05943) proteins [6, 23,
24]. TssB and TssC bind one another to form protomers, which in turn assemble into the con-
tractile sheath [25–27]. Subcellular visualization of the T6S machinery has often relied on the
fusion of TssB to fluorescent proteins such as superfolder Green Fluorescent Protein (sfGFP)
and mCherry, thereby allowing the detection of sheath dynamics and interactions between
TssB and TssC, as well as measuring the active firing of T6S machines within a population [4–
6, 17, 18, 28–32]. While many model systems for T6S contain multiple loci encoding different
T6S machines, Proteus mirabilis strain BB2000 is one of many less-studied organisms with a
single T6S system and single alleles for TssB (BB2000_0821) and TssC (BB2000_0820) [33, 34].
We have previously reported that a point mutation in BB2000_0821 results in the blocked
export of proteins belonging to the Ids recognition system [35]. This mutation lies in an
unstructured region of the TssB monomer that was previously unexamined. Here we show
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that the identified point mutation disrupts global T6S export function. Based on published
structures of the TssB-TssC sheath in other organisms, we mapped the point mutation to a
region involved in sheath formation [25–27]. We specifically demonstrate that this point
mutation inhibits sheath polymerization and that this is the likely mechanism for disrupted
T6S export. Since this single point mutation disrupts global T6S function without disrupting
the structure of the operon, and likely the core membrane components, we posit that the muta-
tion provides a valuable tool for studying T6S-associated phenotypes in multiple organisms.

Materials andmethods

Bacterial strains and media

Strains and plasmids used in this study are described in Table 1. P.mirabilis strains were main-
tained on LSW- agar [36]. CM55 blood agar base agar (Oxoid, Basingstoke, England) was used
for swarm-permissive nutrient plates. Overnight cultures of all strains were grown in LB broth
under aerobic conditions at 37˚C. Antibiotics used were: 35 microgram/milliliter (μg/ml)

Table 1. Strains used in this study.

Strain Notes Source

HI4320 Wild-type strain [37, 38]

Δids::tssBwt This strain, derived from the P.mirabilis wild-type strain BB2000,
produces TssBwt and none of the Ids proteins.

[39]

icmF*::tssBwt This strain was previously reported as strain tssN*. It contains a
transposon insertion in gene BB2000_0808, which encodes the TssM/
IcmF homolog in P.mirabilis.

[34]

Δids::tssBmut This strain was previously reported as strain CCS05. It produces the
TssBL32R mutant variant and is deficient in T6S-mediated transport.

[35]

Δids::tssBwt carrying
(c.) pLW101

This strain carries a derivative of the low-copy plasmid pIdsBB [39],
which encodes the entire ids operon under control of its native
promoter, and in which a FLAG epitope (N-DYKDDDDK-C) was
inserted immediately before the idsA stop codon [34]. This strain was
used for the LC-MS/MS studies.

[34]

Δids::tssBmut c.
pLW101

This strain carries pLW101. This strain was used for the LC-MS/MS
studies.

[35]

Δids:: tssBwt-sfgfp This strain produces TssBwt fused to sfGFP. This
study

Δids::tssBmut-sfgfp This strain produces TssBL32R fused to sfGFP. This
study

icmF*::tssBwt-sfgfp This icmF*::tssBwt-derived strain produces TssBwt fused to sfGFP. This
study

Δids::tssBwt c. pIdsBB-
ΔE

This strain was previously reported as strain CCS06. It produces
BB2000-derived IdsD from a pIdsBB [39]-derived plasmid, but not
IdsE. It also produces TssBwt.

[35]

Δids::tssBmut c.
pIdsBB-ΔE

This strain produces BB2000-derived IdsD from a pIdsBB [39]-derived
plasmid, but not IdsE. It also produces TssBL32R.

[35]

Δids::tssBwt-sfgfp c.
pIdsBB-ΔE

This strain produces BB2000-derived IdsD from a pIdsBB [39]-derived
plasmid, but not IdsE. It also produces TssBwt fused to sfGFP.

This
study

Δids::tssBmut-sfgfp c.
pIdsBB-ΔE

This strain produces BB2000-derived IdsD from a pIdsBB [39]-derived
plasmid, but not IdsE. It also produces TssBL32R fused to sfGFP.

This
study

S17λpir E. colimating strain for moving plasmids into P.mirabilis [40]

SM10λpir E. colimating strain for moving suicide vector pKNG101 [41] into P.
mirabilis

[42]

* contains a mini-Tn5-Cm insertion

https://doi.org/10.1371/journal.pone.0184797.t001

A single point mutation disrupts T6S sheath formation
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kanamycin, 50 μg/ml chloramphenicol, 15 μg/ml tetracycline, and 25 μg/ml streptomycin.
Kanamycin was added for plasmid maintenance where appropriate.

Construction of strains Δids::tssBwt-sfgfp and Δids::tssBmut-sfgfp

BB2000-derived Δids::tssBwt-sfgfp and Δids::tssBmut-sfgfpwere constructed using 5’-GATTA
GCAGCAATATCGAGCTC-3’as the forward and 5’- GCGCGCTCTAGACCTTAAGTTAAAC
CAAATATAGCTG-3’as the reverse primer to amplify BB2000_0821, encoding the P.mirabilis
TssB homolog, and its upstream region from genomic DNA of the wild-type strain BB2000
[36] or of the BB2000-derived mutant strain Δids::tssBmut [35]. The polymerase chain reaction
(PCR) product was digested with DpnI (New England Biolabs, Ipswich, MA). Overlap exten-
sion PCR [43] was used to combine the PCR product and a gBlock (Integrated DNA Technol-
ogies, Inc., Coralville, IA) containing the gene encoding sfGFP (gBlock sequence:
5’CGCGGGCCCGGTATTACCCCATAAATAGTGCTCATGGTCTTGTTTAACATTTTCTGAA

TAGTTAAACATTTTTACAGGGTTTTCTGTTGGAGAGTATGGCAAACGTAATAAGAAAC
GCGGTGCTGTTAACCCTAAATAACGGGAATCTTCTGCTTCACGCAGTGAGCGCCATTTAGT
GTGTGCAGGGCCTTCAAAAACAGATTTTAGATCTTTAATTGCCGGCAGTTCAGCGTAGCTAT
TAATACCAAAGAAATTAGGTGAAACAGATGATAGGAATGGCGCGTGAGCCATTGCACCAA
CAGTACTAACATACTGCATTAACTTCATATCTGGCGCAGTATTGTTAAAGGCGTAGTTAC
CAATAACTGTTGCAACAGGTTCACCACCAAATTGGCCGTATCCTGAAGAGTAGACGTGTTG
ATAGAAGCCTGATTGAACAATTTCTGGAGAAAATTCAAAATCTTCTAATAACTCTTCTT
TAGTTGCATGAAGAATATTGATCTTAATATTTTCTCTAAAATCAGTGCGATCAACGAGTA
ATTTTAAAGAACGCCATGAAGCTTCAATTTCTTGAAATTTAGGCGCGTGAAGAATTTCGTC
AACTTGAGTACTTAGTTTATTATCAAGTTCAACAAGCATTTTATCGATTAATAATCGATTG
ATCTGTTGGTCTTCAGATTCACTGGCGAAAATATTACTAATAAAAGCAGCAACACCTTG
TTTGGCAATATCGTATGCTTCTGTTTCTGGAGACATACGTGATTGAGCCATAATTTCATCA
AGTAAAGAGCCTGTAGATGCGGGGGCTTGTTGCTCTTGAGCTTCTGCATTTAGTGACATGA
AATAATCCTCTATAAACATTATTTGTAGAGCTCATCCATGCCATGTGTAATCCCAGCAGC
AGTTACAAACTCAAGAAGGACCATGTGGTCACGCTTTTCGTTGGGATCTTTCGAAAGGACAG
ATTGTGTCGACAGGTAATGGTTGTCTGGTAAAAGGACAGGGCCATCGCCAATTGGAGTAT
TTTGTTGATAATGGTCTGCTAGTTGAACGGAACCATCTTCAACGTTGTGGCGAATTTTG
AAGTTAGCTTTGATTCCATTCTTTTGTTTGTCTGCCGTGATGTATACATTGTGTGAGTTAA
AGTTGTACTCGAGTTTGTGTCCGAGAATGTTTCCATCTTCTTTAAAATCAATACCTTTT
AACTCGATACGATTAACAAGGGTATCACCTTCAAACTTGACTTCAGCACGCGTCTTGTA
GGTCCCGTCATCTTTGAAAGATATAGTGCGTTCCTGTACATAACCTTCGGGCATGGCACT
CTTGAAAAAGTCATGCCGTTTCATGTGATCCGGATAACGGGAAAAGCATTGAACACCATAG
GTCAGAGTAGTGACAAGTGTTGGCCATGGAACAGGTAGTTTTCCAGTAGTGCAAATAAATTTA
AGGGTGAGTTTTCCGTTTGTAGCATCACCTTCACCCTCTCCACGGACAGAAAATTTGTGCCC
ATTAACATCACCATCTAATTCAACAAGAATTGGGACAACTCCAGTGAAAAGTTCTTCTCCTT
TGCTTCCTCCTCCAGCAGCAGCTTTTTGATTAGCAGCAATATCGAGCTC-3’).
5’CGCGGGCCCGGTATTACCCCATAAATAGTGC-3’ and 5’- GCGCGCTCTAGACCTTAAG
TTAAACCAAATATAGCTG-3’were used as the forward and reverse primers, respectively.
Restriction digestion with ApaI and XbaI (New England Biolabs, Ipswich, MA) was used to
introduce the overlap extension PCR product into the suicide vector pKNG101 [41]. The
resulting vectors pCS48a (tssBmut-sfgfp) and pCS48b (tssBwt-sfgfp)were introduced into the
mating strain E. coli SM10λpir [42] and then mated into BB2000-derived Δids [39]. The resul-
tant matings were subjected to antibiotic selection using tetracycline and streptomycin on
LSW- agar. Candidate strains were subjected to sucrose counter-selection to select for clones
that integrated the target DNA sequence into the chromosome in exchange for the wild-type

A single point mutation disrupts T6S sheath formation
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DNA sequence [44]. 5’- GCCATCAACATCAAGTACTTTG-3’ and 5’- CATGAGCAGTCC
AAATTGATC-3’were used as the forward and reverse primers, respectively, to amplify the
exchanged chromosomal regions by colony PCR. PCR reactions were purified and the entire
exchanged region was sequenced to confirm strains. Sequencing was performed by GENE-
WIZ, Inc. (South Plainfield, NJ).

Trichloroacetic acid precipitations, SDS-PAGE, and LC-MS/MS

Trichloroacetic acid precipitations were performed as previously described [34]. Gel fragments
corresponding to molecular weights of approximately 10 to 20, 20 to 40, 40 to 60 and 60 to 250
kilodaltons (kDa) were excised and subjected to liquid chromatography-mass spectrometry/
mass spectrometry (LC-MS/MS), which was performed by the Taplin Biological Mass Spec-
trometry Facility (Harvard Medical School, Boston, MA).

Colony expansion and co-swarm inhibition assays

Overnight cultures were normalized to an optical density at 600 nm (OD600) of 0.1 and
swarm-permissive nutrient plates were inoculated with one microliter (μl) of normalized cul-
ture. Plates were incubated at 37˚C for 16 hours, and radii of actively migrating swarms were
measured. Additionally, widths of individual swarm rings within the swarm colonies were
recorded.

For co-swarm inhibition assays, strains were processed as described and mixed at a ratio of
1:1 where indicated. Swarm-permissive nutrient plates supplemented with Coomassie Blue
(20 μg/ml) and Congo Red (40 μg/ml) were inoculated with one μl of normalized culture/cul-
ture mixes. Plates were incubated at 37˚C until boundary formation was visible by eye.

Modeling of TssBwt and TssBL32R

Swiss-Model [45–48] was used for all modeling, and the atomic model, PDB ID: 3j9g (from
http://www.rcsb.org [25, 49, 50]) was used as a template. Resulting.pdb files were modified in
PyMOL v1.8.4.1 [51].

Microscopy

One millimeter thick swarm-permissive agar pads were inoculated directly from overnight cul-
tures. The agar pads were incubated at 37˚C in a modified humidity chamber. After 4.5–5.5
hours, the pads were imaged by phase contrast as well as epifluorescence microscopy using a
Leica DM5500B (Leica Microsystems, Buffalo Grove, IL) and a CoolSnap HQ2 cooled CCD
camera (Photometrics, Tucson, AZ). MetaMorph version 7.8.0.0 (Molecular Devices, Sunny-
vale, CA) was used for image acquisition.

Western blotting

To test for the production of the sfGFP-fused proteins, cells were isolated from swarm-permis-
sive nutrient plates supplemented with chloramphenicol after 16–20 hours, resuspended in 5
ml LB broth, and normalized to an OD600 of 1. Cells were pelleted by centrifugation and the
pellet was resuspended in sample buffer and boiled. Samples were separated by gel electropho-
resis using 12% Tris-tricine polyacrylamide gels, transferred onto 0.45 micrometer nitrocellu-
lose membranes, and probed with polyclonal rabbit anti-GFP (1:4000, ThermoFisher
Scientific, Waltham, MA) or mouse anti-σ70 (1:1000, BioLegend, San Diego,CA, catalog num-
ber 663202) followed by goat anti-rabbit or goat anti-mouse conjugated to horseradish peroxi-
dase. The polyclonal rabbit anti-GFP antibody was supplied at a concentration of 2 mg/ml

A single point mutation disrupts T6S sheath formation
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(Thermo Fisher Scientific, Waltham, MA, catalog number A-11122, immunogen: GFP from
jellyfish Aequorea Victoria). The goat anti-mouse secondary antibody was used at a 1:5000
dilution (KPL, Inc., Gaithersburg, MD, catalog number 214–1806) as was the goat anti-rabbit
secondary (KPL, Inc., Gaithersburg, MD, catalog number 074–1506). A Precision Plus Pro-
tein™Dual Color Standards molecular size marker (Bio-Rad Laboratories, Inc., Hercules, CA)
was included as a size control. Membranes were developed with the Immun-Star HRP Sub-
strate Kit (Bio-Rad Laboratories, Hercules, CA) and visualized using a Chemidoc (Bio-Rad
Laboratories, Hercules, CA). TIFF images were exported and figures were made in Adobe
Illustrator (Adobe Systems, San Jose, CA).

Results

The tssBmutant strain does not export self-recognition proteins

Several self-recognition proteins in P.mirabilis strain BB2000 are exported by its T6S system;
these include the Hcp (Pfam family PF05638) homologs IdsA and IdrA, the VgrG (Pfam fam-
ily PF05954) homologs IdsB and IdrB, and the self-identity protein IdsD [34]. We previously
reported that a strain expressing a point mutation (L32R) from gene BB2000_0821, which
encodes the P.mirabilis TssB homolog, results in the lack of IdsA, IdsB, and IdsD export [35].
To determine whether global T6S export was disrupted or whether the defect was specific to
proteins belonging to the Ids system, we examined the Idr-specific secretion profile of the
mutant strain. We collected supernatants of liquid-grown cells producing either TssBwt or
TssBL32R. These supernatants were subjected to trichloroacetic acid precipitations followed by
LC-MS/MS analysis. We identified peptides belonging to IdrA (Hcp), IdrB (VgrG) and the
putative Idr effector IdrD in the supernatants of the wild type, but not of the mutant strain
(Table 2).

To confirm these secretion profiles, we employed an in vivo assay for Idr self-recognition
activity. The Idr proteins contribute to inter-strain competitions during swarm migration
[34], which is a highly coordinated, flagella-based social motility in P.mirabilis [52–54].
Briefly, the assay consists of mixing two different strains of P.mirabilis at a 1:1 ratio and allow-
ing for swarm migration; at the completion of swarm migration, one strain dominates over the
other and thus occupies the outer edges of the swarm colony [34]. The dominating strain can
be identified by swarm boundary formation assays in which two genetically identical strains
merge to form a single larger swarm, while two genetically distinct strains remain separate and
form a visible boundary (Fig 1A) [39, 55–57]. P.mirabilis strain BB2000 dominates over the
genetically distinct strain HI4320, permitting BB2000 to occupy the outer edges of a mixed
swarm colony, which thus merges with the swarm colony of BB2000 and forms a boundary
with the swarm colony of HI4320 [34]. Absence of Idr proteins or of T6S in BB2000 allows for
HI4320 to dominate the mixed swarm instead [34]. Loss of the Ids proteins in BB2000 has no
effect [34]. We therefore performed these assays using BB2000-derived strains that lack the Ids
proteins (Δids) and produce either TssBwt or the mutant TssBL32R. As a control, we used the
BB2000-derived strain, icmF⇤, which contains a disruption in the gene encoding the T6S core
membrane component TssM/IcmF (Pfam family PF12790); this mutant strain is defective for
T6S function [33, 34]. As expected, Δids producing TssBwt dominated over strain HI4320, and
conversely, strain HI4320 dominated over icmF⇤ (Fig 1B). Δids producing the mutant TssBL32R
did not dominate over HI4320 (Fig 1B), indicating that Idr-dependent inter-strain competi-
tion was disrupted in this strain. As co-swarm inhibition of HI4320 by BB2000-derived strains
is dependent on the export of Idr self-recognition proteins, we conclude that a strain produc-
ing TssBL32R is defective in the export of Idr proteins. Together, the secretion profile and
swarm assays support that this mutation (TssBL32R) causes a global loss in T6S export activity.

A single point mutation disrupts T6S sheath formation
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The L32Rmutation in the TssB homolog prohibits sheath formation

To understand the disrupted T6S export, we modeled the P.mirabilis BB2000 T6S sheath
structure on a published structure of the Vibrio cholerae T6S sheath [25] (Fig 2). We then
mapped the L32R point mutation onto this P.mirabilis model structure (Fig 2). The point
mutation causes a hydrophobic leucine at position 32 to be substituted with a positively
charged arginine, which has a larger side chain and different electrochemical properties (Fig
2A). Amino acid 32 maps to an unstructured region between the first two beta sheets of TssB
(Fig 2B and 2C) [25, 26]. The first beta sheet is involved in interactions between TssB-TssC

Table 2. Idr-specific LC-MS/MS results of supernatant fractions from strains producing TssBwt or TssBL32R.

Strain TssB variant
produced

Protein Predicted size
(kDa)

Gel slice (approx. kDa
range)

No. of unique
peptides

No. of total
peptides

Coverage
(%)

Δids::tssBwt c.
pLW101

TssBwt σ70 71.11 60–250* 0 0 0

40–60 0 0 0

20–40 2 2 4.37

10–20 0 0 0

IdrA 18.99 60–2501 2 3 13.95

40–60 0 0 0

20–402 8 29 55.81

10–20*3 4 21 26.74

IdrB 80.23 60–250* 4 4 7.26

40–60 0 0 0

20–40 2 2 4.52

10–20 2 2 6.58

IdrD 178.29 60–250* 2 2 1.33

40–60 2 2 1.27

20–40 7 10 3.16

10–20 8 59 3.73

Δids::tssBmut c.
pLW101

TssBL32R σ70 71.11 60–250* 0 0 0

40–60 0 0 0

20–40 0 0 0

10–20 0 0 0

IdrA 18.99 60–250 0 0 0

40–60 0 0 0

20–40 0 0 0

10–20*1 2 2 13.95

IdrB 80.23 60–250* 0 0 0

40–60 0 0 0

20–40 0 0 0

10–20 0 0 0

IdrD 178.29 60–250* 0 0 0

40–60 0 0 0

20–40 0 0 0

10–20 0 0 0

* Expected kDa range according to molecular weight
1 Given the high degree of sequence similarity between the Hcp homologs IdsA and IdrA, all unique peptides could be assigned to IdsA or IdrA
2 3 unique (3 total) are IdrA, others could be assigned to IdsA or IdrA
3 2 unique (2 total) are IdrA, others could be assigned to IdsA or IdrA

https://doi.org/10.1371/journal.pone.0184797.t002
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protomers that hold together the strands of the sheath helix, while the second beta sheet is
involved in TssB-TssC interactions within individual protomers (Fig 2B and 2C) [25, 26].
Given the position within the T6S sheath, we hypothesized that the L32R mutation interferes
with sheath formation.

We introduced the mutation into a Δids strain producing TssB fused to sfGFP to directly
observe sheath formation in vivo. To validate the functionality of this tool in P.mirabilis strain
BB2000, we examined the ability of the TssB-sfGFP variants to export self-recognition proteins
using established assays. We subjected Δids::tssBwt-sfgfp and Δids::tssBmut-sfgfp to Idr-depen-
dent inter-strain competitions with strain HI4320 as described above. Surprisingly, HI4320
dominated over both strains (Fig 3A), which suggested that T6S export is impaired in both
strains. A more quantitative assay for T6S function is a swarm expansion assay using the Ids
proteins; in this assay, a reduced swarm colony radius indicates that the self-identity determi-
nant IdsD has been exported and that T6S is functional [35]. As previously reported [35], the

Fig 1. The L32Rmutation disrupts Idr function. (A) Schematic of the Idr-dependent co-swarm assay. Strains are inoculated either as
monocultures or as 1:1 mixed cultures onto swarm-permissive media as previously described [34]. The dominating strain in the mixed
culture will occupy the outer swarm edges; boundary formation assays [39, 55–57] are then used to determine the identity of the dominating
strain. The test strain dominated the mixed swarm if the mixed swarm colony forms a visible boundary with strain HI4320. Conversely, strain
HI4320 dominated the mixed swarm if the mixed swarm does not form a boundary with strain HI4320. The dominating strain is indicated by a
dashed line. (B) The Idr-dependent co-swarm assay using the indicated strains. BB2000-derived Δids::tssBwt produces TssBwt; it lacks the
entire ids operon [39]. BB2000-derived icmF*::tssBwt produces TssBwt; it contains a chromosomal transposon insertion in the gene
encoding the core T6Smembrane component, TssM/IcmF [34]. Δids::tssBmut [35] produces the mutant variant TssBL32R.

https://doi.org/10.1371/journal.pone.0184797.g001

A single point mutation disrupts T6S sheath formation
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Fig 2. The L32Rmutation on amodel of the P.mirabilisBB2000 T6S sheath. (A) Cartoon representation of the P.mirabilis
BB2000 TssBmonomer (cyan) modeled after the V. cholerae TssB homolog [25]. The wild-type TssB variant has a leucine
(yellow) at position 32. The mutant variant TssBL32R has an arginine (light blue) at position 32. (B, C) Cartoon representation of a
portion of the wild-type P.mirabilis BB2000 T6S sheath containing TssBwt and the P.mirabilis BB2000 TssC homolog
(BB2000_0820) at two magnifications. It was modeled after the V. cholerae contracted sheath [25]. In this model, one complete
TssB-TssC protomer is highlighted, with TssB shown in cyan and TssC shown in pink. Two additional TssCmonomers are
highlighted in magenta and light pink. The wild-type TssB variant has a leucine (yellow) at position 32, which we have mapped to a

A single point mutation disrupts T6S sheath formation
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presence of wild-type TssB results in a reduced swarm colony radius, while disrupted T6S
function due to the presence of TssBL32R leads to a larger swarm colony radius (Fig 3B). We
examined the strain producing TssBwt-sfGFP and found that its swarm colony radius was
modestly increased in comparison to that of the strain producing untagged TssBwt (Fig 3B);
therefore, fusion of sfGFP to TssBwt caused a modest reduction in T6S function. Interestingly,
the reduced functionality of TssBwt-sfGFP in comparison to TssBwt was sufficient to prevent a
BB2000-derived strain to outcompete HI4320 in the idr-specific co-swarm assay (Fig 3A), fur-
ther supporting earlier observations of distinct functions for Ids and Idr proteins [34]. As
expected, the strain producing TssBL32R-sfGFP exhibited an even larger swarm colony radius,
similar to that of a strain producing untagged TssBL32R (Fig 3B). This observation demon-
strates a lack of T6S export [35] and thus confirms that strains producing TssBL32R do no
export the T6S substrate, IdsD.

We next employed the TssB-sfGFP tool to determine the ability of the mutant TssB variant
to support T6S sheath formation, thereby testing the hypothesis that TssBL32R does not support
sheath formation. Fluorescence associated with TssBwt-sfGFP appears in multiple discrete
(short or elongated) structures throughout cells on swarm-permissive agar (Fig 4A). This fluo-
rescence pattern is consistent with previous reports for TssB-sfGFP [6, 59]. In cells producing
the mutant fusion protein, diffuse fluorescence signal was present, and no elongated structures
or puncta were observed (Fig 4A). Therefore, the discrete structures, thought to be sheaths, did
not form. To further examine whether the discrete fluorescence was likely representative of
assembled T6S sheaths, we produced TssBwt-sfGFP in the icmF⇤ strain, which lacks the mem-
brane-associated complex of the T6S machinery and which we thus predicted to lack sheaths.
Again we observed that fluorescence was diffuse in these cells (Fig 4A), indicating the likely
absence of sheath formation.

A possible explanation for the diffuse fluorescence pattern in a strain producing TssBL32R-
sfGFP could be that the mutant TssB is less stable than the wild-type variant, which could
result in the cleavage of sfGFP from the fusion protein and ultimately a diffuse signal. We
examined whole cell extracts that were collected from swarming colonies and then subjected
these extracts to western blotting followed by incubation with anti-GFP antibodies. We found
no striking differences among the strains producing wild-type or mutant TssB-sfGFP (Fig 4B).
For both strains, we observed a dominant band corresponding to the size of the TssB-sfGFP
fusion protein and a fainter band corresponding to the size of monomeric sfGFP (Fig 4B).
This result suggests that while cleavage of the TssB-sfGFP fusion occurs, it does so for both the
wild-type and mutant TssB-sfGFP variants. We conclude that cleavage of the sfGFP does not
account for the differences in fluorescence patterns of these strains. Therefore, the L32R muta-
tion in TssB is sufficient to prohibit sheath formation in P.mirabilis.

Discussion

Here we have described the critical contribution of a single residue in TssB for sheath forma-
tion and global T6S export activity. We have shown that a L32R mutation in the P.mirabilis
TssB variant inhibits sheath assembly (Fig 4A) without altering relative amounts of this protein
(Fig 4B). The mutated leucine residue in the P.mirabilis variant corresponds to amino acid 26

predicted unstructured region between two beta sheets. Both beta sheets are thought to be involved in making contacts to TssC
monomers [25, 26]. (D, E) Magnified view of residue 32 and the neighboring residues (glycine in orange, valine in green, and
arginine in dark blue). (D) Wild-type leucine in yellow. (E) Mutant arginine in light blue. Swiss-Model [45–48] was used for all
modeling, and the atomic model 3j9g (from http://www.rcsb.org [25, 49, 50]) was used as a template. Resulting.pdb files were
modified in PyMOL v1.8.4.1 [51].

https://doi.org/10.1371/journal.pone.0184797.g002
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Fig 3. The TssBwt-sfGFP fusion is partially functional in P.mirabilis. (A) Idr-dependent co-swarm assays were performed as described
in Fig 1. Δids::tssBwt produces TssBwt; Δids::tssBwt-sfgfp produces wild-type TssB fused to sfGFP (TssBwt-sfGFP); and Δids::tssBmut-sfgfp
produces the L32Rmutant variant of TssB fused to sfGFP (TssBL32R-sfGFP). The dominating strain is indicated with a dashed line on all
plates. (B) Swarm assay in which a reduced swarm colony radius denotes that IdsD has been exported and transferred to an adjacent cell,
where it remained unbound due to the lack of its binding partner IdsE [35, 58]. Wild-type T6S function results in a reduced swarm colony
radius; disrupted T6S function results in larger swarm colony radii. Shown is the colony expansion after 16 hours on swarm-permissive agar
surfaces of monoclonal Δids-derived swarms producing IdsD and lacking IdsE [35]. Strains contain the indicated tssB alleles. Widths of
individual swarm rings within a swarm colony are marked by different shades. Representative images of swarm colonies after 24 hours are
shown below the graph. N = 3, error bars show standard deviations of individual swarm ring widths.

https://doi.org/10.1371/journal.pone.0184797.g003
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Fig 4. Sheath formation is inhibited by the L32Rmutation. (A) Swarm agar pads were inoculated with
indicated strains and incubated at 37˚C in a humidity chamber. After 4.5–5.5 hours, agar pads were imaged
using phase contrast and epifluorescence microscopy to visualize cell bodies and TssB-sfGFP variants,
respectively. BB2000-derived Δids::tssBwt-sfgfp produces wild-type TssB fused to sfGFP (TssBwt-sfGFP); it
lacks the entire ids operon [39]. Δids::tssBmut-sfgfp produces the L32Rmutant variant of TssB fused to sfGFP
(TssBL32R-sfGFP). icmF*::tssBwt-sfgfp produces TssBwt-sfGFP; it is derived from BB2000 and contains a
chromosomal transposon insertion in the gene encoding the core T6Smembrane component, TssM/IcmF
[34]. Scale bars, 10 μm. (B) Whole cell extracts from swarming colonies of Δids::tssBwt-sfgfp, Δids::tssBmut-
sfgfp and icmF*::tssBwt-sfgfpwere collected after 16–20 hours on swarm-permissive plates. Samples were
analyzed using western blot analysis and probed with an anti-GFP antibody to detect TssB-sfGFP and anti-

A single point mutation disrupts T6S sheath formation

PLOSONE | https://doi.org/10.1371/journal.pone.0184797 September 26, 2017 11 / 17



	 258 

	

in the Pfam model, T6SS_TssB (Pfam family PF05591) [24, 60–62]. Leucine 26 is highly con-
served in available sequences for Enterobacterales and is also well conserved across the major-
ity of Gammaproteobacteria; the conserved three amino acid sequence amongst
Enterobacterales is E/Q-L-P [63–65]. Remarkably, the leucine residue maps to an unstructured
region between the first two predicted beta sheets of the TssB protein (Fig 2). While the two
beta sheets flanking this residue are predicted to be involved in interactions with separate TssC
monomers in structural models of the sheath (Fig 2), the contribution of the unstructured
region was less apparent [25, 26]. Upon closer evaluation, we posit that this leucine residue
might contribute to a hydrophobic pocket (Fig 2D). A conversion to arginine then likely leads
to both steric and electrostatic conflicts within this pocket (Fig 2E). The hydrophobic pocket
and the examined leucine residue within it might be critical for interactions between TssB and
TssC in individual protomers or alternatively, for interprotomer interactions of TssB and TssC
that hold together the strands of the sheath helix. More examination is needed to elucidate
these physical interactions. Nonetheless, the observation that the L32R mutation results in dif-
fuse TssB-sfGFP signal within the cytoplasm (Fig 4A) supports the crucial role of this leucine
for sheath assembly.

Visualization of sheath formation and its subcellular localization has proven valuable in
multiple bacteria. TssB-sfGFP fusion proteins have been previously reported for V. cholerae
[6] and P.mirabilis strain HI4320 [59]; the homologous TssB-sfGFP was designed equivalently
in P.mirabilis strain BB2000 and introduced to the native locus on the chromosome replacing
the wild-type allele. This sfGFP fusion protein showed reduced T6S function as compared to
the wild-type variant (Fig 3). As similar defects were not reported previously [6, 59], we posit
that possible differences in the protein sequences and tertiary structures between species and
strains might be accentuated by the addition of sfGFP. Alternatively, these discrepancies in
T6S on the species and strain level might reflect differences in the sensitivity of the respective
assays chosen to detect T6S function (Fig 3). Regardless, the reduced T6S function in P.mira-
bilis strain BB2000 producing TssB-sfGFP appears to allow for greater visualization of elon-
gated sheaths before disassembly (Fig 4). Elongated sheaths were stable over the course of the
observation. Similar delayed dynamics might also be true for other microorganisms with
nearly identical TssB sequences and a single T6S machinery such as Providencia sp. By con-
trast, TssB-sfGFP-containing sheaths rapidly transition between elongated structures and sin-
gle foci during imaging in V. cholerae [4–6]. Stable, elongated TssB-sfGFP structures, such as
those observed in P.mirabilis BB2000, could be utilized for subcellular co-localization assays
using epifluorescence microscopy or for structural examination of the T6S machinery via
cryo-electron microscopy.

In conclusion, the L to R mutation has the potential to be an impactful tool, especially in
bacteria with a single T6S machinery. We have found that the L32R point mutation in the
TssB homolog from P.mirabilis strain BB2000 allows for the disruption of the T6S sheath,
which in turn causes global T6S malfunction. These results provide insight into the importance
of the TssB N-terminal region for sheath assembly, which has not been fully investigated, and
highlights a critical residue that was previously overlooked. These data also complement a pre-
vious detailed analysis of the TssB C-terminal region [28]. Last, the L to R mutation abrogates
T6S function without disrupting the overall tss operon structure and without removing entire
proteins from cells. As such, potential secondary effects that could convolute experimental

σ70 as a loading control. Bands corresponding to the sizes of TssB-sfGFP and σ70 are indicated with black
arrowheads, while bands corresponding to the size of monomeric sfGFP are indicated with a grey arrowhead.
A negative control sample of a swarm colony not producing any TssB-sfGFP fusion can be found in S1 Fig.

https://doi.org/10.1371/journal.pone.0184797.g004
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outcomes are minimized and questions regarding the subcellular localization of T6S-associ-
ated components and protein-protein interactions can be answered in a nearly native state.
Here, we show that this previously under-appreciated residue is indeed crucial for sheath
assembly and raise new questions of how unstructured regions within TssB contribute to
TssB-TssC interactions.

Supporting information

S1 Fig. TssBL32R is as stable as a sfGFP-fusion protein as TssBwt. To test for the production
of the sfGFP-fused TssB proteins, cells were isolated from swarm-permissive nutrient plates
supplemented with chloramphenicol after 22 hours and resuspended in 3 ml LB broth. 2 ml of
each cell suspension were collected and cells were pelleted by centrifugation. The pellet was
resuspended in sample buffer and boiled. Samples were separated by gel electrophoresis using
12% Tris-tricine polyacrylamide gels (amount loaded was normalized to OD600 of cell suspen-
sion before centrifugation), transferred onto 0.45 micrometer nitrocellulose membranes, and
probed with a monoclonal mouse anti-GFP primary antibody. The mouse anti-GFP antibody
was supplied at a concentration of 1 mg/ml and diluted 1:2500 (Thermo Fisher Scientific, Wal-
tham, MA, catalog number: MA5-15256, clone GF28R, immunogen: GFP from jellyfish
Aequorea Victoria N-terminal peptide-KLH conjugated). A negative control not expressing
TssB-sfGFP was included to ensure antibody specificity. The blots were then incubated with a
polyclonal, horseradish peroxidase-linked goat anti-mouse secondary antibody. The goat-anti-
mouse secondary antibody was used at a 1:5000 dilution (KPL, Inc., Gaithersburg, MD, catalog
number: 214–1806). A Precision Plus Protein™ Dual Color Standards molecular size marker
(Bio-Rad Laboratories, Inc., Hercules, CA) was included as a size control. Membranes were
developed with the Immun-Star HRP Substrate Kit (Bio-Rad Laboratories, Hercules, CA) and
visualized using a Chemidoc (Bio-Rad Laboratories, Hercules, CA). TIFF images were
exported and figures were made in Adobe Illustrator (Adobe Systems, San Jose, CA). Expected
sizes for the TssB-sfGFP fusions and monomeric sfGFP are indicated; specific clones used in
assays are indicated by arrows below.
(EPS)
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