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 28 

Abstract  29 

All cell types must maintain the integrity of their membranes. The conserved bacterial membrane-30 

associated protein PspA is major effector acting upon extracytoplasmic stress and is implicated in 31 

protection of the inner membrane of pathogens, formation of biofilms and multi-drug resistant 32 

persister cells. PspA and its homologues in Gram-positive bacteria and archaea protect the cell 33 

envelope whilst also supporting thylakoid biogenesis in cyanobacteria and higher plants. In 34 

enterobacteria, PspA is a dual function protein negatively regulating the Psp system in the absence of 35 

stress and acting as an effector of membrane integrity upon stress. We show that in Escherichia coli 36 

the low-order oligomeric PspA regulatory complex associates with cardiolipin-rich, curved polar 37 

inner membrane regions. There, cardiolipin and the flotillin 1 homologue, YqiK, support the PspBC 38 

sensors in transducing a membrane stress signal to the PspA-PspF inhibitory complex. After stress 39 

perception, PspA high order oligomeric effector complexes initially assemble in polar membrane 40 

regions. Subsequently, the discrete spatial distribution and dynamics of PspA effector(s) in lateral 41 

membrane regions depends on the actin homologue MreB and peptidoglycan machinery protein 42 

RodZ. The consequences of loss of cytoplasmic membrane anionic lipids, MreB, RodZ and-or YqiK 43 

suggest that the mode of action of the PspA effector is closely associated with cell envelope 44 

organisation.  45 

 46 

 47 

 48 

 49 

 50 

 51 

 52 

 53 

 54 



 

3 
 

INTRODUCTION 55 

Maintaining membrane integrity is fundamental to all cell types and of key importance to energy 56 

production, signalling, adaptation to the environment and cellular compartmentalisation. Many Gram-57 

negative bacteria mount a major adaptive response to extracytoplasmic stress by inducing the Phage 58 

shock protein (Psp) system (reviewed in Model et al., 1997; Darwin, 2005; Joly et al., 2010). Related 59 

stress control systems are found in Gram-positive bacteria, cyanobacteria, archaea and in higher plants 60 

(Joly et al., 2010).  61 

 62 

The Psp system of Gram-negative bacteria is induced by a variety of membrane stress stimuli such as 63 

protein translocation defects (Joly et al., 2010; Wang et al., 2010; Wickström et al., 2011) and 64 

production of secretins, e.g., pIV, PulD, YscC, OutD, that are components of the types II, III and IV 65 

secretion systems (reviewed in Joly et al., 2010; Yamaguchi & Darwin, 2012). The Psp response of 66 

bacterial pathogens protects the cell envelope during infection and is important for biofilm formation 67 

and virulence whilst also being implicated in antibiotic resistance and formation of persister cells 68 

(reviewed in Joly et al., 2010; Darwin, 2013; see also Dhamdhere & Zgurskaya, 2010; Vega et al., 69 

2013; Wallrodt et al., 2014). Agents inducing psp impair the plasma membrane and dissipate the 70 

proton motive force (pmf). A drop in pmf may not be sufficient to induce the Psp response and 71 

multiple signals appear to be integrated to induce the response in enterobacteria (Wang et al., 2010; 72 

Engl et al., 2011). The highly conserved bacterial peripheral membrane protein PspA acts as a major 73 

effector which, through a yet unknown mechanism, repairs the membrane and so preserves the pmf 74 

(Joly et al., 2010). Homologues of PspA in Mycobacterium and other Gram-positive bacteria (e.g. 75 

LiaH in Bacillus) have been postulated to maintain cell wall homeostasis upon extracytoplasmic stress 76 

(Joly et al., 2010; White et al., 2011; Darwin, 2013) to confer resistance to cell wall/peptidoglycan 77 

(PGL) and membrane integrity targeting antibiotics (reviewed in Jordan et al., 2008; Joly et al., 78 

2010). In cyanobacteria and plants, the PspA homologue VIPP1 is required for photosynthesis 79 

through support of thylakoid membrane biogenesis and protection of the cell envelope (Westphal et 80 
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al., 2001; Aseeva et al., 2004; Aseeva et al., 2007; Vothknecht et al., 2012; Zhang et al., 2012; Zhang 81 

& Sakamoto, 2013).  82 

 83 

PspF, PspA, PspB and PspC are conserved in enterobacteria and constitute the core proteins of the 84 

Psp response (Huvet et al., 2011). Under non-stress conditions in enterobacteria, 
54

-RNA polymerase 85 

dependent psp expression is negatively regulated by PspA via its direct ~1:1 binding to the surface 86 

exposed hydrophobic ‘W56 loop’ of the hexameric bacterial enhancer-binding protein PspF (Joly et 87 

al., 2009; Zhang et al., 2013). Under inner membrane (IM) stress, induction of psp involves the IM-88 

bound PspB and PspC proteins sensing stress and recruiting PspA-PspF inhibitory complex to the IM 89 

(Jovanovic et al., 2010; Yamaguchi et al., 2010). Relieving the inhibition of PspF imposed by PspA 90 

involves changing PspA interacting partners from PspF to PspBC, resulting in strong induction of psp 91 

genes and formation of PspA effector complexes at the IM (Yamaguchi et al., 2013; Mehta et al., 92 

2013). Upon stress, 
70

-controlled expression of PspF remains unchanged (Lloyd et al., 2004).  93 

 94 

Single molecule sensitivity imaging (SMI) studies of chromosome expressed fluorescent fusion 95 

Venus-PspF in live Escherichia coli cells established that the PspF is predominantly hexameric and 96 

that the PspA-Venus-PspF nucleoid-bound inhibitory complex under non-stress conditions 97 

communicates with the IM in a PspA and PspBC-dependent manner (Mehta et al., 2013). Under IM 98 

stress, PspF is stably bound to the nucleoid and involved in transcription while Venus-PspA (or 99 

eGFP-PspA) is found within static polar and dynamic lateral IM complexes. Static polar IM 100 

complexes correlate with a PspA regulatory function within the signalling complex PspA-PspBC, 101 

while the dynamic lateral IM complexes correlate with PspA effector function (Engl et al., 2009; 102 

Jovanovic et al., 2014). When the dynamics of lateral membrane eGFP-PspA complexes is abolished 103 

or when PspA is mutated so it can interact with the PspF and PspBC but cannot bind the IM and form 104 

the lateral membrane complexes, the PspA is able to form the polar IM complexes and respond to 105 

PspBC-dependent IM stress but is unable to e.g. conserve the pmf. The major oligomerisation state of 106 

eGFP-PspA found in static polar foci is a 6-mer with a minority of additional high-order oligomers up 107 
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to ~36-mer (Lenn et al., 2011). Relief of negative control results in a PspA binding to the IM, switch 108 

in oligomeric state from low-order to high-order oligomers and the appearance of lateral IM PspA 109 

effector complexes (Jovanovic et al., 2014). These observations suggest that a switching mechanism 110 

linked to the stress signalling pathway in cellular polar membrane regions exists to convert PspA 111 

between its negative regulator (potentially 6-mer) and effector (36-mer) forms. Apparently, PspBC, as 112 

opposed to PspA, have a direct secretin-damage effector function in Y. enterocolitica (PspC has extra 113 

amino acids at its N-terminus compared to the E. coli PspC) (Hortman & Darwin, 2012). Moreover, 114 

Yamaguchi et al. (2013) did not observe lateral IM PspA effector complexes upon stress suggesting 115 

that action of PspA effectors in stressed Y. enterocolitica cells might be orchestrated differently from 116 

E. coli. Nevertheless, at the same time it was established that static polar PspBC sensors co-localise 117 

with PspA at the onset of stress, consistent with the polar PspA-PspBC complexes functioning in a 118 

regulatory manner in E. coli.  119 

 120 

Impaired phospholipid biosynthesis is a strong inducer of PspA in E. coli (Bergler et al., 1994). In 121 

turn, Kobayashi et al. (2007) provided evidence that the higher oligomeric form (36mer) of purified 122 

PspA acts as an effector which binds phosphatidylglycerol (PG) and prevents proton leakage from 123 

membrane vesicles. In E. coli, the major phospholipid is phosphatidylethanolamine (~75% of total IM 124 

lipids) which possesses a zwitterionic head group. The most abundant anionic IM phospholipids 125 

implicated in signalling and-or functioning of IM proteins are PG (~20% of total IM lipids) and 126 

dianion cardiolipin (CL) (~5% of total IM lipids) (reviewed in Foss et al., 2011). The polar and lateral 127 

regions of the IM are rich in PG whilst the majority of CL resides in polar regions (Foss et al., 2011) 128 

(see Supplementary Fig. S1a). Although PspA effector complexes do not directly bind CL in vitro 129 

(Kobayashi et al., 2007), the position of the PspBC-dependent PspA regulatory complexes close to 130 

poles imply that CL and or negative curvature might be involved in localisation and function of the 131 

PspBC sensors and or PspA-PspBC complexes. Indeed, the function of e.g. Tat protein translocation 132 

system is CL-dependent (reviewed in Arias-Cartin et al., 2012; Berthelmann & Brüser, 2004), and 133 

PspBC-PspA-Tat direct interactions have been reported (Mehner et al., 2012).  134 

 135 
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MreB is a bacterial actin and a key component of the bacterial cytoskeleton (reviewed in Typas et al., 136 

2012). The helix-like circumferential dynamics and function of lateral IM PspA effector complexes 137 

depends on MreB in E. coli (Engl et al., 2009). In E. coli MreB assembles into short filaments that 138 

either bind directly to the cell membrane via the N-terminal amphipathic helix and move as 139 

independent units in directions that are perpendicular to the long axis of the cell (Salje et al., 2011) or 140 

co-localises and interacts with RodZ (van den Ent et al., 2010) and organises the cell wall (PGL) 141 

synthesis machinery assembly coupling their rotation in a helix-like circumferential fashion (van 142 

Teeffelen et al., 2011) (see Supplementary Fig. S1b). The PG-dependent lipid helices were observed 143 

in Gram-negative and Gram-positive bacteria (Barák et al., 2008). Since PspA as an effector binds PG 144 

in vitro and PspA and PspB interact with MreB in vivo (Engl et al., 2009), the spatial organisation and 145 

dynamics of PspA, MreB and anionic lipids might be interlinked. These relationships could be 146 

important in response to physico-chemical changes of the IM relevant to regulation and functioning of 147 

the Psp system.  148 

 149 

In this study we applied genetic tools in combination with SMI to explore in vivo how PspA 150 

communicates with the IM stress signalling pathways and undergoes a switch from being a negative 151 

regulator to acting as an effector. We established a link between CL and induction of the Psp response 152 

on one hand and the bacterial cytoskeleton and effector functions of PspA on the other. Our results 153 

provide evidence that membrane curvature, membrane lipid composition, bacterial actin MreB and 154 

cell wall biosynthesis machinery affect the dynamics of PspA upon IM stress.  155 

 156 

METHODS 157 

Bacterial strains, plasmids and growth conditions. Bacterial strains and plasmids used in this work 158 

are listed in Supplementary Table S1. New strains were constructed using P1vir transduction (Miller, 159 

1992) (e.g. MG1655xMVA127 results in a strain MVA101; see Supplementary Table S1). All strains 160 

were routinely grown under microaerobic conditions in Luria-Bertani (LB) broth or on LB agar plates 161 

at 37°C (Miller, 1992). For microaerobic growth, overnight cultures of cells were diluted 100-fold (to 162 
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an OD600nm~0.025) and shaken in universals at 100 rpm. For SMI of eGFP-PspA and Venus-PspA (V-163 

PspA), cells were grown in N
-
C

-
 minimal medium supplemented with 0.4% (w/v) glucose as carbon 164 

source, 10 mM NH4Cl as nitrogen source, and trace elements at 30
o
C as described (Engl et al., 2009; 165 

Mehta et al., 2013). The expression of pIV from pMJR129 was induced by 1 mM IPTG for 10 or 20 166 

min. The expression from pCA24N-based constructs (JW plasmids, see Supplementary Table S1) was 167 

induced by 0.1 mM IPTG for 1 hour. The expression of eGFP-PspA and the expression of pIV from 168 

pGJ4 were leaky and constitutive. Antibiotics used: ampicillin (100 g ml
-1

), kanamycin (25 or 50 g 169 

ml
-1

, as indicated) chloramphenicol (30 g ml
-1

), tetracycline (10 g ml
-1

) and fosfomycin (16, 32 or 170 

64 g ml
-1

, as indicated). 171 

 172 

In vivo assays. The activity of chromosomal transcription fusion (pspA-lacZ) was measured using 173 

the -Galactosidase (-Gal) assay as described (Miller, 1992). For the -Gal assay, overnight cultures 174 

grown at 37°C were diluted 100-fold and grown under the same conditions until mid-log phase. The 175 

-Gal data for all assays shown (except for the experiments with fosofomycin) are presented as the 176 

mean values (with S.D. error bars) of measurements of six samples (technical duplicates of three 177 

independently grown cultures of each strain).  178 

 179 

For the experiment using fosfomycin, wild type (WT) or WT+pIV cells were grown as above until 180 

mid-late log phase and then each day culture was separated into five. The separate samples were 181 

inoculated with 0, 16 and 32 g ml
-1

 (1 MIC=64 g ml
-1

) of fosfomycin, incubated for additional 10 182 

min at 37
o
C and then assayed for -Gal activity. The -Gal data are presented for each of the three 183 

independent experiments.  184 

 185 

The growth of WT and different mutants under non-stress or stress (pIV production) was measured   186 

in LB at 37
o
C. The OD600nm of overnight cultures was measured and cultures densities were than 187 

standardised to OD600=0.025 at t=0, after inoculation into 20 ml of LB and then shaken at 100 rpm at 188 

37°C. The cells were taken for measurements of cell growth at OD600 and colony forming units (CFU) 189 
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at hourly intervals (1-7 hours). The data presented are from a single experiment in which all strains 190 

were tested simultaneously. The growth of strain from three independent assays was compared to 191 

either an isogenic strain carrying the control vector plasmid or (for the mutants) to the WT parent 192 

strain before and after stress.  193 

 194 

For cell growth and fosfomycin LacZ expression experiments, the statistical significance of 195 

differences between strains was determined using Students T-test. P-value less than 0.05 is considered 196 

as a significant. 197 

 198 

Proteins. Expression of V-PspA and pIV was determined using antibodies against Venus [JL-8 199 

Living Colours (Clonetech); (1:5,000)] and pIV (1:1,000), respectively, and Western blotting. The 200 

Western blot analyses were performed on a Bench Pro
TM 

4100 Card processing station (Invitrogen). 201 

Proteins were detected using the ECL plus Western Blotting Detection Kit (GE Healthcare) and 202 

images were visualised using Bio-Rad GelDoc
TM

 and ChemiDoc
TM

 Imaging system with Image Lab 203 

software. The quantitative analyses were performed using ImageJ software. 204 

 205 

Microscopy and imaging data analyses. Cells expressing plasmid borne eGFP-PspA or 206 

chromosomal fusion of V-PspA were grown at 30
o
C in minimal media (see above). The live cells 207 

were immobilized on 1% agarose pads set on a glass slide surface as described (Engl et al., 2009). For 208 

the experiment where the V-PspA expression was analysed after 10 or 20 min induction of pIV, IPTG 209 

(1 mM final) was added directly to the agarose pads simultaneously with the cells. V-PspA was 210 

visualised using wide field epifluorescence microscopy. The expression of pIV was tested 211 

independently in the same samples grown in media (0, 10 or 20 min) using Western blot and pIV 212 

antibodies (see above). For the experiment with fosfomycin the stressed pspA cells expressing V-213 

PspA were grown to OD600~0.8, treated with 32 g ml
-1

 of fosofomycin for 10 min at 37
o
C and 214 

imaged. The wide field or TIRF SMI of live bacterial cells using a custom-built inverted 215 

epifluorescence/TIRF microscope based on a Nikon TE2000 optical system was as described (Mehta 216 
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et al., 2013). TIRF microscopy was employed to limit the laser penetration up to ~50-100 nm into the 217 

bacterial cell in order to differentiate between nucleoid and membrane associated V-PspA foci. The 218 

axial resolution for wide field imaging is ~1 m so that an entire E. coli cell with diameter ~500 219 

nm was imaged; hence the foci within the same/similar Z (e.g. nucleoid-associated and polar 220 

membrane) can be in focus. The exposure time was 38 milliseconds (ms) (for eGFP) or 15 ms (for 221 

Venus). A 100-1000 frame video sequence with 2x2 binning at a frame interval of 25 ms (for eGFP) 222 

or 30 ms (for Venus) was recorded. The Deltavision OMX V3 system (Applied Precision, 223 

Washington) with 3 ms exposure time at a frame interval of 44 ms was used for photobleaching 224 

experiments of the rare V-PspA static foci observed in the nucleoid under non-stress conditions and of 225 

V-PspA foci at the poles under non-stress or stress conditions. Photobleaching traces of individual V-226 

PspA static nucleoid foci under non-stress conditions and polar foci from non-stress and stressed cells 227 

were analysed and the oligomeric states were determined as described (Lenn et al., 2011; Mehta et al., 228 

2013). The images were analysed using ImageJ (www.rsbweb.nih.gov/ij/) and FiJi. The quantitative 229 

analysis of localisation of V-PspA foci in the cell, the quantification of number of foci per cell and the 230 

total raw intensity profiles was performed using ImageJ software. Cells expressing eGFP-PspA or V-231 

PspA were analysed to determine the intensity of foci at specific cellular locations. For the spatial 232 

analysis of signal, a line of approximately 18 pixels wide was drawn along the longitudinal axis of 233 

cells of similar lengths to cover the entire cell and the intensity values were obtained yielding pixel by 234 

pixel intensity value across the cell length from pole to pole. When the differences in intensity values 235 

were high, for comparison we normalised the data points representing the mean intensity. The 236 

apparent 2-dimension diffusion analysis (diffusion coefficient D) of V-PspA foci determined using 237 

Matlab (Mathwork) scripts was as described (Mehta et al., 2013).   238 

 239 

RESULTS  240 

The IM stress causes formation of V-PspA high order oligomers in polar membrane 241 

regions and increase of V-PspA complexes in lateral membrane   242 
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To assess and quantify the spatial and temporal dynamics of V-PspA under increasing IM stress 243 

conditions, we used a strain lacking the native pspA gene and expressing chromosomal single copy 244 

PpspA-V-PspA (Mehta et al., 2013; see also Fig. 1a) in the absence or presence of increasing amounts 245 

of the pIV. pIV is the other membrane secretin which mislocalisation into the IM induces the PspBC-246 

dependent Psp response (Joly et al., 2010). The V-PspA (or eGFP-PspA) fusion exhibits reduced 247 

(50%) negative control activity compared to WT PspA (Engl et al., 2009; Mehta et al., 2013) and this 248 

accounts for the moderately elevated expression of both V-PspA and PspBC under non-stress 249 

conditions in a pspA strain (Jovanovic et al., 2014). Consequently, in wide field SMI we observe V-250 

PspA complexes (2±0.3 foci per cell, n=50) in the polar region of the cell and some lateral membrane 251 

foci (Fig. 1b; Supplementary Video S1). The pIV induced IM stress and its time-dependent increase 252 

(Fig. 1f) lead to a gradual elevation in total fluorescence intensity of V-PspA (Fig. 1g) and increased 253 

number of dynamic and static lateral V-PspA complexes (Fig. 1c, d, g; Supplementary Video S2 and 254 

S3). Notably, V-PspA expression, localisation and dynamics in stressed cells closely resemble those 255 

of plasmid borne eGFP-PspA as expressed in non-stressed pspA cells (Fig. 1e, g; Supplementary 256 

Video S4).  257 

 258 

The total fluorescence intensity represents the number of V-PspA molecules. The very significant 259 

increase in total fluorescence intensity between 10 and 20 min induction of pIV (Fig. 1g, left hand) 260 

reflects a moderate increase in pIV level (Fig. 1f) and a small increase in the number of lateral V-261 

PspA foci (10 min – 7±0.6, 20 min – 8±0.7, n=50) (see also Fig. 1g, right hand). However, the 262 

formation of foci containing high-order oligomeric V-PspA effectors may be the main factor 263 

contributing to total fluorescence intensity.  264 

 265 

Using wide-field SMI and photobleaching we determined the oligomeric states of V-PspA under non-266 

stress or stress growth conditions. In the non-stressed state V-PspA imaged as low-order (3-10mer) 267 

assemblies in rare central static nucleoid-associated foci (Fig. 2a), presumably interacting with PspF 268 

and forming a PspA-PspF inhibitory complex at psp promoter(s) as shown by Mehta et al. (2013). 269 
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This is in good agreement with in vitro data establishing that at least 3 PspA proteins are necessary to 270 

bind PspF for negative control (Zhang et al., 2013). We also determined that in non-stressed cells V-271 

PspA is a low-order assembly in polar foci likely representing the PspA-PspBC membrane regulatory 272 

complexes (Fig. 2b). During stress, the V-PspA in polar complexes is found as both low (5-6 up to 273 

12mer) and high-order assemblies (up to 25mer; photobleaching and maturation of Venus 274 

fluorescence protein may limit the observed number of V-PspA subunits, especially in foci 275 

representing high-order oligomers) (Fig. 2b). It seems that the IM stress signals lead to a distinct 276 

dynamic response following an increase in V-PspA expression and its high-order oligomer formation 277 

in polar membrane regions. 278 

 279 

The efficient PspA negative control is required for native basal level expression and 280 

spatial distribution of V-PspA 281 

To determine the behaviour of V-PspA when expressions of PspBC are natively controlled, the PpspA-282 

V-PspA was integrated as a single chromosomal copy into the WT cells expressing native PspA (Fig. 283 

3a). Normal regulation of psp expression characterised by a low level of stable V-PspA under non-284 

stress conditions was observed whereas elevated levels were seen in pIV stressed cells (Fig. 3b). 285 

When V-PspA and native PspBC are expressed at a basal level in non-stressed WT cells V-PspA 286 

localise either as a single nearly static central nucleoid [by means of interacting with PspF (Mehta et 287 

al., 2013; Jovanovic et al., 2014); visible in wide field but not visible in TIRF] or as a static polar 288 

membrane complex (visible in both wide field and TIRF) (Fig. 3c). This is in agreement with Venus-289 

PspF (V-PspF) imaging in live cells revealing a single central nucleoid V-PspF-PspA inhibitory 290 

complex that communicates in a PspBC-dependent fashion with the polar membrane region by fast 291 

relatively free diffusion (Mehta et al., 2013). Under stress, when expression of V-PspA is induced, we 292 

observed polar regulatory complexes and the appearance of static and dynamic lateral effector V-293 

PspA complexes (Fig. 3d; Supplementary Video S5). Therefore, with the negative control imposed by 294 

native PspA we can clearly visualise V-PspA exhibiting the “off” and “on” state of the Psp response.  295 

 296 
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Cardiolipin is implicated in a PspBC-dependent induction of the Psp response 297 

The anionic phospholipid cardiolipin (CL) has mainly a membrane curvature associated polar 298 

localisation (Renner & Weibel, 2011). PspA does not appear to bind membrane vesicles containing 299 

CL (Kobayashi et al., 2007) but PspA is tethered by and co-localises with static PspBC foci in curved 300 

polar membrane regions (Yamaguchi et al., 2013; Mehta et al., 2013). This suggests that localisation 301 

of the inhibitory PspA-PspF complex or PspA within PspA-PspBC regulatory complex at the poles of 302 

cells may depend on PspA interacting with the PspBC bound to CL-rich membrane domains. We 303 

examined the contribution of CL to PspA activities and to cell growth under IM stress in a cls 304 

mutant (non-polar mutation) containing a significantly reduced amount of CL (Brandon et al., 2012).  305 

 306 

We determined that cls mutation does not induce the Psp response per se and actually decreases 307 

either basal level expression or induction of pspA under stress (Fig. 4a). In addition, the induction of 308 

pspA under stress is to some extent PspBC-independent in a cls mutant (Fig. 4a). In the absence of 309 

negative control in pspA cells the cls mutation does not impact on 
54

-dependent transcription of 310 

pspA gene (Supplementary Fig. S2a), suggesting that observed differences in pspA expression in cls 311 

cells reflect a change in the PspA negative control function. Additionally, the over-expression of 312 

either PgsA implicated in biosynthesis of PG and CL or Cls required for CL biosynthesis does not 313 

induce the Psp response (Supplementary Fig. S2b). We note that over-expression of phospholipid 314 

synthases had little impact on the overall pool of individual phospholipids within E. coli (reviewed in 315 

Raetz, 1986).  316 

 317 

Growth in a stressed cls mutant is delayed but the final growth yield is not significantly reduced 318 

compared to WT cells (Fig. 4b). As a control, a pspF mutant lacking any induction of the Psp 319 

response exhibits growth that is severely impaired (Fig. 4c). Notably, the increased amount of PG 320 

seen in a cls mutant (Brandon et al., 2012) and the fact that PspA effectors bind PG may account for 321 

cell adaptation and normal growth upon IM stress, even though the induction of Psp response is 322 

decreased in a cls cells. 323 
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 324 

To determine whether CL affects the sub-cellular localisation of V-PspA, we imaged V-PspA in an E. 325 

coli cls mutant background under non-stress or stress conditions using the wide field and TIRF 326 

modes of SMI. The majority of non-stressed cls cells show only nucleoid-associated V-PspA (100%, 327 

n=50, of mostly central foci not visible in TIRF) and no polar regulatory complexes (Fig. 4d) in 328 

agreement with increased negative control of PspF (Fig. 4a). Under stress, in cls cells we observe the 329 

appearance of lateral V-PspA foci but the number of polar complexes is significantly reduced 330 

compared to the WT (Fig. 4e, g and Supplementary Video S6 and Fig. S3a, b). The total intensity of 331 

V-PspA foci in stressed cls cells (Supplementary Fig. S3c) correlates well with the level of pspA 332 

induction upon stress (Fig. 4a) and the amount of effector complexes is in accordance with their 333 

growth being close to WT (Fig. 4b). As seen for the PspBC- and CL-independent induction of pspA 334 

(Fig. 4a), stressed pspBC cls cells induce the expression of V-PspA and the formation of the lateral 335 

effector but not polar complexes can be readily observed (Fig. 4f).  336 

 337 

Although we failed to construct a stable and functional PspB or PspC-eGFP/Venus fusion protein to 338 

directly localise the Psp sensor(s) in a WT or cls mutant, it is established that PspBC recruits PspA-V-339 

PspF complex to the IM in E. coli and co-localise with PspA in polar membrane region of Y. 340 

enterocolitica cells (Yamaguchi et al., 2013). Therefore, our results strongly suggest that the PspBC-341 

dependent induction of the Psp response under stress and the localisation of V-PspA within polar IM 342 

regulatory complexes are influenced by the presence of CL.  343 

 344 

Apparently, CL depletion affects the membrane in numerous ways (reviewed in Arias-Cartin et al., 345 

2012) and could therefore indirectly influence PspB and PspC activity. Relevant to the Psp response, 346 

CL-associated flotillin YuaG (FloT) from Bacillus subtilis functionally organises the bacterial 347 

membrane and interacts with proteins involved in membrane-related signaling and protein secretion 348 

(Donovan & Bramkamp 2009; Bach & Bramkamp, 2013). However, PspA homologue LiaH or its 349 

regulator(s) has not been found to interact with YuaG. Intriguingly, there is a potential flotillin 1 350 
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homologue in E. coli, an inner membrane protein YqiK, which might act in scaffolding of detergent-351 

resistant microdomains under specific stress conditions (Hinderhofer et al., 2009; López & Kolter, 352 

2010). Therefore, to expand upon our results with CL we assessed the contribution of the YqiK to the 353 

induction, function and spatial organisation of the Psp proteins. Lack of YqiK (yqiK; non-polar 354 

mutation) does not induce pspA per se (Supplementary Fig. S4a) and although with less pronounced 355 

effect, reduces the level of induction of pspA as also seen in a cls mutant (Supplementary Fig. S4a). 356 

As a control, we showed the yqiK mutation does not impact on deregulated PspF-dependent 357 

transcription of pspA (Supplementary Fig. S2a) and the over-expression of YqiK did not induce pspA 358 

(Supplementary Fig. S2b). In line with the morphology of cells expressing YqiK and localisation of 359 

YqiK-YFP in E. coli (López & Kolter, 2010) our imaging results show that over-expression of YqiK-360 

GFP yields enlarged cells and displays the IM localisations with distinct, relatively static (only local 361 

movement is seen) complexes in polar and lateral regions of the cell (Supplementary Fig. S4c, d). The 362 

growth of yqiK under stress is not substantially different from WT (Supplementary Fig. S4b) and the 363 

same are true for sub-cellular localisations of V-PspA (Supplementary Fig. S4e and Video S7). 364 

Hence, there are similarities between cls and yqiK mutants and it seems that YqiK supports signalling 365 

for the induction of Psp response.  366 

 367 

RodZ affects the Psp response and membrane localisation of V-PspA 368 

The effector function, lateral membrane localisation and dynamics of PspA depend on MreB, while 369 

the induction of the Psp response and localisation of PspA regulatory complexes are MreB 370 

independent (Engl et al., 2009). MreB’s circumferential movement along the long axis of the cell is 371 

driven by the process of PGL biosynthesis itself (White et al., 2010; van Teeffelen et al., 2011; Kawai 372 

et al., 2011; Garner et al., 2011; Dominguez-Escobar et al., 2011; v. Olshausen et al., 2013) and the 373 

association of MreB with the cell wall biosynthesis apparatus is via RodZ protein (Bendezú et al., 374 

2009; van den Ent et al., 2010).  375 

 376 
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To address the potential link between PspA and RodZ (via MreB) we assayed activities and spatial 377 

distribution of PspA in rodZ mutants (rodZ, non-polar mutation). We established that the absence of 378 

RodZ does not in itself induce pspA expression but allows a strong induction of pspA upon IM stress 379 

which notably is PspBC-independent (Fig. 5a). As controls, lack of RodZ does not influence the 380 

PspF-dependent transcription of pspA (Supplementary Fig. S2a) and over-expression of RodZ does 381 

not induce pspA (Supplementary Fig. S2b). However, despite the induction of pspA under IM stress 382 

being elevated in a rodZ mutant, the growth is impaired to an extent seen for the cells lacking a Psp 383 

response (Fig. 5b and see Fig. 4c).  384 

 385 

In rodZ cells with no rod-shape morphology, it is hard to observe distinct V-PspA foci in the 386 

absence of IM stress (Fig. 5c). Under stress, the V-PspA expression is induced in rodZ cells and we 387 

observe distinct dynamic effector complexes (Fig. 5d; Supplementary Video S8). The same is true for 388 

plasmid borne eGFP-PspA (Fig. 5e). The movement of eGFP-PspA in rodZ cells remains MreB-389 

dependent since in double mreB rodZ mutant the eGFP-PspA foci are static (Fig. 5f). However, 390 

RodZ does contribute to MreB-dependent spatial distribution of eGFP-PspA that may be of 391 

importance for the function of the PspA effectors in WT cells. In mreB the eGFP-PspA forms 392 

distinct static membrane foci (Engl et al., 2009 and see Supplementary Fig. S5a) while in double 393 

mreB rodZ mutant the eGFP-PspA foci localise in one membrane macro-domain (Fig. 5f and 394 

Supplementary Fig. S5b). Similarly, the eGFP-PspA foci in mreB yqiK cells lacking MreB and 395 

potential flotillin localise in one static horse shoe shaped macro-feature (Supplementary Fig. S5c, d) 396 

suggesting MreB, RodZ and YqiK may be involved in organising membrane regions for the intrinsic 397 

interactions of PspA complexes with the IM. Interestingly, in plant cells the Vipp1 homologue of 398 

PspA was very dynamic under osmotic stress and formed lateral membrane filament-like structures 399 

(Zhang et al., 2012) resembling those of eGFP-PspA in mreB rodZ and mreB yqiK cells.    400 

 401 

Notably, even when the cell shape is perturbed, gross regulation of pspA transcription is retained. It 402 

appears that so long as PspA can localise at the IM then negative control can be relieved. V-PspA 403 



 

16 
 

expression is induced by IM stress in pspBC rodZ cells (Fig. 5g and see also Fig. 5a). Even though 404 

the rodZ mutants do not have conventional polar membrane regions, the action of PspBC seem to be 405 

critical for V-PspA IM localisation since the absence of PspBC in rodZ cells causes complete 406 

alteration of IM localisations of V-PspA effector complexes. V-PspA then mainly decorates the entire 407 

IM (Fig. 5g) suggesting an additional role of PspBC in organising at the IM some PspA effector 408 

complexes. Something similar has been observed in cells expressing the eGFP-PspA25-40 variant with 409 

diminished interaction with PspBC (Jovanovic et al., 2014). The resulting PspA effectors 410 

disorganisation we see here in the complete absence of PspBC and when the cell shape is perturbed is 411 

even more pronounced.  412 

 413 

Block in cell wall synthesis elevates the Psp response to the IM stress and change 414 

dynamics of the lateral membrane PspA effectors 415 

To address whether a block in PGL synthesis directly affects the Psp response we treated unstressed 416 

or stressed WT cells with different sub-lethal doses of fosfomycin to inhibit bacterial cell wall 417 

biogenesis by inactivating the cytoplasmic enzyme MurA that catalyzes the first essential step in PGL 418 

biosynthesis (Brown et al., 1995). We showed that a short (10 min) addition of fosfomycin, at 1/4 or 419 

1/2 of its minimal inhibitory concentration (MIC), increases the basal level transcription and pIV-420 

dependent stress induction of pspA (Fig. 6a). Notably, the corresponding growth of non-stressed cells 421 

was better than that of the stressed cells (Fig. 6a). It appears that defective PGL biosynthesis causes an 422 

additional IM stress and that may correspondingly account for a rodZ mutant elevating the Psp 423 

response to pIV (see Fig. 5a and Fig. 6a).  424 

 425 

To assess the localisations and dynamics of the V-PspA effectors in stressed WT cells in the presence 426 

of fosfomycin we used a wide field SMI. Potentially, a block in PGL biosynthesis could lead to 427 

stalling of the membrane V-PspA effectors if their movement is tightly and solely coupled to the cell 428 

wall synthesis dynamics via RodZ and MreB. The observed RodZ-independent dynamics of V-PspA 429 

and eGFP-PspA (Fig. 5d, e) and MreB-dependent movement of eGFP-PspA (Supplementary Fig. S5a) 430 
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suggest that the sub-population of V-PspA should not be affected. Counter-intuitively, fosfomycin 431 

treatment (1/2 of MIC, see above) speeds up the diffusion of V-PspA in pspA cells producing pIV 432 

(average D=0.02 m
2
 s

-1
) compared to untreated stressed cells (average D=0.01 m

2
 s

-1
) (Fig. 6b). 433 

The images show a mixture of cells with normal and more rounded shape (Fig. 6c) found to exhibit 434 

9±0.3 (n=50) V-PspA foci per cell. It is possible PspA has become less constrained in its lateral 435 

membrane movements upon block of the PGL synthesis.  436 

 437 

DISCUSSION  438 

Peripheral IM-binding proteins are emerging as providing important examples of where their 439 

localisations and hence functionalities are directly sensitive to membrane phospholipids composition, 440 

membrane curvature and the bacterial cytoskeleton (Foss et al., 2011). Here, we established the 441 

functional relationships and interdependences between Psp response, bacterial membrane and 442 

cytoskeletal elements to provide insights into how cell structure relates to the perception and 443 

management of IM stress by PspA.  444 

 445 

The IM stress induces strong psp expression and consequently we see the formation of high-order 446 

oligomeric PspA effectors in polar regions together with an increase of PspA lateral effector 447 

complexes (Supplementary Fig. S6). Potentially, the level of the signal and corresponding induction 448 

of PspA expression are in correlation with the strength of stimulus and thus also membrane damage. 449 

There is growing evidence that the integration of several signals induces the Psp response. Changes in 450 

membrane potential leading to a drop in pmf, as well as changes in redox state or mode of respiration 451 

were found to be either conditional or not sufficient to signal the IM damage (Jovanovic et al., 2009; 452 

Wang et al., 2010; Engl et al., 2011). Particular changes in properties of the membrane are likely to 453 

contribute to the origin of the IM stress signal(s) and the sites of PspA effector action. It is clear that 454 

there are at least two different pathways involved in IM stress signalling to PspA. One mode employs 455 

signal-transduction to the PspA-PspF inhibitory complexes via PspBC sensors and the other acts 456 

through a direct binding of PspA-PspF to a stress-related IM determinant (Supplementary Fig. S6). 457 
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Dual control of the 
E
 regulon that responds to outer-membrane stress (Lima et al., 2013) has some 458 

similarity with the dual modes (PspBC-dependent and PspBC-independent) of IM binding of PspA  459 

upon stress. 460 

 461 

Our results connect the CL containing polar regions of the cell with the respective localisations of 462 

PspA and PspBC, PspBC signalling, IM-binding of PspA and stress-dependent formation of the high 463 

order oligomeric PspA effectors (Supplementary Fig. S6). The PspBC sensors localised in polar 464 

regions transduce the IM stress signal(s) to PspA-PspF inhibitory complex releasing negative control 465 

of psp. PspC may sense a change in IM charge, membrane potential or curvature via CL leading to a 466 

switch in PspC topology needed for recruiting PspA to the PspBC complex (Jovanovic et al., 2010; 467 

Flores-Kim & Darwin, 2012) (see also Supplementary Fig. S6). The protein Opi1 has been shown to 468 

exhibits similar behavior with its signalling dependent on intracellular pH and the protonation state of 469 

phosphatidic acid phosphate head-groups (Young et al., 2010), and for Fis1 binding to lipid vesicles is 470 

increased upon protonation and concentration of anionic lipids (Wells & Hill, 2011). The PspBC 471 

complex may well integrate the threshold level signals to modulate the Psp response to a range of 472 

stimuli. This can lead to reduction of noise and less pronounced oscillations of psp induction in 473 

agreement with our mechanistic model of the Psp response (Toni et al., 2011). Our results also 474 

strongly suggest that upon stress in WT cells PspBC are also involved in connecting the PspA effector 475 

complex via MreB to particular cell features defined by RodZ, YqiK activities and anionic lipids-rich 476 

membrane domains.   477 

 478 

We showed here that the psp inducing pIV-originated signal(s), besides using the PspBC signalling 479 

pathway, can also act via a PspBC-independent mode. In addition, pIV production in a rodZ 480 

background (or when PGL biogenesis is blocked) facilitates the IM stress and elevates the importance 481 

of the PspBC-independent response. Severe stresses, such as extreme osmotic shock, 50
o
C 482 

temperature, 10% ethanol, have been shown to transiently induce psp in PspBC-partial or -483 

independent manner (reviewed in Model et al., 1997). Therefore, extreme stimuli may cause PspA to 484 
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bypass the PspBC signalling and effectively directly respond to changes in the IM (see Supplementary 485 

Fig. S6).  486 

 487 

The several lines of evidence suggest that CL-associated protein-translocation systems and adjacent 488 

PG-rich domains might be targets for the PspA effector complexes positioned in polar IM regions of 489 

the cell (Supplementary Fig. S6). Depletion or defects in all protein translocation systems (Sec, Tat, 490 

YidC, SRP) induce PspA (reviewed in Joly et al., 2010). Importantly, a PspBC-dependent PspA-Tat 491 

interaction (Mehner et al., 2012) suggests that the PspA effector function could involve direct repair 492 

of the CL-associated translocon system(s). The functions of PspA in repairing Tat defects can be 493 

substituted by Vipp1 in E. coli while PspA partially substitutes for the same defect in the absence of 494 

Vipp1 (DeLisa et al., 2004). Moreover, PspA stimulates protein export in E. coli (Lleerebezem & 495 

Tommassen, 1993) and a PspA homologue improves the pmf-dependent Tat- and Sec-supported 496 

heterologous proteins secretion in Streptomyces (Vrancken et al., 2007). As shown for PspA, the Tat 497 

and YidC homologues have been found in bacteria, archaea and chloroplasts. Clade PspA (CL0235) 498 

has two members, PspA/IM30 and Snf7. Snf7 is a family of proteins involved in protein sorting and 499 

transport from the endosome to the vacuole/lysosome in eukaryotic cells that play an important role in 500 

the degradation of both lipids and cellular proteins (Peck et al., 2004). Therefore, one major and 501 

conserved function of PspA and its homologues may be to maintain the activities of protein 502 

translocation systems. 503 

 504 

MreB defines the spatial distribution of lateral membrane PspA effectors and together with its IM 505 

binding partner RodZ may be implicated in targeting cell wall synthesis machinery conferring an 506 

adaptation of cells to IM stress (Supplementary Fig. S6). Potentially, sites in lateral membrane regions 507 

where the cell wall synthesis machinery is assembled can be targeted by MreB-guided PspA effectors 508 

in order to possibly support the lipid II-dependent peptidoglycan biosynthesis and elongation of the 509 

lateral cell wall under IM stress. On that note, the expression of IM protein MurG, found to interact 510 

with MreB and to be essential for lipid II-dependent cycle of PGL synthesis (see Supplementary Fig. 511 

S1b) is up-regulated in E. coli cells over-expressing PspA (Jovanovic et al., 2006). In Gram-positive 512 
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bacteria lantabiotics and bacitracin interfere with cell wall synthesis by binding lipid II and strongly 513 

induce expression of the PspA homologue, LiaH, and its recruitment to membrane (Typas et al., 2012; 514 

Dominguez-Escobar et al., 2014). However, LiaH dynamics in Bacillus subtilis was found to be 515 

independent on the MreB and cell wall synthesis (Dominguez-Escobar et al., 2014).  516 

 517 

The cell wall synthesis machinery in E. coli may also serve to attract and functionalise the lateral 518 

membrane PspA effectors leading to IM repair upon stress. Genomic analyses showed that RodZ 519 

function is conserved and unique to bacteria and that rodZ and pgsA (required for PG and CL 520 

biosyntehsis) genes are often adjacent suggesting they are functionally linked (Alyahya et al., 2009). 521 

Note that PG has been found to directly bind PspA high-order oligomers which repair membrane 522 

damage in vitro (Kobayashi et al., 2007). Also, gene-to-metabolite correlations suggest that in E. coli 523 

PG plays a critical role for membrane balance (Takahashi et al., 2011). Notably, other envelope 524 

associated complexes may well function through MreB and with changes in lipids organisations 525 

impact upon the localisations and dynamics of PspA.  526 

 527 

Blocks in lipid biosynthesis induce the expression of PspA (Bergler et al., 1994) suggesting that Psp 528 

in its effector function(s) may act to modulate lipid metabolism. As observed by using pspA or pspG 529 

mutants or over-expressing PspA or PspG [additional IM effector (Lloyd et al., 2004; Jovanovic et al., 530 

2006; Engl et al., 2009)], these Psp effectors have the potential to diminish the expression of genes 531 

implicated in the glycerol shift and aerobic respiration and up-regulate expression of genes that favor 532 

Glycerol-3-Phosphate (G3P) conversion into phospholipids (Jovanovic et al., 2006; Bury-Mone et al., 533 

2009). As we noted above, the increased amount of PG in the cls mutant we use here may contribute 534 

to the IM stress adaptation when induction of Psp is reduced. Intriguingly, in E. coli over-expression 535 

of the foreign protein MGS that binds anionic lipids greatly elevates PG production (Ariöz et al., 536 

2013) raising the possibility that the IM-binding of highly expressed native PspA effectors may 537 

trigger a cellular signal for the stimulation of anionic lipid synthesis to repair and-or exchange the PG 538 

(and CL).  539 

 540 
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In summary, the studies presented here show functional link between cardiolipin, PspBC-dependent 541 

signalling and polar IM localisation of the PspA. Upon IM stress the PspA regulator switches to high-542 

order oligomeric effector complexes in polar regions of the cell whilst employing bacterial actin 543 

MreB to target lateral membrane regions, some of which are marked by cell wall biosynthesis 544 

machinery protein RodZ. Further experiments are needed to reveal which properties of the IM change 545 

in a stress-specific manner to directly signal the membrane stress to PspA and to unravel the 546 

molecular mechanism of IM repair. 547 

 548 
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FIGURE LEGENDS 814 

Fig. 1.  The IM stress dependent sub-cellular distribution of V-PspA. (a) Construct expressing 815 

chromosomal V-PspA under control of the pspA promoter (PpspA) in a pspA strain (MVA127). (b) 816 

Wide field SMI of MVA127 cells expressing V-PspA (white foci) in the absence of stress (+vector, 817 

pGZ119EH, after 20 min) and (c) upon stress (+pIV-cam, pMJR129) with pIV expression induced for 818 

10 min or (d) for 20 min before imaging. (e) Wide field SMI of eGFP-PspA (pEC1) in a non-stressed 819 

pspA (MG1655pspA). (b-e): Representative images are shown. Bar, 1 m. Schematics represent 820 

non-quantitative interpretations of the images depicting localisations and dynamics of V-PspA or 821 

eGFP-PspA: black dot, membrane foci; gray dot, less frequently observed membrane foci; arrow, 822 

dynamic membrane foci. (f) Western blot to show the level of pIV expression (band~46 kDa) in cells 823 

from (c, d) and control pIV level in cells at 0 time point without IPTG (-). LC, loading control is the 824 

protein band from crude cell extract that shows the non-specific cross-reaction with the pIV antibody 825 

(-pIV). M, molecular weight marker. Below: The quantification of pIV protein levels presented in 826 

arbitrary units. (g) Left hand: Graph of total fluorescence intensity of V-PspA and eGFP-PspA foci 827 

(n=50) from (b-e). Right hand: Lateral membrane (M-lateral) localisation of the V-PspA foci (n=50) 828 

from (b-d) and eGFP-PspA foci (n=50) from (e) on x-axis and percentage of all foci analysed on y-829 

axis. 830 

 831 
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Fig. 2. The stoichiometry of V-PspA before and after IM stress. Determining the stoichiometry by 832 

photobleaching of the V-PspA in MVA127 cells: the distribution of stoichiometries calculated from 833 

data obtained for V-PspA: (a) nucleoid-associated foci (non-stress, n=14) and (b) polar IM-associated 834 

foci under non-stress (n=66) or stress (+pIV, pGJ4; n=67). Schematics (as in Fig. 1): circle, nucleoid-835 

associated foci; black dot, membrane foci; arrow, dynamic membrane foci. 836 

 837 

Fig. 3.  The negative control of psp and spatial distribution of V-PspA. (a) Construct expressing 838 

chromosomal V-PspA under control of the pspA promoter (PpspA) in a pspA
+
 cells (MVA101). (b) Left 839 

hand: Western blot to show the V-PspA fusion (~53 kDa) stability and expression in MVA101 before 840 

and after stress (+pIV, pGJ4). -GFP JL8, Venus antibodies; M, molecular weight marker. Middle: 841 

LC, loading control, Coomassie stained MVA101-/+pIV samples. Right hand: The quantification of 842 

V-PspA protein expression presented in arbitrary units. (c) Wide field SMI of non-stressed MVA101 843 

cells expressing V-PspA and (d) with induced expression of V-PspA upon stress (+pIV, pGJ4). (c, d): 844 

Representative images are shown. Bar, 1 m. Schematics (as in Fig. 1): circle, nucleoid-associated 845 

foci; black dot, membrane foci; arrow, dynamic membrane foci.  846 

 847 

Fig. 4. Cardiolipin as a determinant in IM stress signalling to PspA. (a) The activity of PpspA in WT 848 

(MVA44), pspBC (MVA45), cls (MVA116), and pspBC cls (MVA117) cells under non-stress 849 

(vector pBR325D) or stress (+pIV, pGJ4) conditions. (b) Growth of the WT (MG1655) and cls 850 

(MVA115) cells under non stress (+vector) or stress (+pIV) conditions. (c) Growth of the pspF 851 

mutant (MG1655pspF) under non stress or stress conditions as in b. b-c, the experiments are done in 852 

triplicate and representative results are presented. Growth of cls+pIV and pspF+pIV are 853 

significantly different from corresponding non-stressed or WT non-stressed or stressed cells (for 854 

cls+pIV, P<0.001; for pspF+pIV, P<0.02) as determined by one sample t-test analysis of ODs. (d-855 

f) Wide field SMI of V-PspA expressed in d - cls (MVA118) in the absence of pIV (loss of polar 856 

foci) e – WT (MVA101) and cls under stress (+pIV) (note loss of polar foci) and f - pspBC cls 857 

(MVA119) under stress (+pIV). (d-f): Representative images are shown. Bar, 1 m. Schematics (as in 858 
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Fig. 1): circle, nucleoid-associated foci; black dot, membrane foci; gray dot, less frequently observed 859 

membrane foci; arrow, dynamic membrane foci. (g) Sub-cellular localisations of the V-PspA foci 860 

from (e) on x-axis (M-lateral, lateral membrane; M-polar, polar membrane region) and percentage of 861 

all foci analysed (n=115 for WT+pIV, cls+pIV) on y-axis.     862 

 863 

Fig. 5.  Expression, localisation and effector function of PspA in rodZ mutants. (a) The expression of 864 

PpspA under non-stress (vector pBR325D) or stress (+pIV, pGJ4) conditions measured in WT 865 

(MVA44), pspBC (MVA45), rodZ (MVA108) and pspBC rodZ (MVA109) cells. (b) Growth of 866 

the WT (MG1655) and rodZ mutant (MVA105) under non stress (+vector) and stress (+pIV) 867 

conditions (the experiment is done in triplicate; a representative result is presented). Growth of 868 

rodZ+pIV is significantly different from corresponding non-stressed or WT non-stressed or stressed 869 

strains (P<0.04) as determined by one sample t-test analysis of OD values. (c, d) Wide field SMI of 870 

V-PspA expressed in a rodZ (MVA110) strain: c - non-stress or d - stress (+pIV). (e) The 871 

localisation of the eGFP-PspA (pEC1) in rodZ (MVA105) cells resembles V-PspA+pIV 872 

localisations and dynamics in rodZ (in d). (f) The localisations and dynamics of eGFP-PspA in 873 

rodZ is MreB dependent. (g) Images of V-PspA in pspBC rodZ (MVA111) cells –upon stress 874 

(+pIV; note decoration of the IM with the V-PspA). (c-g): Representative images are shown. Bar, 1 875 

m. Schematics (as in Fig. 1): black dot, membrane foci; gray dot, less frequently observed 876 

membrane foci; arrow, dynamic membrane foci; black shape, foci arranged in macro domain; black 877 

circle, foci decorate the membrane. .  878 

 879 

Fig. 6.  Fosfomycin treatment increases IM stress and dynamics of V-PspA. (a) The expression of 880 

PpspA was determined in three independent experiments (i-iii) in WT+vector (MVA44+pBR325D, 881 

grey) and stressed WT+pIV (MVA44+pGJ4, dark grey) cells in the absence (0) or presence of 882 

fosfomycin in different concentrations (1/x) where 1 represents MIC (64 g ml
-1

) (See Methods for 883 

details). The expression of pspA in non-stressed or stressed cells treated with fosfomycin is 884 

significantly different from untreated cells (non-stressed P<0.01, stressed P<0.005) as determined by 885 
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one sample t-test analysis of [MU]. Below are corresponding ODs of non-stressed (i-iii thin line) and 886 

stressed (i-iii in bold) cells in the absence or presence of fosfomycin. (b) The distribution of diffusion 887 

coefficients for V-PspA in pspA cells (MVA127) under stress (+pIV, pGJ4) and in the absence (in 888 

white, n=709) or presence (in grey, n=1106) of 32 g ml
-1 

of fosfomycin (1/2 MIC) after 10 min of 889 

growth. The data are presented as normalised distributions of the diffusion coefficients (µm
2
s

-1
) 890 

obtained as described (Mehta et al., 2013). (c) Example of wide field SMI of V-PspA in pspA cells 891 

under stress and in the presence of fosfomycin as in b. Bar, 1 m.  892 
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