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SUMMARY 24 

The Type VI Secretion System (T6SS) of Pseudomonas aeruginosa injects effector proteins into 25 

neighbouring competitors and host cells, providing a fitness advantage that allows this opportunistic 26 

nosocomial pathogen to persist and prevail during the onset of infections. However, despite the high 27 

clinical relevance of P. aeruginosa, the identity and mode of action of most P. aeruginosa T6SS-28 

dependent effectors remain to be discovered. Here, we report the molecular mechanism of Tse5-CT, 29 

which is the toxic auto-proteolytic product of the P. aeruginosa T6SS exported effector Tse5. Our 30 

results demonstrate Tse5-CT is a pore-forming toxin that can transport ions across the membrane, 31 

causing membrane depolarisation and bacterial death. The membrane potential regulates a wide range 32 

of essential cellular functions, and therefore membrane depolarisation is an efficient strategy to 33 

compete with other microorganisms in polymicrobial environments.  34 

 35 

Keywords: Bacterial secretion; Protein export; Type VI Secretion System; Pseudomonas 36 

aeruginosa, pore-forming protein, ion channel 37 

 38 

 39 

 40 
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Bacteria usually associate forming polymicrobial structures called biofilms1,2, where they frequently 42 

compete with other microorganisms for space and nutrients. In this context, many Gram-negative 43 

bacteria employ the Type VI secretion system (T6SS) to deliver toxic effectors to close competitors 44 

to either kill them or subvert their key biological functions. Thus, the T6SS provides a significant 45 

evolutionary advantage to bacteria that allows them to thrive and succeed in niche colonisation3–5. 46 

The T6SS assembles inside bacteria from 13 essential components related to the tail proteins of 47 

bacteriophage T46. This molecular machine is energised by the contraction of the TssBC sheath (also 48 

known as VipAB)7–9, which encapsulates the Hcp tubular structure. The Hcp tube is topped by the 49 

VgrG-PAAR tip complex, which is believed to facilitate puncture of the producer and target cell 50 

membranes upon TssBC sheath contraction8,10. T6SS effectors are either encapsulated within the Hcp 51 

tube11 or associated with the VgrG spike complex12. In addition, other effectors exist as extension 52 

domains on VgrG13–15, Hcp16, or  PAAR proteins8. Importantly, bacteria that have a specific T6SS 53 

effector also encode a corresponding cognate immunity protein, which specifically binds to the 54 

effector,  thereby neutralising the effector’s toxicity17.  55 

 56 

P. aeruginosa is a Gram-negative opportunistic nosocomial pathogen, and it is one of the primary 57 

causes of pneumonia in immunocompromised patients and hosts with lung diseases. Due to its high 58 

intrinsic and acquired resistance against most common antimicrobial agents, eradicating P. 59 

aeruginosa infections has become increasingly difficult. Consequently, the World Health 60 

Organization has ranked it second in a list of bacteria that require immediate development of novel 61 

antibiotics18. P. aeruginosa contains in its genome three independent T6SS clusters (H1, H2, and H3-62 

T6SS) 19,20. Known effectors delivered by the H1-T6SS have an antiprokaryotic activity that target: 63 

(i) the cell wall peptidoglycan (Tse1: peptidase activity 21,22 and Tse3: muramidase activity 23,24), (ii) 64 

the membrane (Tse411,25), (iii) NAD(P)+ (Tse6: glycohydrolase activity 26), (iv) the DNA (Tse7: 65 

DNase activity 27), and (v) protein biosynthesis (Tse828). 66 



 4 

 67 

In the present study, we investigate Tse5 (PA2684), an H1-T6SS-dependent effector conserved 68 

among P. aeruginosa strains isolated from patients with cystic fibrosis and bronchiectasis29. Two 69 

laboratories11,30 almost simultaneously discovered Tse5. Nonetheless, its mechanism of action 70 

remains elusive. It was demonstrated that Tse5-CT is toxic when expressed in the cytoplasm of E. 71 

coli30 and when directed to its periplasm11. Tse5 associates with VgrG4 (PA2685) for H1-T6SS-72 

dependent delivery into target cells11,30. Furthermore, Tse5-producing cells protect themselves from 73 

intoxication by the cognate immunity protein Tsi5 (PA2683)11,30. Tsi5 contains two predicted 74 

transmembrane regions. Furthermore, subcellular localisation experiments and Western blot analysis 75 

have shown that it fractionates with the cytoplasmic membrane of E. coli cells expressing Tsi5, which 76 

supports the hypothesis Tsi5 is an integral membrane protein30. 77 

 78 

Bioinformatic analysis of Tse5 predicts two conserved domains: An N-terminus domain (residues 79 

Met1-Lys47) that is predicted to fold like a PAAR domain that lacks the signature Pro–Ala–Ala–Arg 80 

motif; and a large central domain (Pro48-Leu1168 with homology to Rearrangement hot spot repeats 81 

(PF05593) (Rhs repeats)31. Notably, the PAAR motif is conserved in many putative toxins, including 82 

Rhs toxins, implicated in T6SS-dependent interbacterial competition32–37. Rhs toxins are bacterial 83 

exotoxins that belong to the polymorphic category38. Moreover, Rhs toxins are large proteins of 84 

usually more than 1,500 residues with variable C-terminal toxic domains, and they are ubiquitous in 85 

Gram-negative and Gram-positive bacteria33. Flanking the N-terminus of the C-terminal toxic 86 

domain, there is a conserved DPXGL-(18)-DPXGL motif, which marks the limit of the Rhs core 87 

domain. This conserved motif forms the active site of an aspartyl protease that releases the C-terminal 88 

toxic domain39,40 (Supplementary Fig. 3d).  89 

 90 
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The C-terminus region of Tse5 (Tse5-CT; residues Ile1169–Gln1317) harbours the Tse5 toxicity11,30. 91 

However, Tse5-CT is unique to P. aeruginosa and has no predicted function, which challenges the 92 

elucidation of its mechanism of action. 93 

 94 

Tse5-CT expression has a bacteriolytic effect on Pseudomonas putida cells 95 

To provide insight into the mode of action of Tse5-CT, we first evaluated if it can kill P. putida 96 

EM383 cells (bacteriolytic effect) or rather cause a transient growth inhibition (bacteriostatic effect). 97 

The P. putida strain EM383 results from eleven deletions introduced in the genome of P. putida strain 98 

KT2440 to optimize heterologous gene expression41. We observed that inducing the expression of 99 

Tse5-CT resulted in rapid bacterial growth arrest, with optical density (OD600) dropping from values 100 

of 0.3 to 0.23 10 hours after Tse5-CT induction (Fig. 1a). On the contrary, bacteria transformed with 101 

the empty vector (pS238D1) reached an optical density seven times larger 10 hours post-induction 102 

(OD600 = of 1.59). Furthermore, we failed to recover bacterial growth when the inducer (m-toluic 103 

acid) was removed 5 hours post-induction. This result indicates Tse5-CT has a bacteriolytic effect 104 

when expressed in P. putida cells.  105 

 106 

Co-expression of Tsi5 (green curves) could not reverse the Tse5-CT phenotype (red curves), resulting 107 

in cultures having similar optical densities as cultures expressing Tse5-CT only (Fig. 1a). Previous 108 

studies also failed to complement the Tse5-CT phenotype on E. coli cells, despite its capacity to 109 

abrogate Tse5-based intoxication in P. aeruginosa11. Given that Tsi5 is expected to be a 110 

transmembrane protein, the inability to reverse the Tse5-CT phenotype in P. putida might be 111 

associated with difficulties to express transmembrane proteins in a heterologous host 11,42 112 

 113 

Tse5-CT toxicity causes depolarisation of intoxicated Pseudomonas putida cells 114 
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Tsi5 contains two predicted transmembrane regions. Furthermore, subcellular localisation 115 

experiments and Western blot analysis have shown that Tsi5 fractionates with the cytoplasmic 116 

membrane of E. coli cells expressing Tsi530, which altogether supports the hypothesis Tsi5 is an 117 

integral membrane protein that inserts in the cytoplasmic membrane of P. aeruginosa. Moreover, 118 

given that bioinformatic analysis of Tse5-CT did not predict any enzymatic activity, we hypothesised 119 

that Tse5-CT might target the bacterial cytoplasmic membrane, which might affect the cell 120 

permeability or the membrane potential of intoxicated cells.  121 

 122 

The possible Tse5-CT effect on cellular permeability or membrane potential was evaluated in P. 123 

putida EM383 cells. P. putida cells were transformed with the plasmid coding for Tse5-CT wild type 124 

(pS238D1::tse5-CT) or a variant containing the pelB leader sequence (pS238D1::sptse5-CT ), which 125 

should direct Tse5-CT to the periplasmic space43. Cells were cultured in liquid media, with the 126 

expression of Tse5-CT or spTse5-CT induced with m-toluic acid. Ninety minutes after induction, 127 

cells were stained with DiBAC4(3) and SytoxTM Deep Red. DiBAC4(3) is an anionic probe that can 128 

permeate into depolarised cells, where it binds to intracellular proteins or the membrane, increasing 129 

green fluorescence44. SytoxTM Deep Red is a nucleic acid stain that readily penetrates cells with 130 

compromised plasma membranes (permeabilised cells), increasing red fluorescence.  131 

 132 

Cells expressing Tse5-CT and treated with DiBAC4(3) and SytoxTM Deep Red were analysed by flow 133 

cytometry (Fig. 1b-e). The measurements revealed that Tse5-CT expression results in ca. 51% 134 

reduction of the healthy cell population compared to the healthy cells observed in the negative control 135 

(cells transformed with an empty vector; Fig. 1b). However, the decrease in the number of healthy 136 

cells is compensated by ca. 46% increase in depolarised cells (Fig. 1c) and ca. 5% increase in cells 137 

depolarised and permeabilised (Fig. 1e).  138 

 139 
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Cells expressing the Tse5-CT variant containing the pelB leader sequence (spTse5-CT) and treated 140 

with DiBAC4(3) and SytoxTM Deep Red were also analysed by flow cytometry (Fig. 1b-e). In this 141 

case, there was ca. 23% reduction of the healthy cell population compared to the healthy cells 142 

observed in the negative control (Fig. 1b). Similar to what we observed in cells expressing Tse5-CT, 143 

the decrease in healthy cells is mainly compensated by increased depolarised cells (ca. 21% increase 144 

in depolarised cells (Fig. 1c), and ca. 2% increase in depolarised and permeabilised cells (Fig. 1e).  145 

 146 

These results indicate that Tse5-CT and spTse5-CT change the membrane potential of intoxicated 147 

cells but do not significantly affect the integrity of the cytoplasmic membrane. Furthermore, the 148 

impact of Tse5-CT seems to be increased in the absence of the signal peptide.  149 

 150 

Tse5-CT can insert in lipid monolayers and the cytoplasmic membrane of Escherichia coli cells 151 

To evaluate the capacity of Tse5-CT to insert into biological membranes, we measured the ability of 152 

Tse5-CT to partition in lipid monolayers reconstituted from an E. coli lipid extract using the 153 

Langmuir-Blodgett balance45 (Fig. 2a-b). This technique records the insertion of the peptide into the 154 

monolayer as an increase in lateral pressure (ΔΠ) from an adjusted initial lateral pressure (Π0). 155 

Peptide insertion decreases as the initial lateral pressure increases (Fig. 2a) until the critical lateral 156 

pressure (Πc) is reached, at which the peptide is no longer able to insert into the monolayer. The lipid 157 

packing in the outer monolayer of biological membranes approaches lateral surface pressures between 158 

30 and 35 mN/m46,47. Thus, a critical lateral pressure in this range upon protein addition indicates that 159 

it is able to insert into biological membranes. 160 

 161 

Therefore, these results indicate that Tse5-CT can partition into the hydrophobic core of a lipid 162 

monolayer when introduced in a polar buffer, suggesting that it might also be able to insert into 163 
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biological membranes when is delivered by the T6SS into the periplasm/cytoplasm of intoxicated 164 

cells.  165 

 166 

Hydrophobic transmembrane (TM) regions should mediate the insertion of Tse5-CT into biological 167 

membranes. Indeed, prediction of TM helices48 suggests Tse5-CT might have a high propensity to 168 

insert into biological membranes, containing several putative TM helices (TMH) and amphipathic 169 

helices (AH) (Fig. 2c-d). To evaluate if Tse5-CT includes TM regions, we engineered a series of 170 

Tse5-CT deletion mutants fused to a C-terminal dual reporter protein (Fig. 2d). The dual reporter 171 

gene is a chimaera containing an Escherichia coli alkaline phosphatase (PhoA) gene and the a-172 

peptide gene fragment of the b-galactosidase (LacZa). This PhoA-LacZa dual reporter has been 173 

extensively used to study in vivo membrane protein topology by the gene fusion approach49,50. When 174 

fused to periplasmic domains of polytopic membrane proteins, the dual reporter gene produces fusion 175 

proteins with high PhoA activity, and when linked to cytoplasmic domains, it makes fusions with 176 

high LacZ activity in E. coli strains capable of a-complementation. Thus, the growth of E. coli on 177 

dual indicator agar plates allows for discrimination between colonies expressing cytoplasmic or 178 

periplasmic fusion proteins. On such agar plates, cells with phosphatase activity can convert the X-179 

Pho (5-bromo-4-chloro-3-indolyl-phosphate) substrate into a blue-coloured, precipitated compound, 180 

while cells with β-galactosidase activity transform the Red-Gal (6-chloro-3-indolyl-β-D-galactoside) 181 

substrate into an insoluble red chromophore. Furthermore, both enzymatic activities can be quantified 182 

in permeabilised intact cells using the colourimetric substrates ortho-nitrophenyl-β-D-galactoside 183 

(ONPG) and p-nitrophenyl phosphate (pNPP) for LacZ and PhoA activities, respectively51. 184 

 185 

Furthermore, all the Tse5-CT-PhoA-LacZa fusion proteins contain the pectate lyase B (pelB) leader 186 

sequence of Erwinia carotovora CE52. Adding the pelB signal peptide (sp) to the fusion proteins 187 

directs them to the Sec translocon for translocation into the periplasm53. Suppose Tse5-CT is a soluble 188 
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protein, the C-terminal of all engineered fusion proteins will localise in the periplasmic space. But, if 189 

Tse5-CT is a transmembrane protein, it will contain one or more hydrophobic TM regions. These 190 

regions would induce lateral opening of the SecYEG translocase and insert into the cytoplasmic 191 

membrane54,55. In this scenario, the PhoA-LacZa fusion point could be located in a cytoplasmic, 192 

periplasmic or transmembrane region of Tse5-CT, resulting in LacZ, PhoA or mixed activities, 193 

respectively. 194 

 195 

In particular, we engineered five spTse5-CT-PhoA-LacZa fusion proteins (Fig. 2d). Each fusion 196 

protein contains different fragments of Tse5-CT. The fusion protein spTse5-CT1169-1229-PhoA-LacZa 197 

(K1229) contains the first 61 N-terminal residues, spTse5-CT1169-1269-PhoA-LacZa (A1269) contains 198 

the first 101 residues, spTse5-CT1169-1281-PhoA-LacZa (A1281) contains the first 113 residues, 199 

spTse5-CT1169-1300-PhoA-LacZa (K1300) contains the first 132 residues, and spTse5-CT1169-1317-200 

PhoA-LacZa (Q1317) contains the full length Tse5-CT (149 residues). 201 

 202 

E. coli DH5a cells expressing the K1229 fusion protein produce blue colonies when plated on dual 203 

indicator agar plates, which shows that the C-terminus of the fusion protein localises in the periplasm 204 

(Fig. 2e). This result is consistent with the quantification of PhoA-LacZ enzymatic activities in 205 

permeabilised E. coli DH5a cells expressing the K1229 fusion protein, which indicate the relative 206 

PhoA activity (A) is ca. 2.78 times that of the relative LacZ activity (Table 1: Normalized Activity 207 

Ratio (NAR); Fig. 2f). Furthermore, the relative PhoA activity of K1229 is the largest of all the 208 

engineered fusion proteins. 209 

 210 

Interestingly, E. coli DH5a cells expressing fusion proteins A1269 or K1300 produce purple colonies 211 

(Fig. 2e), consistent with NAR values of ca. 0.65 and 1.03, respectively. (Fig. 2f; Table 1). Previous 212 

studies using this PhoA-LacZa dual reporter strategy showed that purple colonies are obtained when 213 
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PhoA-LacZa is fused within transmembrane regions (i.e., a combination of both red and blue 214 

colourations as a mixture of cytoplasmic and periplasmic fusions)49.  215 

 216 

Finally, E. coli DH5a cells expressing A1281 and the full-length spTse5-CT-PhoA-LacZa fusion 217 

protein (Q1317) produce red colonies when plated on dual indicator agar plates (Fig. 2e), consistent 218 

with higher relative LacZ activities (NAR values of ca. 0.48 and 0.22 for A1281 and Q1317, 219 

respectively; Fig. 2f; Table 1). Furthermore, the relative LacZ activity of Q1317 is the largest of all 220 

the engineered fusion proteins. 221 

 222 

In conclusion, this PhoA-LacZa dual reporter assay provides experimental evidence indicating Tse5-223 

CT is a transmembrane protein that contains at least two transmembrane regions. Moreover, these 224 

results demonstrate the capacity of Tse5-CT of inserting in the cytoplasmic membrane of Escherichia 225 

coli cells. 226 

 227 

Tse5-CT forms ion-selective membrane pores in vitro 228 

Given that our results support the notion that Tse5-CT is a transmembrane protein that targets the 229 

cytoplasmic membrane of intoxicated cells to disrupt their membrane potential, we hypothesised that 230 

Tse5-CT could be forming pores that can transport ions across the membrane. This ion transport could 231 

be the molecular mechanism employed by Tse5-CT to depolarise intoxicated cells.  232 

 233 

To probe its capacity to generate ion channel activity, Tse5-CT dissolved in dimethyl sulfoxide 234 

(DMSO) was added to the solution bathing a solvent-free planar phospholipid bilayer (see Methods 235 

for details). Gram-negative bacteria are known to have significantly different chemical compositions 236 

in the cytoplasmic and periplasmic space56,57. Therefore, to simulate these asymmetric conditions, a 237 
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salt concentration gradient was used in the membrane chamber, so one side flanking the membrane 238 

was kept at 250 mM and the other at 50 mM, both buffered with 5 mM HEPES at pH 7.4.  239 

 240 

Shortly after Tse5-CT protein was added and membrane reformed, spontaneous protein insertions 241 

were obtained without any applied voltage, revealing ion channel activity with relatively stable 242 

currents as shown in representative traces in Fig. 3a. Tse5-CT-induced currents were obtained using 243 

membranes formed with a polar lipid extract from E. coli in a 250/50 mM (upper panel) and a 244 

50/250 mM (middle panel) KCl gradient. Protein was always added at the same side of the membrane 245 

(cis-side), meaning that gradient direction did not affect the capacity of Tse5-CT to insert into the 246 

planar membrane. Control experiments with a neutral bilayer made from 1,2-dioleoyl-sn-glycero-3-247 

phosphoethanolamine (DOPE) were also carried out (Fig. 3a, lower panel). In this case, Tse5-CT-248 

induced currents were less frequent and more unstable than with polar membranes. 249 

 250 

Fig. 3b shows the current-voltage (I-V) relationships arising from the representative traces shown in 251 

Fig 3a. In all conditions explored, stable currents follow a purely ohmic behaviour, meaning channel 252 

conductance (G = I/V) does not change with the applied voltage's magnitude and polarity. Calculated 253 

conductances from all measured I-V curves vary from 0.6 to 6.6 nS (Supplementary Table 2). The 254 

variability of conductances could arise from the insertion of multiple units of the same size or due to 255 

variable pore conformations corresponding to different levels of Tse5-CT oligomerization. 256 

Discrimination between these two options is out of the scope of the present study. Nonetheless, a G 257 

of ca. 0.6 nS (the minimal conductive unit obtained, Table S1) roughly translates into pores around 258 

1 nm in diameter (see Methods). 259 

 260 

The amplitude and frequency of current oscillations in Fig. 3b provide useful information beyond the 261 

conductive levels. The power spectral density (PSD) of Ts5-CT-induced currents quantifies the 262 
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current noise and provides the frequency hallmark58 on the primary physical mechanisms responsible 263 

for pore formation. Supplementary Fig. 4a shows representative PSDs obtained from Tse5-CT-264 

induced currents. PSDs for all experiments display characteristic 1/f type spectra similar to those 265 

found in other proteolipidic pore assemblies59. Notably, for all conditions studied, PSDs at low 266 

frequencies (5-15 Hz band) follow a parabolic dependence with the applied voltage (Supplementary 267 

Fig. 4b). This is a characteristic feature of equilibrium conductance fluctuations60,61 and disregards 268 

non-equilibrium mechanisms in the pore formation by Ts5-CT (i.e. electroporation62).  269 

 270 

Experiments under a concentration gradient also allow us to assess the ionic selectivity of the 271 

measured pores. Because the mobility of anions and cations is the same in KCl, the sign of the 272 

measured current without any applied voltage (the vertical intercept of the I-V curve in Fig. 3b) 273 

provides a hint of the channel preference for anions or cations63. In all studied conditions (polar and 274 

neutral membrane, 250/50 and 50/250 mM KCl gradients), the sign obtained of the measured currents 275 

without applied voltage is consistent with pores displaying cationic selectivity. However, the widely 276 

accepted magnitude to quantify selectivity is the so-called reversal potential (RP)64, which is the 277 

voltage required to yield zero current under a transmembrane gradient (the horizontal intercept of the 278 

I-V curve). Once the measured RP is introduced into the Goldman–Hodgkin–Katz (GHK) equation, 279 

we can obtain the permeability ratio P+
 /P-

65. 280 

 281 

Fig. 3c shows the permeability ratios (P+
 /P-) for different series of experiments. For the 250/50 mM 282 

KCl configuration in polar membrane, the measured P+
 /P- = 6.08 ± 1.17 (N=7). This permeability 283 

ratio means that the channels have multi-ionic character. Although pores have a marked preference 284 

for cations, anions are not excluded and still can permeate significantly through the pore. Reversing 285 

the direction of the concentration gradient (50/250 mM KCl) yields a comparable permeability ratio, 286 

P+
 /P- = 4.79 ± 0.99 (N=8), and hence similar selectivity, to the opposite orientation. Keeping in mind 287 
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that protein addition always occurs in the cis chamber, this implies that Tse5-CT-induced pores are 288 

fairly symmetrical structures regarding the charge distribution that regulates ionic selectivity, at least 289 

at pH 7. 290 

 291 

Taking into consideration that Tse5-CT net charge is negative and that the E. coli lipid extract also 292 

contains negatively charged lipids (Phosphatidylglycerol (PG) is ~ 15% wt of the total and 293 

Cardiolipin (CA) ~ 10% wt), it is fair to wonder whether Tse5-CT protein participates actively in the 294 

pore structure or if it just acts in detergent-like fashion to promote channels formed exclusively by 295 

lipids66. Control measurements in neutral membrane with a 250/50 mM KCl gradient yield traces 296 

with a positive current without applied voltage (Fig. 3a, lower panel), consistent with cation-selective 297 

pores. Quantification through the RP (Fig. 3b) and the corresponding permeability ratio (Fig. 3c) 298 

show that pores regulated exclusively by protein charges are still quite selective to cations, with P+
 299 

/P- ~=1.70 ± 0.21 (N=4). This cationic selectivity of Tse5-CT-induced pores in neutral membranes 300 

demonstrates that Tse5-CT protein forms part of the pore walls.   301 

 302 

For the sake of completeness, it should be mentioned that although the majority of traces show “quiet” 303 

pores with relatively stable currents and ohmic I-V relationships, there is a minor fraction of 304 

recordings showing strongly voltage-dependent currents, as shown in Fig. 3d. In these cases, 305 

extremely fluctuating currents appear for V > 0, increasing rapidly with time, making recording I-V 306 

relationships impossible. In contrast, for V < 0 current is almost zero. When V = 0, the current is 307 

small but measurable and compatible with a structure selective to cations. The successive application 308 

of opposite voltage polarities shows that conductive structures do not disappear under V < 0, but they 309 

just become closed like voltage-gated pores. Interestingly, these voltage-dependent currents that are 310 

anecdotic in experiments involving a concentration gradient become much more frequent in 311 

experiments performed under symmetric salt concentration conditions. 312 
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 313 

Discussion 314 

In the current study, we have provided insight into the molecular mechanism that Tse5-CT employs 315 

to kill intoxicated bacterial cells. In particular, we show that this molecular mechanism involves the 316 

formation of ion-selective membrane pores, which can explain the observed membrane depolarisation 317 

of P. putida cells expressing the toxin.  318 

 319 

In all conditions explored (Fig. 3a), the Tse5-CT-induced currents in lipid membranes follow a purely 320 

ohmic behaviour (Fig. 3b). Such voltage-independent conductance has been reported in proteolipidic 321 

channels like the protein E of SARS-CoV-167,68 or the classical swine fever virus p759, in total contrast 322 

with other channels that show strong voltage-dependent conductance, such as the antibiotic peptide 323 

alamethicin69, the antimicrobial peptide Syr-E70 or melittin peptide from bee venom71. Furthermore, 324 

the minimal conductive unit obtained (G ~ 0.6 nS; Supplementary Table 1) is similar to that of well-325 

known protein channels, like the mitochondrial VDAC72,73, which forms 14-Å pores in the 326 

mitochondrial outer membrane. 327 

 328 

Importantly, the measured permeability ratios (P+
 /P-) indicate that Tse5-CT-induced channels have 329 

a multi-ionic character (Fig. 3c). Thus, although pores have a marked preference for cations, anions 330 

can permeate significantly through the pore. Furthermore, Tse5-CT-induced pores are fairly 331 

symmetrical structures, as indicated by similar permeability ratios obtained for 50/250 and 332 

250/50 mM KCl concentration gradients. Nonetheless, this symmetry might not translate in vivo 333 

under conditions of acidic stress, where protons unequally titrate each cytoplasmic membrane side. 334 

In this scenario, the charge distribution could become asymmetric, and hence the selectivity could 335 

depend on the direction of the concentration gradient74. 336 

 337 
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In addition, we have observed that Tse5-CT can induce voltage-dependent currents that are anecdotic 338 

in experiments involving a concentration gradient but become much more frequent in experiments 339 

performed under symmetric salt concentration (Fig. 3d). Based on this result, we could speculate that 340 

two different mechanisms of membrane permeabilization could be operating simultaneously. One 341 

membrane permeabilization mechanism forming relatively quiet ohmic pores, which in vivo would 342 

lead to cell depolarisation. A second membrane permeabilization mechanism that only functions in 343 

one voltage polarity and quickly leads to irreproducible membrane disruption, which in vivo would 344 

result in cell permeabilization. This channel-pore duality might explain why the expression of Tse5-345 

CT in P. putida results in a 46% increase in depolarised cells (Fig. 1c) and a 5% increase in 346 

depolarised and permeabilised cells (Fig. 1e). Such behaviour has already been reported in 347 

proteolipidic systems and is referred to as channel-pore dualism75.  348 

 349 

Overall, our electrophysiology experiments suggest that Tse5-CT inserts into E  coli polar membranes 350 

yielding proteolipidic pores of unknown architecture (either in the form of barrel-stave, toroidal or 351 

arch pores76), but in any case with Tse5-CT located in the pore walls. Furthermore, Tse5-CT-induced 352 

pores have an equilibrium nature (are formed spontaneously) and display marked cationic preference 353 

although maintaining their multi-ionic character. This multi-ionic character means that changes in 354 

cell homeostasis or cell polarity via Tse5-CT action probably involve the simultaneous transport of 355 

several ionic species. 356 

 357 

We have observed that the bacteriolytic effect of Tse5-CT on P. putida cells is characterised by a 358 

rapid and permanent bacterial growth arrest (Fig. 1a). This bacteriolytic effect can be correlated with 359 

our flow cytometry data, which show that Tse5-CT mainly causes membrane depolarisation (Fig. 1b-360 

e). These experiments were performed in parallel with P. putida cells expressing wild type Tse5-CT  361 

and a variant containing the pelB leader sequence (spTse5-CT), which should direct Tse5-CT to the 362 
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periplasmic space43. The results indicate that both proteins (Tse5-CT and spTse5-CT) can depolarise 363 

intoxicated cells. Still, the effect is more significant in the absence of the pelB leader sequence (ca. 364 

46% vs 21% increase in depolarised cells expressing Tse5-CT or spTse5-CT, respectively). This 365 

result is consistent with our electrophysiology experiments that indicate Tse5-CT can spontaneously 366 

induce pore formation in lipid membranes regardless of the direction of the KCl gradient. Previous 367 

results also indicate Tse5-CT is toxic when expressed in the cytoplasm of E. coli30 and when directed 368 

to its periplasm11.  369 

 370 

Furthermore, using the Langmuir-Blodgett balance, we have demonstrated the capacity of Tse5-CT 371 

to partition into the hydrophobic core of a lipid monolayer when introduced from a polar buffer (Fig. 372 

2a-b). This is a significant result, suggesting that Tse5-CT might contain transmembrane (TM) 373 

regions inserted into biological membranes. To evaluate the possibility Tse5-CT includes TM 374 

regions, we engineered a series of Tse5-CT deletion mutants containing the N-terminal pelB leader 375 

sequence (sp) and the C-terminal PhoA-LacZa dual reporter protein49,50. Evaluation of the enzymatic 376 

activity of the dual reporter identified the PhoA-LacZa fusion points located in periplasmic (K1229), 377 

cytoplasmic (A1281 and Q1317), and transmembrane (A1269 and K1300) domains of Tse5-CT (Fig. 378 

2e-f; Table 1). This result indicates that Tse5-CT is a transmembrane protein that contains at least 379 

two TM regions. Pore-forming toxins (PFTs) are classified into two large groups, α-PFTs and β-380 

PFTs, depending on whether their membrane-spanning domain assembles from α-helices or β-381 

barrels77. Whilst structural information will be required to understand the number and arrangement 382 

of the transmembrane regions that form the Tse5-CT membrane pore, transmembrane helix 383 

predictions suggest a substantial α-helical content with a predicted propensity for membrane insertion 384 

(Fig. 2c). Therefore, suggesting Tse5-CT might be an α-PFT. 385 

 386 
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The membrane potential regulates a wide range of bacterial physiology and behaviours, including pH 387 

homeostasis, membrane transport, motility, antibiotic resistance, cell division, electrical 388 

communication, and environmental sensing78. Therefore, membrane depolarisation is an excellent 389 

strategy to outcompete other bacteria. Although Tse5-CT seems to be unique to P. aeruginosa, 390 

previous T6SS-effectors have been shown to change the membrane potential of intoxicated cells. 391 

These include the P. aeruginosa effector Tse411, the Serratia marcescens Ssp6 effector79, and the 392 

Vibrio cholerae VasX effector80.  393 

 394 

Ssp6 can cause depolarisation of targeted cells without a corresponding increase in permeability of 395 

the cytoplasmic membrane and can form ion-selective pores79. Similarly, Tse4 disrupted the 396 

membrane potential without increased membrane permeability and was suggested to form cation-397 

selective pores25. VasX displays some structural homology with pore-forming colicins. It was shown 398 

to disrupt the membrane potential with simultaneous permeabilisation of the inner membrane, 399 

suggesting that it forms large, non-selective pores, which would cause leakage of ions and other 400 

cellular contents80,81. 401 

 402 

In summary, antibiotic resistance has become a serious public health concern, which according to the 403 

WHO, by 2050 could be causing over 10 million deaths per year. Pseudomonas aeruginosa is a 404 

significant contributor to this alarming forecast because it exhibits a high level of intrinsic and 405 

acquired resistance against most common antibiotics and consequently is the top second priority 406 

pathogen that requires urgent development of novel antibiotics18. P. aeruginosa produces a plethora 407 

of effectors delivered by the T6SS to target essential functions in prey cells. Consequently, these 408 

effectors are essential for its pathogenesis, and therefore, deciphering the molecular functions and 409 

cellular targets of these toxins could provide unique insight for the next generation of antibiotics. 410 

Towards this end, this study shows that Tse5-CT is a transmembrane protein that partitions into the 411 
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hydrophobic core of model membranes, including lipid monolayers and bilayers. Furthermore, when 412 

it inserts in lipid bilayers, our electrophysiology experiments suggest that Tse5-CT assembles 413 

proteolipidic pores that display a marked cationic preference although maintaining its multi-ionic 414 

character. These findings correlate well with our in vivo results, which indicate Tse5-CT causes 415 

membrane depolarisation and bacterial death. Taken together, these results suggest Tse5-CT toxicity 416 

is a result of the ion-selective pores that it assembles in the cytoplasmic membrane of intoxicated 417 

cells. Our work provides a significant contribution towards understanding how P. aeruginosa utilise 418 

the H1-T6SS to colonise and prevail in different niches such as the respiratory tract of 419 

immunocompromised patients and people with lung diseases. Moreover, elucidating the mechanism 420 

of action of Tse5-CT and its cellular target pave the wave for the future design of novel antibiotics 421 

targeting the bacterial membrane. 422 

 423 

Methods 424 

Growth inhibition of P. putida after Tse5-CT expression  425 

A detailed list of all strains and plasmids used in this study can be found in Supplementary Tables 1. 426 

Growth curves were performed in triplicate. Overnight cultures of transformed P. putida EM383 cells 427 

carrying pS238D1 empty plasmid, encoding Tse5-CT (pS238D1::tse5-CT), or both Tse5-CT and Tsi5 428 

(pSEVA424:tsi5) were grown in 10 mL Luria-Bertani (LB) broth and adjusted to OD600 = 0.1. Initial 429 

cultures were allowed to grow for one hour and a half (OD600 = 0.2-0.3) before toxin/immunity protein 430 

expression induction. Expression of Tse5-CT toxin and Tsi5 was induced with 1mM m-Toluic acid 431 

(TA) and 1mM isopropyl 1-thio-β-D-galactopyranoside (IPTG), respectively. Optical density at 432 

600 nm (OD600) was measured every hour. After 5 hours, half of the cultures were washed with 1 min 433 

centrifugation at 9000 xg, and the pellet was resuspended in fresh LB broth with appropriate 434 

antibiotics. All cultures were grown at 30°C with agitation (300 rpm) in LB media supplemented with 435 
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kanamycin (50 µg/mL) (also streptomycin at the same concentration in case of bacteria carrying the 436 

plasmid pSEVA424:tsi5 for Tsi5 expression). 437 

 438 

Flow cytometry studies of P. putida cells expressing Tse5-CT 439 

See Supplementary Table 1 for a description of strains and plasmids used in this study. 440 

Electrocompetent Pseudomonas putida strain EM383 cells were transformed by electroporation with 441 

empty plasmid (pS238D1), plasmids coding Tse5-CT (pS238D1::tse5-CT), or plasmid coding 442 

spTse5-CT (pS238D1::sptse5-CT). Flasks containing 10 mL of LB media supplemented with 443 

kanamycin (50 µg/mL) were inoculated with transformed bacteria, and cell cultures were incubated 444 

overnight at 30 ºC with agitation (180 rpm). The following day, cultures were diluted to OD600 = 0.05 445 

with fresh LB media and led them to grow in the same conditions until they reached exponential 446 

phase (OD600 value of ca. 0.5). Tse5-CT and spTse5-CT expressions were induced by adding of 1 mM 447 

m-toluic acid (TA) final concentration. Ninety minutes after induction, cells were pelleted and 448 

suspended in a 1x PBS solution pH 7.4 to a final OD600 value of 0.5. Following resuspension, cells 449 

were stained with DiBAC4(3) (10 µM) and Sytox™ Deep Red (4 µM) and incubated for 30 minutes 450 

under constant shaking in dark conditions. Then, cells were directly analysed in a CytoFLEX 451 

cytometer equipped with 488 nm and 638 nm lasers (Beckman Coulter). Channels used were FITC 452 

for DiBAC4(3) (Exλ = 490 nm, Emλ = 516 nm) and APC for SytoxTM Deep Red (Exλ = 660 nm, Emλ 453 

= 682 nm). Data Analysis was performed using CytExpert (Supplementary Fig. 1).  454 

 455 

To define cell populations, we performed two positive controls, one negative control and a double 456 

control (Supplementary Fig. 2). The negative control consists of P. putida cells transformed with the 457 

empty plasmid pS238D1 and incubated with fluorescent dyes. This assay allows delimiting the 458 

healthy population as well as the size and complexity of the cells. For the permeabilisation control, 459 

cells were permeabilized by heat shock at 85 ºC for 5 minutes, followed by another 5 minutes 460 
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incubation at 4ºC and then stained with Sytox™ Deep Red. The depolarisation control was obtained 461 

by treating cells for 30 minutes with the antibiotic polymyxin B sulphate (100 µg/mL), followed by 462 

30 minutes incubation with DiBAC4(3). Finally, a double control was performed by treating cells 463 

with heat shock and polymyxin B sulphate and labelling them with DiBAC4(3) and Sytox™ Deep 464 

Red fluorophores. 465 

 466 

Identification of transmembrane regions in Tse5-CT using PhoA-LacZ dual reporter agar 467 

plates  468 

See Supplementary Table 1 for a description of strains and plasmids used in this study. 469 

Chemocompetent E. coli DH5α cells were transformed by heat shock with a parental plasmid coding 470 

for the dual reporter PhoA-LacZ (pKTop), or Tse5-CT-PhoA-LacZ fusion proteins, followed by 471 

bacterial growth in kanamycin (50 µg/mL) selective LB-agar plates. Single colonies were grown 472 

overnight in LB media complemented with kanamycin (50 µg/mL). 20 µl of overnight cultures were 473 

spotted onto dual reporter LB-agar platers supplemented with kanamycin (50 µg/mL), Red-Gal (80 474 

µg/mL), X-Pho (100µg/mL), IPTG (1 mM) and glucose (0.2%). Plates were incubated for 24 h at 475 

37 °C in dark conditions. 476 

 477 

Identification of transmembrane regions in Tse5-CT by measuring PhoA-LacZ enzymatic 478 

activity 479 

Single colonies of E. coli DH5α cells transformed with pKTop plasmids were selected from freshly 480 

prepared LB-agar plates supplemented with kanamycin (50 µg/mL) and glucose (0.2%). Cells were 481 

grown overnight in LB media supplemented with kanamycin (50 µg/mL) and glucose (0.2%) at 37°C. 482 

Overnight cultures were diluted to an OD600 value of 0.1 in fresh LB media, supplemented with 483 

kanamycin (50 µg/mL). When cultures reached an OD600 = 0.6, the expression of fusion proteins was 484 
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induced by adding 1 mM IPTG and cell cultures were incubated for 90 minutes, maintaining the same 485 

agitation and temperature conditions before induction. 486 

 487 

In order to measure the β-galactosidase (LacZ) activity, 1.2 mL of each bacterial culture was 488 

centrifuged for 5 minutes at 4500 xg at room temperature (RT). After removing the supernatant, the 489 

cell pellet was resuspended in 1.2 mL of M63 medium (100 mM KH2PO4, 15 mM (NH4)2SO4, 1.7 490 

mM FeSO4, 1 mM MgSO4), and 200 µL were transferred to a 96-well microtiter plate to measure the 491 

optical density at 595 nm (OD595). In order to permeabilize the cell membranes, the remaining 492 

volumes of cell cultures were treated with 100 µL chloroform and 100 µL 0.05% SDS and left for 5 493 

minutes at 37 ºC and 5 minutes on ice. Once the chloroform settles, 50 µL of the cells-containing 494 

upper phase was transferred to the 96-well microtiter plate. Then, 100 µL of the reaction mixture 495 

0.4% ONPG in PM2 medium (70 mM Na2HPO4, 30 mM NaH2PO4, 1 mM MgSO4, 0.2 mM MnSO4) 496 

was added to well-containing bacteria, and incubate at RT for 15 minutes. The reaction was stopped 497 

with 50 µL of 1 M Na2CO3, followed by reading the absorbance of the reaction product at 405 nm 498 

(OD405). 499 

 500 

In order to measure the alkaline Phosphatase (PhoA) activity, 1.2 mL of bacterial cultures were 501 

centrifuged for 5 minutes at 4500 xg at RT. After removing the supernatant, cell pellets were 502 

resuspended in 1.2 mL of cold wash buffer (10 mM Tris·HCl pH 8.0, 10 mM MgSO4) to remove 503 

phosphate ions from the medium. The wash buffer was removed by 5 minutes RT centrifugation at 504 

4500 xg and resuspension of the cell pellet in 1.2 mL of cold PM1 medium (1 M Tris·HCl, pH 8.0, 505 

0.1 mM ZnCl2, 1 mM iodoacetamide). From resuspended cells in PM1 medium, 200 µL were 506 

transferred to a 96-well microtiter plate to measure the optical density (OD595). Membrane 507 

permeabilization was performed with the remaining cell cultures as previously described. Following 508 

permeabilization, 50 µL of the cells-containing upper phase was transferred to the 96-well microtiter 509 
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plate. Then, 100 µL of the reaction mixture 0.4% p-NPP in 1 M Tris·HCl, pH 8.0, was added to well-510 

containing bacteria and incubated at RT for 60 minutes. The reaction was stopped by adding 50 µL 511 

of 2 M NaOH, followed by reading the absorbance of the reaction product at 405 nm (OD405). 512 

 513 

The relative LacZ or PhoA enzymatic activities (A) were calculated using Equation 1, which 514 

considers the optical density (OD595) of the sample and the absorbance of the reaction products 515 

(OD405) 516 

𝐴"#$%	'(	)*'+ = 1000 · 0𝑂𝐷345	𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑂𝐷345	𝑐𝑜𝑛𝑡𝑟𝑜𝑙	𝑤𝑒𝑙𝑙𝑂𝐷5C5	𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑂𝐷5C5	𝑐𝑜𝑛𝑡𝑟𝑜𝑙	𝑤𝑒𝑙𝑙D /𝑡	(𝑚𝑖𝑛)	𝑜𝑓	𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 517 

Equation 1. Relative enzymatic activity of β-galactosidase (LacZ) or alkaline phosphatase (PhoA) 518 

 519 

After obtaining the relative enzymatic activity for each Tse5-CT-PhoA-LacZα fusion protein, the 520 

normalized activity ratio (NAR) is calculated (Equation 2). Each measured activity is normalized by 521 

the highest relative enzymatic activity (A) of the series. 522 

𝑁𝐴𝑅 = (𝐴)*'+/𝐻𝑖𝑔ℎ𝑒𝑠𝑡	𝐴)*'+)
(𝐴"#$%/𝐻𝑖𝑔ℎ𝑒𝑠𝑡	𝐴"#$%)  523 

Equation 2. Normalized activity ratio. 524 

 525 

Expression and purification of Tse5 to study insertion in lipid monolayers and bilayers 526 

The tse5-CT toxin was obtained as a self-cleavage product of the full-length protein Tse5. 527 

The Pseudomonas aeruginosa tse5 gene (PA2684) was synthesised by GenScript (GenScript, NJ, 528 

USA). The construct contains a 5′ extension encoding for a 9xHis tag and a tobacco etch virus 529 

protease cleavage site 530 

(ATGGGCAGCAGCCATCATCATCATCATCATCATCATCACAGCAGCGGCGAAAACCTGT531 

ATTTTCAGGGCGGATCC). The construct was cloned into a pET29a(+) vector between the NdeI 532 

and HindIII restriction sites.  533 
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 534 

For the expression of Tse5 protein,  Escherichia coli Lemo21(DE3) cells were transformed with the 535 

pET29a::his-tag-tse5 plasmid and grown in LB agar (Luria Broth) medium supplemented with 536 

50 µg/mL kanamycin, 34 µg/mL chloramphenicol and 2 mM rhamnose at 37 °C82. For protein 537 

overexpression, rhamnose was removed from the LB medium. When cells reached OD600 value 538 

of ca. 0.7, Tse5 expression was induced by adding to the culture isopropyl β-D-1-539 

thiogalactopyranoside (IPTG) at the final concentration of 1 mM, and the temperature was dropped 540 

to 18 °C. After ca. 18 h, the cells were harvested and frozen for later use. 541 

 542 

Cell pellet obtained from 4 L culture was resuspended in 60 mL of 50 mM Tris-HCl pH 8.0, 500 mM 543 

NaCl, 20 mM imidazole and 4 µL of benzonase endonuclease (lysis solution). Cells were then 544 

disrupted by sonication, and the suspension was centrifuged for 40 min at 43000 xg. The supernatant 545 

was filtered with a 0.2 µm syringe filter and subjected to immobilised metal affinity chromatography 546 

using a HisTrap HP column of 5 mL (GE Healthcare) on a fast protein liquid chromatography system 547 

(ÄKTA FPLC; GE Healthcare) equilibrated with 25 mL of 50 mM Tris-HCl pH 8, 500 mM NaCl 548 

and 20 mM imidazole (solution A). The column was washed with solution A at 0.5 mL/min until no 549 

change in absorbance at 280 nm was detected. Elution was performed with a linear gradient between 550 

0 and 50% of 50 mM Tris-HCl pH 8, 500 mM NaCl and 500 mM imidazole (solution B) in 40 mL 551 

and 2 mL/min. Fractions containing Tse5 protein were pooled, and protein concentration was 552 

estimated by measuring absorbance at 280 nm. Tse5 protein was injected into a HiLoad Superdex 553 

200 26/600 pg, previously equilibrated with 20 mM Tris-HCl pH 8 and 150 mM NaCl. Tse5 eluted 554 

as a single monodispersed peak, but SDS-PAGE gel revealed three protein fragments (Supplementary 555 

Fig. 3c). Interestingly,  the band of ca. 15 kDa correspond to Tse5-CT, which results from the 556 

cleavage of the full-length protein (Supplementary Fig. 3). The protein was then concentrated using 557 

Amicon centrifugal filter units of 30 kDa molecular mass cut-off (Millipore) to a final concentration 558 
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of ca. 15 mg mL−1 (ca. yield: 6 mg/L). The concentrated protein sample was diluted in solution A 559 

containing 8 M urea to a final concentration of 6M urea to denature Tse5 and separate the three 560 

fragments. To remove the 9xHis-tag-containing N-terminal fragment, the denatured protein solution 561 

was added to a nickel resin (GE Healthcare) previously washed and equilibrated with buffer A with 562 

8 M urea, and left for 5 minutes at 4ºC under agitation. Following centrifugation of the nickel resin 563 

at 15,000 xg, the unbound fraction containing the Tse5-CT and the central Rhs fragments were 564 

recovered. Tse5-CT was separated from the Rhs fragment by differential precipitation with 565 

ammonium sulphate 83. First, the Rhs fragment was precipitated at 0.9 M ammonium sulphate, 566 

followed by 15 min centrifugation at 15,000 xg. The supernatant containing Tse5-CT was 567 

subsequently precipitated with 3 M ammonium sulphate. Precipitated Tse5-CT was washed with 568 

MiliQ water, flash-frozen in liquid nitrogen, and lyophilized. Once lyophilized, samples were stored 569 

at -20ºC, ready to use. The purity of the protein was verified by SDS-PAGE and MS analysis 570 

(Supplementary Fig. 3c and 3d). 571 

 572 

Study of Tse5-CT partitioning in lipid monolayers 573 

The capacity of Tse5-CT to penetrate into lipid monolayers was assessed by measuring its maximum 574 

insertion pressure (MIP) using the Langmuir Blodgett balance technique with a DeltaPi-4 Kibron 575 

tensiometer (Helsinki, Finland). Each experiment was performed in a fixed-area circular trough 576 

(Kibron µTrough S system, Helsinki, Finland) of 2 cm in diameter where 1.25 ml of the aqueous 577 

phase was added (5 mM Hepes pH 7.4, 150 mM NaCl). The temperature of the Langmuir balance 578 

was controlled thermostatically by a water bath at 25ºC (JULABO F12). The monolayer was formed 579 

by spreading over the aqueous surface E. coli total lipid extract (Avanti Polar lipids) dissolved in 580 

chloroform at 1 mg/ml with a Hamilton microsyringe until the desired initial monolayer surface 581 

pressure was reached (P0). Experiments at different initial surface pressure (P0) values were 582 

recorded by changing the amount of lipid applied to the air-water interface ( P0 value ranging from 583 
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15 to 30 mN/m).  Then Tse5-CT dissolved in DMSO was injected into the aqueous subphase to 584 

facilitate incorporation into lipid monolayers (final concentration of 0.4 µM) while controls were 585 

carried out injecting DMSO alone. Changes in surface pressure were monitored over time and were 586 

plotted as a function of P0. These data were fitted to a linear regression model, and the maximum 587 

insertion pressure was determined by extrapolation (y value when x=0).  588 

 589 

Study of Tse5-CT pore-forming activity in planar lipid bilayers 590 

Planar lipid membranes were formed by using a solvent-free modified Montal-Mueller technique 84. 591 

Lipid was prepared from chloroform solutions of either a natural polar extract from E. coli or pure 592 

dioleoyl-phosphatidylethanolamine (DOPE). All lipids were purchased from Avanti Polar Lipids 593 

(Alabaster, AL). E. coli polar lipid extract headgroup composition is 67% phosphatidylethanolamine, 594 

23.2% phosphatidylglycerol, and 9.8% cardiolipin (Avanti Polar Lipids). Acyl chains are the mixture 595 

naturally present in E. coli 85. All lipids were dissolved in pentane at 5 mg/ml concentration after 596 

chloroform evaporation. Two monolayers were made by adding 10-30 µL of the lipid solution at each 597 

compartment of a Teflon chamber (so-called cis and trans), each filled with 1.8 ml salt solutions. The 598 

two compartments were partitioned by a 15 µm thick Teflon film with a ca. 100 µm diameter orifice 599 

where the bilayer formed. The orifice was pre-treated with a 3% solution of hexadecane in pentane. 600 

After pentane evaporation, the level of solutions in each compartment was raised above the orifice so 601 

the planar bilayer could form by apposition of the two monolayers. Capacitance measurements 602 

monitored correct bilayer formation. After bilayer formation, Tse5-CT dissolved in DMSO was added 603 

to the cis compartment. 604 

 605 

To carry out the electrical measurements, an electric potential was applied using in-house prepared 606 

Ag/AgCl electrodes in 2 M KCl, 1.5% agarose bridges assembled within standard 250 µl pipette tips. 607 

Potential is defined as positive when it is higher at the side of the protein addition (the cis side) while 608 
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the trans side is set to ground. An Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA) in 609 

the voltage-clamp mode was used for measuring the current and applying potential. Data were filtered 610 

by an integrated low-pass 8-pole Bessel filter at 10 kHz, saved with a sampling frequency of 50 kHz 611 

with a Digidata 1440A (Molecular Devices, Sunnyvale, CA), and analysed using pClamp 10 software 612 

(Molecular Devices, Sunnyvale, CA). The membrane chamber and the head stage were isolated from 613 

external noise sources with a double metal screen (Amuneal Manufacturing Corp., Philadelphia, PA). 614 

The 615 

described set-up can resolve currents of the order of picoamperes with a time resolution below the 616 

millisecond. 617 

 618 

Current measurements were performed with a concentration gradient of either 250 mM KCl cis / 50 619 

mM KCl trans (250/50 mM) or 50 mM KCl cis / 250 mM KCl trans (50/250 mM), or using 150 mM 620 

KCl symmetrical solutions. All solutions were buffered with 5 mM HEPES at pH 7.4. The pH was 621 

adjusted by adding HCl or KOH and controlled during the experiments with a GLP22 pH meter 622 

(Crison). Steady current at each applied potential was calculated from a single Gaussian fitting of 623 

histograms of current values. Conductance (G = I/V) was obtained from the slope of the calculated 624 

current-voltage (I-V) curves.  625 

 626 

Selectivity measurements were performed in experiments with a concentration gradient of 627 

250/50 mM or 50/250 mM. Once the protein was inserted, a net ionic current appeared due to the 628 

existence of one or several selective pores under a salt concentration gradient. Selectivity was 629 

quantified by measuring the reversal potential (RP), which is the applied voltage needed to cancel the 630 

current. If the channel is neutral, RP equals zero, while it becomes non-zero when the channel is 631 

selective to anions or cations. When the concentration gradient is 250/50 mM, a negative RP 632 

corresponds to cation-selective channels; with the opposite gradient (50/250 mM), a positive RP 633 
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indicates cationic selectivity. RP was obtained from either the linear regression of the measured IV 634 

curves or by manually cancelling the observed current. All RP values were corrected by the liquid 635 

junction potential from Henderson’s equation to eliminate the contribution of the electrode’s agarose 636 

bridges 63.  637 

 638 

To carry out the current fluctuation analysis, the power spectral density (PSD) of the current 639 

fluctuations was obtained directly from the measured current traces with the pClamp 10 software 640 

(Molecular Devices, LLC.). The PSD generates a frequency-domain representation of the time-641 

domain data, revealing the power levels of the different frequency components present in the signal 642 

and allowing the rationalization of physical mechanisms that are difficult to identify directly from 643 

current measurements58. PSD was measured by calculating the Fast Fourier Transform from the 644 

digitized signal with a spectral resolution of 0.76 Hz. For each signal, the available spectral segments 645 

were averaged with 50% overlap. To evaluate the increase of the PSD amplitude with the measured 646 

current, PSDs were averaged in the 5-15 Hz. The increase of the PSD amplitude as the square of the 647 

average current is a signature of conductance fluctuations86,87.  648 

 649 

Statistical analyses 650 

Statistical analyses were performed using GraphPad Prism v.9 and are detailed in the figure legends. 651 

 652 

Data availability 653 

The authors declare that the data supporting the findings of this study are available within the paper 654 

and its supplementary information files. 655 

 656 

  657 
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Tables 883 

Table 1. Quantification of PhoA-LacZ enzymatic activities in permeabilised E. coli DH5a cells 884 

expressing Tse5-CT-PhoA-LacZ fusion proteins 885 

Point of PhoA-LacZ fusion K1228 A1269 A1281 K1300 Q1317 

PhoAa activities (A) (min-1) 15(1) 8.8(2) 6.1(3) 8.58(4) 3.3(6) 

LacZa activities (A) (min-1) 36(6) 90(7) 85(10) 55(11) 100(2) 

PhoAb activities (%) (a.u.) 100(7) 58(1) 40(2) 56.5(2) 21(4) 

LacZb activities (%) (a.u.) 36(6) 89(7) 85(9) 54(11) 100(2) 

NARd 2.78 0.65 0.48 1.03 0.22 

Localization Periplasmic TM Cytosolic TM Cytosolic 

 a the relative LacZ or PhoA enzymatic activities (A) were calculated using Equation 1.  
b the relative LacZ or PhoA enzymatic activities (A) were normalized to the maximum enzymatic 
activity of each enzyme. 
c the normalised activity ratios (NAR) were calculated using Equation 2. See Methods for details 
The standard deviations to the last shown digit are represented in parentheses. 
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  887 
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 888 

Fig. 1 | The bacteriolytic effect of Tse5-CT is associated with membrane depolarization. a. 889 

Monitoring growth (OD600) in LB medium of P. putida cells harbouring pS238D1 empty vector (EV) 890 

as control and plasmids directing the expression of Tse5-CT or Tse5-CT and Tsi5 together. 891 

Expression of Tse5-CT and Tsi5 was induced at the time indicated (see the arrow) with 1mM m-892 

Toluic acid (TA) and 1mM isopropyl 1-thio-β-D-galactopyranoside (IPTG), respectively. Co-893 

expression of Tse5-CT and Tsi5 was induced by adding to the media both TA and IPTG. To stop the 894 

induction, the cells (“recovered”) were washed and resuspended in fresh LB without an inductor (see 895 

the arrow). Expression of Tse5-CT caused inhibition of bacterial growth, and cells did not recover 896 

the capacity to duplicate after been washed. Tsi5 does not confer Tse5 protection to cells. b. Flow 897 

cytometry results showing healthy cell populations. Healthy cells are cells that are not marked with 898 

any fluorophore. c. Flow cytometry results showing depolarized cell population. Depolarized cells 899 

stain with DiBAC4(3). d. Flow cytometry results showing permeabilized cell population. 900 

Permeabilized cells are stained with Sytox™ Deep Red. e. Flow cytometry results showing 901 

permeabilized and depolarized cell populations. Permeabilized and depolarized cells are labelled with 902 

Sytox™ Deep Red and DiBAC4(3).  903 

  904 
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 905 

Fig. 2 | Tse5-CT contain transmembrane regions that allow it to insert in lipid monolayers and 906 

the cytoplasmic membrane of E. coli cells. a. Representative Langmuir-Blodgett balance 907 

experiments showing the lateral pressure increase on lipid monolayers after addition of Tse5-CT at 908 

time 0. b. The plot of lateral pressure increases as a function of initial lateral pressure for every single 909 

experiment (N=11). A Maximal insertion pressure (MIP) of 34,99 has been determined by 910 

extrapolating the plot of ΔΠ = Πc−Π0 as a function of Π0 where the curve reaches the x-axis. The 911 

dotted line indicates the threshold value of lateral pressure consistent with unstressed biological 912 

membranes. The equation obtained from the linear regression analysis is y = -0.3258x + 11,401 with 913 

an R-squared of 0.96. c. Tse5-CT propensity to contain transmembrane (blue) and amphipathic 914 

(green) helices as predicted by MemBrain 3.1. d. Constructs containing the dual reporter PhoA-915 

LacZa at different C-terminal fusion points of spTse5-CT: K1229, A1269, A1281, K1300 and Q1317 916 

(full-length Tse5-CT). e. E. Coli DH5a cells transformed with spTse5-CT-PhoA-LacZa fusion 917 

protein growing on dual reporter agar plates. f. Measures of the PhoA-LacZ enzymatic activities for 918 

each spTse5-CT-PhoA-LacZa fusion protein. 919 
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 921 

Fig. 3 | Tse5-CT forms stable pores with ohmic behaviour and preference for cations, and some 922 

pores with noisy currents and strong voltage dependence. a. Representative Tse5-CT-induced 923 

stable current traces obtained in a 250/50 mM (upper panel) or 50/250 mM (middle panel) KCl 924 

gradient using a polar lipid extract from E. coli to form the membrane. The lower panel shows a 925 

representative trace in 250/50 mM KCl gradient when a neutral DOPE membrane was used. The 926 

applied voltages are shown at the bottom in light grey. b. I/V curves corresponding to the traces 927 

shown in (a). Linear regressions (solid lines) allow calculation of the conductance (1.76 nS (black), 928 

0.99 nS (red) y 0.95 nS (blue)) and reversal potential (RP, indicated by circles and arrows). A negative 929 

(positive) RP corresponds to a cation (anion) selectivity. c. Permeability ratios, PK
+/PCl

-, calculated 930 
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from corresponding reversal potentials using the GHK equation65. Solid circles correspond to the 931 

individual data points. Data are means of 7 (black), 8 (red), and 4 (blue) independent experiments. d. 932 

Representative Tse5-CT-induced noisy current trace obtained in a 250/50 mM KCl gradient using the 933 

E. coli polar lipid extract to form the membrane. The applied voltage is shown at the bottom in light 934 

grey. Current records in (a) and (d) were digitally filtered with 500 Hz using a low-pass 8-pole Bessel 935 

filter for better visualisation. 936 
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