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Abstract

Biofilms are organized communities of bacterial cells that are responsible for the majority of

human chronic bacterial infections. Providencia stuartii is a Gram-negative biofilm-forming

bacterium involved in high incidence of urinary tract infections in catheterized patients. Yet,

the structuration of these biofilms, and their resistance to environmental insults remain

poorly understood. Here, we report on planktonic cell growth and biofilm formation by

P. stuartii, in conditions that mimic its most common pathophysiological habitat in humans,

i.e. the urinary tract. We observed that, in the planktonic state, P. stuartii forms floating com-

munities of cells, prior to attachment to a surface and subsequent adoption of the biofilm

phenotype. P. stuartii planktonic and biofilm cells are remarkably resistant to calcium, mag-

nesium and to high concentrations of urea, and show the ability to grow over a wide range of

pHs. Experiments conducted on a P. stuartii strain knocked-out for the Omp-Pst2 porin

sheds light on the role it plays in the early stages of growth, as well as in the adaptation to

high concentration of urea and to varying pH.

Introduction

Bacteria are known to live as organized community of cells termed biofilms. In humans, these

supra-cellular structures are responsible for the majority of chronic bacterial infections [1,2].

Prominent examples of biofilm-related infections include catheter-associated infections, the

leading cause of secondary nosocomial bacteremia (20%) [3], and cystic fibrosis [4], a genetic

disorder that favours the colonisation of aerial tissues by P. aeruginosa. The chronic nature of

biofilm-related infections originates from their increased resistance to the immune system and

antibiotherapy. The current model for biofilm formation includes five different stages [5],

viz. i/ the initial attachment of cells on a biotic or abiotic surface; ii/ the formation of a mono-

layer of cells; iii/ the migration of cells into a multi-layered colony; iv/ the synthesis of an
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extracellular matrix around the cells; and v/ the maturation of the biofilm into a characteristic

3D ensemble, composed of cells flapping in a self-produced polymeric matrix [5]. A sixth stage

would be the release and dispersion of biofilm cells to colonize other niches. Depending on

species, the biofilm polymeric matrix may be composed of extra-cellular polysaccharides [1],

amyloid fibers [6] and DNA [7]. The versatile and adaptable nature of the matrix allows bacte-

ria to attach on, and thus colonize, a range of disparate (biotic or abiotic) surfaces. It also

affects antibiotic efficiency through a variety of mechanisms, including reduced diffusion of

drugs within the biofilm, masking or alteration of drug targets by the biofilm environment, or

the adoption by some cells of a dormant—and therefore less drug-susceptible—phenotype

[8,9].

Providencia stuartii is an opportunistic biofilm-forming pathogen from the Enterobacteria-
cae family [10] that is ubiquitous in the environment [11]. A recent study reported an inci-

dence rate of 4 per 100,000 hospital admissions, suggesting a low rate of prevalence in the

general population [11]. P. stuartii is yet responsible for� 9% of urinary tract infections, in

patients undergoing long-term catheterization [11–15]. These patients are often nursing home

(NH) or intensive care unit (ICU) residents; hence this contingent is bound to increase with

aging of the population. The in-hospital mortality rate of P. stuartii infections is around 30%

[11], in part due to its high intrinsic multidrug resistance (MDR) phenotype conferred by the

presence of an inducible chromosomal AmpC [16]. This MDR phenotype can be further exag-

gerated in clinical isolates, a majority of which were shown to feature plasmid-encoded

extended-spectrum β-lactamases (ESBLs) [17]. More recently, clinical isolates presenting car-

bapenemase activities were isolated in Afghanistan [18] and Portugal [19]. P. stuartii is adept

at biofilm dispersion, explaining that infections sometimes migrate from the urinary tract to

other organs, causing endocardisis [20], pericarditis [21], peritonitis [22] or meningitis [23].

These facts, together with the now established ability of P. stuartii to disseminate amidst

patients in hospital settings [24,25], explain the growing concern among health professionals

[11]. As yet, however, studies remain scarce on P. stuartii and on the nature and resistance of

its biofilms to environmental cues [26–28]. More investigations are needed to characterize

how P. stuartii biofilms form, and what their specifics are in terms of extracellular matrix com-

position, cell sub-types and behaviour, and mechanisms of adherence-to and detachment-

from surfaces or other cells. Such information is crucial to eventually prevent or manage

chronic infections by P. stuartii, and the high toll they take on NH and ICU residents [11,29].

In urine, the metabolite urea is found at a concentration of 150 mM, at which it displays a

strong anti-microbial effect. Thus, bacteria that colonize the urinary tract must find means to

evade this stress. One of these is to feature (or acquire) a urease activity, that will hydrolyze

urea into two ammoniums and an carbonate [30]. Calcium and magnesium are generally

found at normal serum concentration (2 and 2.5 mM) but may reach higher concentrations in

pathological conditions, e.g. in patients presenting bladder stones whose formation correlates

with a 2-fold increase in the calcium-concentration/osmolarity ratio of urine [31,32]. The pH

of urine is usually acidic but may vary from 6 to 8 depending on diet or pre-conditions. For

example, infection by P. mirabilis is known to raise urine pH above 8, due to its strong urease

activity that degrades urea into carbon monoxide and ammonia [29]. Some clinical isolates of

P. stuartii feature a plasmid-encoded urease activity, but this activity is generally too weak to

induce alkalinisation of urine [33]. Therefore alternative mechanisms, which allow P. stuartii
cells to evade detrimental effects of urea, must exist. One of these is co-infection with species

that have a strong urease activity such as P. mirabilis, whose presence was shown to increase

P. stuartii colonization and bacteremia incidence [34]. Another efficient mechanism could be

the limited diffusion of urea across the extracellular matrix of P. stuartii biofilms, which would

result in reducing the effective concentration of urea in cells, thence preserving these. Access
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to the periplasm is mainly controlled by general-diffusion porins, which are water-filled chan-

nels sprinkling the outer-membrane thence allowing passive diffusion of nutrients and ions

into the periplasm. Porins are the most abundantly expressed outer-membrane (OM) proteins

(up to 100,000 copies/cell), with a single porin often accounting for up to 70% of the OM pro-

teinaceous content [35]. Current interest in porins mostly stems from their involvement in

antibiotic uptake [36] and in the emergence of antibiotic resistance [37]. But as the first door

opened toward the exterior, they also play a number of additional roles in bacterial survival,

homeostasis and pathogenesis, adhesion to surfaces and host cells [38], and sometimes pene-

tration into these [39]. Porins are therefore good candidates for playing a role in limiting

excessive urea accumulation in the periplasm.

The genome of P. stuartii features two porins, Omp-Pst1 and Omp-Pst2 [40]. When grown

in rich medium (per se, Luria-Bertani or LB), P. stuartii predominantly expresses Omp-Pst1,

and it was proposed that Omp-Pst1 is the major porin of the bacterium [40]. Electrophysiology

measurements revealed that Omp-Pst2 is highly cation-selective and prone to voltage-gating

(critical voltage Vc = 20–90 mV), whereas Omp-Pst1 channel gates normally (Vc > 199 mV),

is mildly anion selective and comparatively more permissive to β-lactam antibiotics [40,41].

MD simulations suggested that Omp-Pst2 atypical voltage-gating behaviour is asymmetric and

triggered by the influx of cations from the extracellular to the periplasmic side of the porin.

Efflux of cations, on the other hand, would be facilitated, suggesting a potential role for this

porin in the regulation of charge distribution across the OM [42].

Here, we report on P. stuartii growth and biofilm formation under environmental condi-

tions that mimic its most common habitat in humans, i.e. the urinary tract. We used the meth-

odology of Mishra et al. [43] to characterize the effect of pH, urea, calcium and magnesium on

biofilm genesis, attachment and consolidation. We found that P. stuartii growth is independent

on pH in the viability range (pH 6 to 9), yet biofilm genesis and attachment onto the surface

are favoured at pH� 8. We observed that P. stuartii biofilms survive in high concentrations of

urea (up to 500 mM), calcium and magnesium (up to 50 mM), and that these environmental

stresses trigger the consolidation of P. stuartii biofilms. Magnesium and calcium both inhibit

the attachment of new cells onto surfaces in a dose-dependent manner, but magnesium acti-

vates biofilm genesis. Epifluorescence micrographs were taken at various stages of growth, of

cells both in the planktonic (floating cells) and in the biofilm state (adherent cells). Most unex-

pectedly, we observed that planktonic P. stuartii cells exhibit a highly social behaviour, whereby

cell-to-cell contact occurs prior to attachment of cells onto the surface, resulting in floating

communities of cells that precede—and later coexist—with surface-attached biofilms. This

observation suggested cell-to-cell contact as the primary mechanism by which P. stuartii cells

form a community, and prompted us to examine whether or not porins—as the main proteina-

ceous component of the outer membrane—are involved. A knock-out strain for Omp-Pst2, P.

stuartii ΔP2, was obtained (P. stuartii ATCC 29914ΔompPst2::Cm) that formed more biofilms

(+70%) but displayed retarded growth, higher sensitivity to urea and cations, and a clear depen-

dence of the lag-time on pH. Results suggest that Omp-Pst2 is an important actor in the early

stages of P. stuartii growth and in adaptation to alkalinity.

Materials and methods

Strains and materials

Escherichia coli BL21 DE3 strain was used as a negative control strain and the wild type Provi-
dencia stuartii ATCC 29914 strain was obtained from the Pasteur Institute (Paris, France). All

fluorescent dyes were from Thermo Fischer Scientific. Unless specified otherwise, chemicals

were from Sigma-Aldrich. Polystyrene-bottom 96-well plates were from Greiner.

Providencia stuartii biofilms and their resistance to environmental insults
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Generation of the omp-pst2 knock out strain, P. stuartii ΔP2

The disruption of the omp-Pst2 gene in P. stuartii ATCC 29914 was carried out by adapting

the protocol described by Datsenko and Wanner [44], based on the use of phage lambda

Red recombinase [44]. The PCR primers were OmpPst2_XbaI 5’- GTG TCT AGA CAC TTA
GTT AGT AAA TGG C -3’ (forward) and OmpPst2_BamHI 5’- GTT GGA TCC GGA TAA
TTG CGT ATG ATG G -3’ (reverse). The ompPst2 PCR amplicon was cloned into pGem-

T-Easy vector and the construct was transferred by electroporation into E. coli DH5α for

plasmid maintenance and amplification. The plasmid was digested with HindIII enzyme

and the subsequent protruding ends were filled in by Klenow enzyme. The construct was

then ligated to chloramphenicol-resistance (Cm) cassette making omp-Pst2::Cm knockout

construct. pCAM-MSC suicide vector for Enterobacteriaceae was then used to bring the

omp-Pst2::Cm into E. coli S17-1λpir. Biparental mating with P. stuartii was then carried out

by homology conjugation. Selection of P. stuartii ATCC 29914 omp-Pst2::Cm mutants was

performed in the presence of chloramphenicol at 33 μg/mL concentration. The resulting

genetic modification of P. stuartii ATCC 29914 omp-Pst2::Cm was finally confirmed by both

colony PCR and sequencing, using primers flanking the omp-Pst2 gene in the P. stuartii
genome.

Bacterial growth studies

E. coli and P. stuartii bacteria were grown in Luria-Bertani (LB) growth medium without

antibiotics. LB medium was supplemented with 33 μg/ml chloramphenicol for the growth

of the P. stuartii ΔP2 bacteria. Control experiments showed that chloramphenicol at this

concentration has no effect on cell-growth and biofilm formation by P. stuartii-ΔP2 (data

not shown). For each experiment, a single bacterial colony was inoculated in standard

LB or pH-specific LB medium for 2 h, yielding cells in their lag phase. These were then

distributed into a 96-wells plates supplemented with 0–1 M urea, 0–50 mM Ca2+ or 0–50

mM Mg2+, and incubated at 37˚C and under 100 rpm agitation overnight, to form biofilms.

Bacterial growth was monitored in terms of absorbance at 600 nm for 24 h (10 minutes

interval between time points) using a Biotek Synergy H4 microplate reader (Winooski, VT,

USA)

Environmental stresses impact on biofilm genesis and attachment onto

surface

For each experiment, a single bacterial colony was used to inoculate 25 mL of standard LB

medium (37˚C). A large flask was used, that was maintained under constant shaking at 200

rpm on the rotatory platform, thence preventing bacterial attachment onto the surface and

subsequent formation of adherent biofilms. After 2 hours, aliquots of this culture (cells in the

lag phase) were transferred in a 96-well plate (see below), serving to study the effect of environ-

mental stresses on biofilm genesis. After 24 h, another set of aliquots was transferred in the

96-well plate, with view to study the effect of environmental stresses on the attachment of cells

onto the well surfaces (see below). Cells were confronted with environmental insults after

transfer into the 96-well plate. Briefly, above-mentioned aliquots were distributed into wells

containing 150 μL LB medium buffered at increasing pH (4 to 9) or supplemented with

increasing concentrations of urea (0–1 M), Ca2+ or Mg2+ (0–0.05 M). Cells were then incu-

bated at 37˚C under constant shaking at 100 rpm. Biofilms were revealed after 24-hours incu-

bation in the 96-well plate.
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Environmental stresses impact on established biofilms

For each experiment, a single bacterial colony was used to inoculate 25 mL of standard LB

medium (37˚C). A large flask was used, that was maintained under constant shaking at 200

rpm on the rotatory platform, thence preventing bacterial attachment onto the surface and

subsequent formation of adherent biofilms. After 2 hours, aliquots of this culture (cells in the

lag phase) were transferred in a 96-well plate and incubated for 24 hours at 37˚C under con-

stant shaking at 100 rpm, resulting in the formation of biofilms at the bottom of the wells. The

medium was then removed to discard planktonic bacteria and replaced by fresh LB medium

buffered at increasing pH (4 to 9) or supplemented with urea (0–1 M), Ca2+ or Mg2+ (0–0.05

M). The plate was then incubated at 37˚C and 100 rpm overnight. Biofilms were revealed after

an additional 24-hours incubation in this plate.

Imaging

Epifluorescence micrographs were taken on an IX81 Olympus inverted microscope; samples

were magnified through 20 or 60X objectives (Plan APON60XO, Olympus). SYTO1 9 Green

fluorescent nucleic acid stain and propidium iodide solution were used at 5 and 20 μM con-

centration to stain live and dead cells respectively. Bacterial membranes were stained by the

fluorescent dye FM1-43FX at 5 μg/mL. Bacterial biofilms were grown in a 96-wells plates as

described above. For the imaging of planktonic bacteria, 10 μL of the culture were spread on

LB-Gelzan™ cover slides prepared as previously described [45] and imaged directly afterwards.

For biofilm imaging, wells were washed twice with phosphate-buffered saline (PBS) to remove

all planktonic bacteria; the remaining adherent bacteria forming the biofilm were then

imaged.

Biofilm quantification

Well plates incubated overnight were washed extensively with PBS to remove all planktonic

bacteria. Adherent biofilms were then stained with PrestoBlue1 cell viability reagent. For each

plate, fluorescence emission was measured at 590 nm, upon excitation at 560 nm. All experi-

ments were performed at least in triplicate and biofilm formation was quantified with respect

to P. stuartii cells grown in the absence of environmental stresses.

Results

P. stuartii form floating communities of cells prior to adherent biofilm

In order to characterize P. stuartii growth and its ability to form biofilms, we compared it to

one of the most common E. coli strains used in laboratories, BL21 DE3. This E. coli strain is

known not to form biofilms [46] and was therefore used as a negative control. When cultivated

in LB medium, both P. stuartii and E. coli show a typical growth curve that can be divided into

three phases: (1) a lag phase, (2) an exponential phase, and (3) a stationary phase (Fig 1A).

E. coli and P. stuartii have similar lag phase duration and the same growth rate in the beginning

of the exponential phase (Fig 1B). After five hours, however, E. coli cells decline whereas P.

stuartii cells continue to exhibit a positive rate of growth.

Micrographic examination of attached P. stuartii cells reveals that no biofilm forms before

the stationary phase (Fig 2A–2C), in agreement with the idea that bacteria form biofilms when

faced with an environmental stress. After five hours of growth, the well is covered with a large

biofilm, presumably as a result of starvation (Fig 2D). Examination of planktonic cells at the

exponential and stationary phases reveals that floating communities of cells form by cell-to-

cell contact in solution (Fig 2E–2G and S1 Movie), prior to the attachment of cells on the
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surface (Fig 2A–2C)–that is, prior to the formation of canonical biofilms. After five hours of

growth, these floating communities of cells are multi-layered and coexist with surface-attached

biofilms (Fig 2D–2H).

The viable adherent biomass formed by P. stuartii was 3-fold greater than that formed by E.

coli (Fig 1C), with virtually all cells being alive in P. stuartii biofilms (Fig 3A). In contrast, E.

coli adherent biomass amounted to only few dispersed cells, roughly the half of which were

dead (Fig 3A). Phenotypic differences between P. stuartii and E. coli cells were also clear at the

planktonic level, where the dispersion of E. coli cells contrasted with the highly gregarious

behaviour of P. stuartii floating communities (Fig 3B).

We examined whether Omp-Pst2 could play a role in biofilm formation by repeating these

experiments on the P. stuartii ATCC 29914ΔompPst2::Cm strain (P. stuartii ΔP2). The growth

rate of P. stuartii ΔP2 in the exponential and stationary phases was identical to that of the wild-

Fig 1. Planktonic bacterial growth and biofilm formation. (A) Bacterial growth can be divided into 4 main phases: (1) the lag phase, (2)

the exponential phase, (3) the stationary phase and (4) the biofilm establishment phase. (B) Growth curves of E. coli BL21, P. stuartii and P.

stuartii-ΔP2. (C) Experimental protocol designed to challenge the effect of various environmental stresses on the different stages of biofilm

formation (genesis, attachment, consolidation) by P. stuartii. (D) Biofilm quantification after 24h of growth in 96-wells plates, as revealed by

of adherent cells using PrestoBlue. Data are normalized with respect to measurements performed on P. stuartii.

https://doi.org/10.1371/journal.pone.0174213.g001
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type strain, showing a rapid adaptation to Omp-Pst2 depletion (Fig 1B). However, cells devoid

of Omp-Pst2 displayed retarded growth (+ 60% increase in lag time; Fig 1B) and a 70%

increase in biofilm formation (Fig 1C). P. stuartii ΔP2 biofilms were comparatively denser, but

the lack of Omp-Pst2 did not perturb the microscopic appearance of P. stuartii cells—in either

planktonic (Fig 3A) or biofilm (Fig 3B) states. Increased biofilm formation by P. stuartii ΔP2
could underlie a pathway undertaken by this K.O. strain to overcome the stress induced by the

lack of Omp-Pst2 in the early stages of growth.

P. stuartii is resistant to urea and forms biofilm over a large range of pH

Inasmuch as urea is the principal component of urine, we set to determine the effect of this

metabolite on P. stuartii planktonic cell growth as well as on biofilm genesis, attachment and

Fig 2. P. stuartii form floating-communities of planktonic-cells prior to adherent biofilms. (A-D) Micrographs of bacteria that remain

bound to the well surface, after discard of planktonic cells by PBS washes. (E-H) Micrographs of planktonic bacteria. Cells were pipetted

from the LB medium, spreaded on LB-Gelzan and imaged immediatly. (I-L) Close-up views of the red-delineated regions in panels E-H

showing close contact between the membrane of adjacent cells. Bacterial membranes were stained using FM1-43FX. Scale bars: 50 μm

(A-H) and 10 μm (I-L).

https://doi.org/10.1371/journal.pone.0174213.g002
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Fig 3. P. stuartii is adept at forming large biofilms mainly composed of living cells. (A) Micrographs of

bacteria adherent to the wells surface after discard of planktonic cells by PBS washes. (B) Micrographs of

planktonic bacteria. Cells were pipetted from the LB medium, spreaded on LB-Gelzan® and imaged

immediatly. Live and dead cells were stained with SYTO9 Green and propidium iodide, respectively. Scale

bars are 100 and 50 μm in panels (A) and (B), respectively.

https://doi.org/10.1371/journal.pone.0174213.g003
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consolidation. We used to this end the methodology recently introduced by Mishra et al.
[43]. Briefly, cells were submitted to increasing urea concentration at various phases of their

growth (lag, stationary and biofilm phases), grown overnight (ON) under this environmental

pressure, and the viable biofilm mass was then quantified using Presto Blue (Fig 1D). We

found that P. stuartii planktonic cells sustain normal growth up to 500 mM urea but display

an 85% decrease in growth at 1 M urea (Fig 4A). Exposure of cells to urea in the lag and sta-

tionary phases reveals that biofilm genesis and attachment to surfaces are unaffected by con-

centrations of urea up to 200 and 500 mM, respectively (Fig 4B and S1 Fig). Exposure to urea

furthermore consolidates pre-formed P. stuartii biofilms, in the viability range (0–500 mM)

(Fig 4B and S2 Fig). Clearly, ATCC 29914 is a urease-positive P. stuartii strain, sustaining

urea concentrations � 4-fold higher than that encountered in its human habitat (150 mM).

The urease activity of P. stuartii is cytoplasmic and produces 2 ammoniums and 1 carbonate

per hydrolysed molecule of urea [30].

We then investigated how P. stuartii responds to changes in pH. Using the approach sum-

marized above—and further detailed in the Methods section—we found that P. stuartii is

unable to grow at pH 4 and 5, but viable between pH 6 and 9 (Fig 4C). Within this range, nei-

ther planktonic cells (Fig 4C) nor cells from preformed biofilms are affected by pH variations,

although alkalinity favours biofilm genesis and attachment of cells onto the surface (Fig 4D

and S1 Fig). While partially destroyed at pH 4, preformed P. stuartii biofilms consolidate at pH

5 (Fig 4D and S2 Fig) underlining their resistance to extreme environmental conditions.

Omp-Pst2 is involved in urea uptake and in the regulation of pH in the

periplasm

We examined the impact of urea on planktonic growth and biofilm formation by the ΔOmp-

Pst2 strain of P. stuartii. P. stuartii ΔP2 showed normal growth in urea up to 200 mM, but an

increased lag time at 500 mM. At 1M, the strain could not grow, suggesting that Omp-Pst2

participates in alleviating urea toxicity in parental cells (Fig 4E). The fitness loss induced by

lack of Omp-Pst2 was also visible at the biofilm level, with biofilm genesis, attachment and

consolidation all being negatively impacted by urea in a dose-dependent manner (Fig 4F and

S1 and S2 Figs).

We also investigated the sensitivity of P. stuartii ΔP2 to variations in pH. At the planktonic

level, we observed a clear dependency on pH of the lag time of P. stuartii ΔP2 growth. The K.

O. strain remains unable to grow at pH 4 and 5, but displays a faster and more productive

planktonic growth at pH 6 than at pH 9 (Fig 4G). In strong contrast, the growth of the parental

strain is equally favoured from pH 6 to 9 (Fig 4C). At the biofilm level, P. stuartii ΔP2 cells

show reduced biofilm genesis and attachment to the surface at pH 9, resulting in a shift of the

optimal pH for biofilm formation from pH 9 to 8 (Fig 4H and S1 Fig). Absence of Omp-Pst2

also lowers biofilm consolidation at pH5, as compared to the parental strain (Fig 4D and 4H

and S2 Fig). Altogether, these results indicate a role for Omp-Pst2 in the regulation of periplas-

mic pH.

P. stuartii biofilms benefit from the presence of Ca2+ and Mg2+

Calcium and magnesium are the most abundant divalent-cations in the urine. Therefore, their

effect on the growth and fitness of P. stuartii cells was investigated, at the planktonic and

biofilm levels. Upon addition of 50 mM of calcium and magnesium into the growth medium,

P. stuartii growth level increased by 17 and 25% respectively (Fig 5A and 5C). Addition of

calcium had an inhibitory effect on biofilm genesis as well and on cell attachment onto the

surface, but triggered the consolidation of preformed-biofilms (Fig 5B) and a drastic
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Fig 4. Resistance of P. stuartii and P. stuartii ΔP2 cells to high concentrations of urea and to pH variations. Effect

of urea (A and E) and pH (C and G) on bacterial growth, as judged from the O.D. of cultures at 600 nm. The impact on

biofilm genesis, attachment and consolidation was evaluated by adding urea (B and F) or changing the pH (D and H)

during the lag, stationary and preformed biofilm phases, respectively. Biofilm formation was quantified 24 h later, by

PrestoBlue staining. Fluorescence values were normalized with respect to the control wells containing no urea and

buffered at pH7.

https://doi.org/10.1371/journal.pone.0174213.g004
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Fig 5. Resistance of P. stuartii and P. stuartii-ΔP2 cells to high concentrations of calcium and magnesium. Effect of

calcium (A and E) and magnesium (C and G) on bacterial growth, as judged from the O.D. of cultures at 600 nm. The impact

on biofilm genesis, attachment and consolidation was evaluated by adding calcium (B and F) or magnesium (D and H) during

the lag, stationary and preformed biofilm phases, respectively. Biofilm formation was quantified 24 h later, by PrestoBlue

staining. Fluorescence values were normalized with respect to the control wells buffered at pH7 and devoid of urea.

https://doi.org/10.1371/journal.pone.0174213.g005

Providencia stuartii biofilms and their resistance to environmental insults

PLOS ONE | https://doi.org/10.1371/journal.pone.0174213 March 23, 2017 11 / 17

https://doi.org/10.1371/journal.pone.0174213.g005
https://doi.org/10.1371/journal.pone.0174213


reorganisation of their supracellular structure. Micrographs indeed reveal that P. stuartii bio-

films change shape, forming compact assemblies of tightly aggregated cells (S2 Fig), upon

exposure to high calcium concentration. Magnesium also inhibited cell attachment to surfaces,

but was beneficial to biofilm genesis and consolidation (Fig 5D) and did not affect the shape of

pre-formed biofilms, even at the highest concentrations tested.

Deletion of Omp-Pst2 reproduced or enhanced the impact of the two divalent cations on

P. stuartii ΔP2 cells, planktonic and biofilm alike. The beneficial effect of calcium on plank-

tonic growth was preserved, and likewise for its inhibitory effect on biofilm genesis and cell

attachment onto the surface (Fig 5B and 5F). Pre-formed biofilms of P. stuartii ΔP2 also dis-

played more sensitivity to high calcium concentrations, as exposed by the observation of more

compact cell-assemblies characterized by a higher mortality level (S2 Fig), in epifluorescence

micrographs. The beneficial effect of magnesium on planktonic growth was also preserved in

P. stuartii ΔP2 cells, while that on biofilm consolidation was further potentiated (Fig 5H).

Discussion

P. stuartii is a biofilm-forming pathogen (Fig 1B), mainly involved in urinary tract infections

in elderly patients [11,15]. It is occasionally implicated in others types of infections [47],

including endocardisis [20], pericarditis [21], peritonitis [22] and meningitis [23]. Notwith-

standing that the prevalence of infections is increasing alarmingly, knowledge regarding the

species and its biofilms remains scarce.

Here, we aimed at studying P. stuartii growth and biofilm formation in conditions that

mimic its most common habitat in humans, i.e. the urinary tract. Our study demonstrated the

ability of the microbe to form biofilms in a variety of insulting conditions. Furthermore, it

shed light on the highly gregarious behaviour of P. stuartii planktonic cells, which associate

from the early stages of growth through cell-to-cell contact, forming floating community of

cells prior to formation of canonical—per say, adherent—biofilms (Fig 2 and S1 Movie). Cell-

to-cell contact in the planktonic state could provide a means to maximize cell density, inter-

communication and resistance to environmental cues, before formation of the mature biofilm.

We observed that the floating communities of cells could attach altogether to surfaces, allowing

biofilms to start from a critical mass.

Planktonic and biofilm cells of P. stuartii adapt well to changes in pH, in the pH 6 to 9

range. Alkaline pH furthermore activates P. stuartii biofilm genesis and attachment to surfaces

(Fig 4A-4D). This fitness suggests the existence of periplasmic pH regulators, which would

support the swift adaptation of P. stuartii to pH variation. P. stuartii ΔP2, plagued by delayed

growth, displays a clear dependence of the lag time on pH, suggesting that Omp-Pst2 contrib-

utes to the ability of the parental strain to immediately grow regardless of pH (Fig 4C and 4G).

Thus Omp-Pst2 could play a role in regulating/buffering periplasmic pH, thereby supporting

the adaptation of wild-type P. stuartii to changes in environmental pH. In the absence of this

presumed regulator, P. stuartii ΔP2 cells would take longer to adapt to increasing pH, hence

explaining their retarded growth (+300 min at pH 9, compared to pH 7, Fig 4G).

The urease activity of P. stuartii ATCC 29914 was uncovered by its ability to grow normally

in mediums containing up to 500 mM urea. The species furthermore survives (15%) in 1 M

urea (Fig 4A) demonstrating that it would be able to grow in the urinary tract. P. stuartii ΔP2
is nevertheless more sensitive to urea, displaying an increased lag time at 500 mM urea (+ 250

min) and showing no growth at 1M urea (Fig 4E). Accordingly, biofilm genesis, attachment

and consolidation by this strain are affected by urea in a dose-dependent manner (Fig 4F).

This mechanism of toxicity is not detectable in the parental strain. It appears unlikely that

Omp-Pst2 absence would effect in increasing urea concentration in the periplasm. Rather,
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Omp-Pst2 is involved in a process downstream of the penetration of urea into cells, such as

efflux of urea or of its hydrolytic products. We see at least three possible explanations for the

reduced resistance to urea of the P. stuartii ΔP2 strain. (i) Omp-Pst2 could contribute to the

efflux of urea from the periplasm, hence reducing the actual periplasmic (and thus cyto-

plasmic) concentration of urea. Given the large excess present in the surrounding growth

medium, it nevertheless appears unlikely that this efflux activity would significantly affect the

periplasmic concentration in urea. (ii) Omp-Pst2 could facilitate the influx of anions neutraliz-

ing the periplasmic ammonium generated by urea degradation—but again, given the strong

cation-selectivity of Omp-Pst2, however, this hypothesis also appears unlikely. (iii) Omp-Pst2

could be involved in the direct efflux of periplasmic ammonium and in limiting its repenetra-

tion into the periplasm; this is the only hypothesis that fits the prior knowledge on Omp-Pst2.

Indeed, MD simulations have suggested that Omp-Pst2 could be involved in the facilitated

transport of cations from the periplasm to the extracellular side of the OM [42]. They further-

more highlighted that Omp-Pst2 channel would respond by gating to a massive transit of cat-

ions from the external medium to the periplasm [42]. Thus, we favour the hypothesis that

Omp-Pst2 alleviates the toxic effects of urea on P. stuartii cells by mitigating the toxic accumu-

lation of ammonium in their periplasm. Of note, rough calculations indicate that accumula-

tion of 10 μM ammonium would raise the periplasmic pH from 7 to 9. Thus, the delayed

growth displayed by P. stuartii ΔP2 cells in the presence of 500 mM urea could result from

increased periplasmic pH, due to reduced efflux of ammonium. More generally, Omp-Pst2

could act on periplasmic pH by regulating the cationic content of the periplasm; this hypothe-

sis will have to be confirmed by electrophysiology.

Elevated calcium and magnesium consolidate preformed P. stuartii biofilms, activate plank-

tonic cell growth (Fig 5A and 5C), and reduce cell attachment onto surfaces (Fig 5B and 5D).

Calcium at 50 mM induces changes in the macroscopic appearance of biofilms, leading to

their compaction (S2 Fig), whereas magnesium slightly activates their genesis. These effects are

further exaggerated in P. stuartii ΔP2 (Fig 5F and 5H), again supporting that the absence of

Omp-Pst2 could lead to accumulation of cations in the periplasm, aggravating the effect of

these on cellular metabolism.

Altogether, our results suggest that P. stuartii exploits sociability as a means to foster cellular

growth and resist to environmental stress, before formation of a canonical—per say, surface-

attached—biofilm. Our work also points out that Omp-Pst2 plays a crucial role in the early

stages of P. stuartii growth (Fig 1A). Data show that Omp-Pst2 is involved in pH regulation

(Fig 4G) and could be in charge of ammonium clearance/neutralization from/in the periplasm,

a hypothesis supported by electrophysiology data [40] and more recently molecular dynamics

simulations on the porin [42]. Our data add to the growing body of evidence that suggests an

implication of OM components in biofilm formation and regulation [48,49]. Further studies

are needed to understand how P. stuartii cells are riveted to one another in floating communi-

ties of planktonic cells, and how this phenotype influences the ability of the species to form

biofilms.

Supporting information

S1 Movie. P. stuartii forms floating communities of cells. Bacteria were grown to an O.D. of

0.5 at 600 nm and imaged by conventional microscopy without washing. The movie shows a

Z-scan acquisition of the whole well (bottom-to-top). Planktonic cells assemble into a floating

community, wherein cells appear to be attached to one another and are presumably in close

contact.

(M4V)
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S1 Fig. Impact of urea and pH impact on biofilm genesis. Effect of urea (B-C and H-I) and

pH (D-F and J-L) on the genesis of P. stuartii (A-F) and P. stuartii ΔP2 (G-L) biofilms. Cells

were subjected to environmental stresses for 24 h and bacteria adherent to the well surface

were imaged after discard of planktonic cells by PBS washes. Live and dead cells were stained

with SYTO9 Green and propidium iodide, respectively. Scale bar: 100 μm.

(TIF)

S2 Fig. Impact of urea, pH and divalent cations on consolidation of pre-formed biofilms.

Effect of urea (B, H), calcium (E, K), magnesium (F, L) and pH (C- D, I-J) on the consolidation

of P. stuartii (A-F) and P. stuartii ΔP2 (G-L) biofilms. Cells were subjected to environmental

stresses for 24 h and bacteria adherent to the well surface were imaged after discard of plank-

tonic cells by PBS washes. Live and dead cells were stained with SYTO9 Green and propidium

iodide, respectively. Scale bar: 100 μm.

(TIF)
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Abstract (155 words, should be 150): 

Providencia stuartii is a Gram-negative biofilm forming pathogen. It was shown that prior to 

depositing as a canonical biofilm, P. stuartii forms floating communities of plankton, within 

which adjacent cells are in apparent contact. In eukaryotes, cell-to-cell contact and 

communication can be promoted by a variety of junctions but no such proteinacous 

intercellular complexes have been described in prokaryotes. Here, we report the 

crystallographic structures of Omp-Pst1 and Omp-Pst2, the two porins of P. stuartii. These 

structures reveal that porins can self-associate through their extracellular loops, forming dimer 

of trimers (DOTs) that could serve as primitive junctions between planktonic cells. We 

explored this hypothesis by crystallography, dynamic-light scattering, site-directed 

mutagenesis, and epifluorescence and electron microscopy. Our results suggest that DOTs 

support cell-to-cell contact in P. stuartii, thereby governing the formation of floating 

communities of cells. The observation that facing-channels are open in the structures of our 

DOTs suggest that these could partake in inter-cellular communication. 
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Introduction: 

P. stuartii is an opportunistic pathogen from the Enterobacteriacae family1 that is involved in 

increasingly frequent infections in burn victims and patients undergoing long-term 

catheterization2–5. Treatment of infections by P. stuartii is complicated by its intrinsically 

strong resistance to a wide range of antibiotics, including most penicillins, aminoglycosides, 

tetracyclines, cephalosporins of older generations, sulfamethoxazole and fosfomycin4,6–8. This 

multi-drug resistance phenotype can be partly explained by the presence of an inducible 

chromosomal AmpC8. However, plasmid-encoded extended-spectrum β-lactamases (ESBLs) 

including the New Delhi metallo-β-lactamase 1 have also been found in clinical isolates9–14. 

The endemic nature of P. stuartii infections is furthermore reinforced by its ability to form 

biofilms, which can attach and grow on indwelling catheters3,15,16 and uroepithelial cells17. 

Only few studies have focused on biofilm formation by P. stuartii but it has been established 

that this species expresses three forms of fimbriae associated with erythrocytes adherence17,18. 

Recently, we reported the microscopic characterization of P. stuartii’s biofilms and the 

unexpected finding that the bacterium remains highly social even in the planktonic state, 

forming floating communities within which cells presumably stick to one another via protein-

protein interactions19. By reinforcing the local concentration of cells and of secreted effectors, 

the sociability of cells could serve inter-cellular communication in the planktonic state, alike 

quorum-sensing (QS) in the biofilm state.  

 

Porins are water-filled channels sprinkling the outer-membrane (OM) of Gram-negative 

bacteria20 and constitute the principal entry route for hydrophilic nutrients and ions into the 

periplasm. They are generally assembled as trimers, within which each monomer displays a 

conserved β-stranded architecture that delineates a hydrophilic channel. In most Gram-

negative species, a ‘major’ general-diffusion porin is abundantly expressed, with up to 105 

copies per cell (i.e. up to 70% of the OM protein content)21, suggesting a passive role in inter-

communication and sensing. Substrate-specific porins are 18 β-stranded, while porins 

governed by general diffusion feature 16 β-strands. The sifting properties of general-diffusion 

porins (referred to as ‘porins’ throughout the manuscript) are determined by the amino-acid 

distribution at their constriction zone, contributed by the folding of extracellular loop L3 into 

the channel lumen.  

 

Current interest in porins stems from their involvement in antibiotic translocation. Porins are 

hijacked by hydrophilic antibiotics to reach their target and kill the cells. As such, down-
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regulation of porin expression, or changes in their coding sequences, have been observed in 

numerous cases of hospital-acquired antibiotic resistance22,23. Porins have also been shown to 

participate in a variety of non-diffusive functions, including phage-anchoring and genetic 

material transfer24,25 or small-protein export25. Furthermore, recent reports have hinted at the 

participation of porins in biofilm formation26,27. The P. stuartii genome features two porins, 

Omp-Pst1 and Omp-Pst2. It was reported that uptake of β-lactams (e.g. cephalosporins and 

carbapenems, in particular), chlorampenicol, quinolones (e.g. nalixidic acid) and 

fluoroquinolones (e.g. sparfloxacine) is mainly due to their passive diffusion through Omp-

Pst16,7. Recently, we showed the central role of Omp-Pst1 and Omp-Pst2 in the rapid 

adaptation of P. stuartii to pH variations and to the high urea concentrations encountered in 

the urinary tract – its primary habitat in humans. Our study indicated that Omp-Pst1 as 

essential to P. stuartii survival while Omp-Pst2 promotes rapid growth, by regulation of the 

cationic content of the periplasm19. Further insights into how Omp-Pst1 and Omp-Pst2 

support the pathogenicity of P. stuartii require determination of their three-dimensional 

structures.  

 

Here, we report the crystallographic structures of Omp-Pst1 and Omp-Pst2 from P. stuartii 

strain ATCC 29914, of a complex of Omp-Pst1 with maltose, and of a deletion mutant of 

Omp-Pst1 representative of that expressed by P. stuartii strain ATCC 25827, i.e. Omp-Pst1-

∆206-211/N293G. The structures reveal the molecular basis for the distinct ion selectivities of 

Omp-Pst1 and Omp-Pst2. Analysis of crystal packing interactions unveils that, in crystals, the 

two porins self-associate face-to-face trough their extracellular loops, thereby forming dimers 

of trimers (DOTs). Reconstitution of either porin into liposomes results in proteoliposomes 

aggregation, while their ectopic expression in a porin-devoid E. coli strain induces a shift 

from the state of isolated plankton to floating communities of cells, reminiscent of those 

formed by P. stuartii. Introduction of charged residues at the DOT interface reduces the 

ability of both porins to promote proteoliposome aggregation and cell-to-cell contact 

suggesting an electrostatic driving force for their self-association into DOTs. Crystallographic 

data furthermore suggest that DOT formation is restricted to cells of the same strain by highly 

self-selective steric-zippers. Altogether, our results suggest that DOTs of Omp-Pst1 and Omp-

Pst2 support cell-to-cell adhesion and communication, by riveting cells one to another in P. 

stuartii floating communities of cells19.  



	

	 4	

Results: 
Structures of Omp-Pst1 and of its complex with maltose 

The structure of native Omp-Pst1 was solved in two space groups, C2 (type-I; 3.2 Å 

resolution) and P212121 (type-II; 2.7 Å resolution). In both types of crystals, we found a single 

trimer in the asymmetric unit, although at the unit-cell level, type-I Omp-Pst1 crystals feature 

a DOT associated through self-matching interactions between extracellular loops of facing 

trimers (Fig. 1a). In type-II crystals, contact is also observed between extracellular loops, but 

does not involve self-matching interactions. In both type of crystals, no contact is observed 

between intracellular turns. The trimeric structures of Omp-Pst1 in type I and type II crystals 

are similar, superimposing with an rmsd of 0.356 Å, over 1056 residues in the trimeric 

assembly. Extracellular loops of Omp-Pst1 are mostly folded as α-helices, yet in each 

monomer, extracellular loop L5 contributes a β-hairpin that erects over the channel entrance 

and effect in thwarting access to these, in the trimeric assembly (Fig. 2a). In type-I crystals, 

this hairpin is involved in the crystal-packing interactions that result in build-up of a DOT, 

within the unit cell (Fig. 1a, b).  

As compared to the canonical porins OmpF, OmpC and PhoE from E. coli, Omp-Pst1 

displays a similar pattern of charge distribution, i.e., Omp-Pst1 channel is overall positively 

charged (+5e vs. +3e, +3e and +6e in OmpF, OmpC and PhoE, respectively) (Fig. 1i and 

Supplementary Fig. 1a), with a net charge of +1e at the constriction zone (0e, -2e and 0e in 

OmpF, OmpC and PhoE) (Fig. 1k, l and Supplementary Fig. 1b). The electrostatic potential 

profile calculated along the channel of Omp-Pst1 indicates mild anion selectivity (Fig. 1l), in 

line with electrophysiology measurements and with MD simulations based on this structure28. 

Nevertheless, the Omp-Pst1 channel features more charged residues than E. coli porins (+48, 

+35 and +20%, respectively), suggesting higher translocation selectivity, and its extracellular 

vestibule is negatively charged (Fig. 1i, l).  

In an attempt to determine whether or not Omp-Pst1 could be involved in the translocation of 

uncharged nutrients into the periplasm, we soaked type-II crystals of Omp-Pst1 with a mother 

solution containing 100 mM maltose. In the complex structure, three maltose molecules are 

found, each bound to a similar binding site in the three monomers. Residues from 

extracellular loops L1 (K31, E33), L3 (Q121), L6 (R251 and G253), L7 (L300) and L8 

(G337, N339) form a groove above the constriction zone within which each maltose 

establishes 6-8 H-bonds (depending on the monomer), burying ~70% of its accessible surface 

(Fig. 2b). The fitness of this binding-site and its ideal positioning at the channel entrance 
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could underlie a role for Omp-Pst1 in harvesting and facilitating the translocation of 

carbohydrates. 

We also note that in all Omp-Pst1 structures, an ion is observed at the interface between the 

three monomers in a trimer, which is best modelled as a Ca2+ ion, stabilized by cation-π 

interaction with the side chain of Trp62 in each monomer. This ion is at the top of a fourth 

“channel”, central to the trimer, opened on the intracellular side but insulated from the 

extracellular bulk by symmetrical interactions between Asn75 side chains from the three 

monomers.   

 

Structure of Omp-Pst2 

The structure of Omp-Pst2 was solved in the P21 space group, at 2.2 Å resolution. A DOT is 

observed in the asymmetric unit, formed by the face-to-face, self-matching interaction of two 

trimers through their extracellular loops (Fig. 1e, f). Within the DOT, the two trimers are 

related by quasi-perfect non-crystallographic C2 symmetry, i.e. Omp-Pst2 and type-I Omp-

Pst1 DOTs reveal a similar oligomeric assembly (Fig. 1a, b, e, f). The extracellular loops of 

Omp-Pst2 are mostly folded as α-helices (Fig. 2c), and contribute an additional constriction 

zone at the entrance of the channel that could affect the diffusion of large solutes across Omp-

Pst2 (Fig. 1j, k). As compared to E. coli OmpF, OmpC and PhoE, the Omp-Pst2 channel 

features a similar amount of charged residues (+20, -8 and -4%, respectively), but is 

characterized by its acidic nature (Supplementary Fig. 1c). The net charge of Omp-Pst2 

channel is indeed -4e at the constriction zone (5 Å radius) suggesting strong cation selectivity 

(Supplementary Fig. 1d). This hypothesis is supported by electrophysiology measurements 28. 

Calculations of the electrostatic potential along the Omp-Pst2 channel furthermore suggest a 

facilitated transport of cations from the intracellular to the extracellular side of the porin (Fig. 

1j, l), in line with recent MD simulations based on the Omp-Pst2 crystal structure. We note 

that as in Omp-Pst1 crystals, no contact is observed between intracellular turns, and a fourth 

“channel” is apparent at the center of the trimeric complex. This channel is also open on its 

intracellular end, but closed at its extracellular end by symmetrical interactions between 

Asn72 side chains from the three monomers (equivalent to Omp-Pst1 Asn75). An ion is again 

observed bound at the top of this channel, which was best modelled as a SO4
2-, stabilized by 

anion-π interaction with the side chain of Trp59 from each monomer.   

 

Omp-Pst1 and Omp-Pst2 DOTs are locked-in by three single-layered steric-zippers 
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In Omp-Pst2 and in type-I Omp-Pst1 crystals, packing is supported by the face-to-face 

interaction of two trimers via their extracellular loops (Fig. 1a, b, e, f). In both DOTs, the 

dimerization interface delineates a large negatively-charged cavity (volumes of 30,610 and 

37,959 Å3 for Omp-Pst1 and Omp-Pst2, respectively) (Fig. 1i, j). The cavity of Omp-Pst2 is 

accessible from the bulk via three ellipsoidal fenestrations of 17 × 29 Å (Fig. 1e, f, j), while 

that of Omp-Pst1 is insulated from the bulk and presumably permeable to waters only (Fig. 

1a, b, i). The buried surface areas per facing trimers are 921 Å2  for Omp-Pst1 and 1215 Å2 

for Omp-Pst2 DOTs, i.e. values above the threshold of 856 Å2 that has been proposed to 

discriminate between artificial and biological dimers in crystal structures 29. For a 

comparison, the buried surface area per facing trimers is 350 Å2 in type-I Omp-Pst1 crystals. 

The surface complementary between facing trimers of the DOT is 0.39 for Omp-Pst1 and 0.64 

for Omp-Pst2. The latter value is close to that displayed by antibody-antigen complexes, viz. 

0.65 30. 

The DOTs formed by Omp-Pst1 and Omp-Pst2 are singular in that they appear to be 

supported by steric-zipper interactions – a structural motif that has to date been observed only 

in prions and amyloid fibers. Steric-zippers form from the tight interdigitation of side chains 

emanating from equivalent residues in short self-matching sequences (4-11 residues) and they 

are by nature highly self-selective. In amyloid and prion assemblies, steric-zippers associate 

β-sheets into highly-ordered fibers 40-42
. In contrast, the steric-zipper interfaces that form 

between facing monomers of Omp-Pst1 and Omp-Pst2 are single-layered and differ in the two 

porins. In Omp-Pst1, the three single-layered steric-zipper interfaces are contributed by 

residues 205-AGVVTSE-211 from extracellular loop L5, and would belong to the symmetry 

class III of steric zippers (face-to-face; up-down)31 (Fig. 1c, d and Fig. 3a), with a 15° tilt 

between the two facing β-strands. This interface is solely reinforced by weak electrostatic 

interaction (distance ≥ 3.5Å) between K28 and D213 from facing extracellular loops L1 and 

L5, respectively. The formation of Omp-Pst1-29914 DOTs thus appears fully governed by 

extracellular loop L5. In Omp-Pst2, residues 282-NLGNYG-287 from extracellular loop L7 

contribute a short, non-tilted, self-matching interface that would correspond to the symmetry 

class I of steric-zippers 31 (face-to-face, up-up) (Fig. 1g, h and Fig. 3b). The three single-

layered steric-zipper interfaces are further complemented by a network of H-bonds, which 

fastens extracellular loops L5, L7 and L8 from facing monomers (Fig. 1g). Of note, Omp-Pst1 

features a 290-NLGNGY-295 sequence in its extracellular loop L7, similar to the 282-

NLGNYG-287 sequence of Omp-Pst2. However, the L5 β-hairpin protrusion that contributes 
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the 205-AGVVTSE-211 steric-zipper interface renders L7 inaccessible in Omp-Pst1 

(Supplementary Fig. 2). We note that the 208-VTSEGDSYY-216 insertion in L5 which 

contributes this hairpin is a unique feature of Omp-Pst1 from P. stuartii strain ATCC 29914.	

To challenge the steric-zipper propensity of Omp-Pst1 and Omp-Pst2 segments involved in 

their respective dimerization into DOTs, we crystallized the corresponding peptides in 

isolation of their respective parent proteins. For each, we chose the smallest fragment 

hypothetically involved in the interaction, viz. 206-GVVTSE-211 from Omp-Pst1 and 283-

LGNY-286 from Omp-Pst2. Both peptides produced urchin-like micro-crystals, from which 

their structures were solved by X-ray crystallography at 1.7 and 1.0 Å resolution, respectively 

(Fig. 3a, b). The two peptides display canonical cross-β structures, characterized by the in-

register stacking of strands into sheets, and by the mating of these via a steric-zipper, 

perpendicular to the fiber axis. Thus, both GVVTSE and LGNY are prone to form steric-

zippers in isolation of their respective parent proteins. Of interesting note, 283-LGNY-286 

offers the first class-III steric zipper structure ever to be determined, providing final validation 

for the proposed eight symmetry-classes of steric zippers31. 

The proneness of GVVTSE and LGNY to form steric-zippers in isolation as well as in porin 

DOTs questions whether or not methods successful at predicting steric-zipper occurrence 

would have singled these motifs based on Omp-Pst1 and Omp-Pst2 sequences. We used the 

ZipperDB server (http://services.mbi.ucla.edu/zipperdb/) to calculate the propensity of Omp-

Pst1 and Omp-Pst2 segments to form a steric zipper. Briefly, the server uses the 3D profile 

method32 to score hexa-peptidic segments along a protein sequence; scores below -19 and -23 

kcal/mol designate sequences that likely or inevitably form a steric-zipper, respectively33. 

This method identified 206-GVVTSE-211 (from Omp-Pst1 L5) and 282-NLGNYG-287 

(from Omp-Pst2 L7) as highly prone to form steric zippers, with scores of -26.2 and -22.1 

kcal/mol, respectively (Supplementary Fig. 2). Other segments prone to form a steric-zipper 

in Omp-Pst1 and Omp-Pst2 are all either unexposed as a part of the membrane-embedded β-

barrel, or part of extracellular loops involved in the forming of α-helices (Supplementary Fig. 

2), in line with previous findings33. Nonetheless, it was recently shown that amphipathic α-

helices can also self-associate into amyloid-like fibers34. Hence, extracellular loops folded as 

α-helices could hypothetically support the formation of DOTs as well.   

 

Omp-Pst1 and Omp-Pst2 display self-interaction properties in vitro 
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The observation that Omp-Pst1 and Omp-Pst2 crystallize as DOTs challenged us to 

investigate whether or not they display adhesion properties in vitro. If so, reconstitution of 

either porin into liposomes should lead to proteoliposome aggregation – a process that can be 

monitored by means of dynamic light scattering (DLS). Real-time monitoring of 

proteoliposome aggregation required the use of the direct-dilution method to reconstitute 

porins into liposomes. We thus first investigated the optimal pH to insert Omp-Pst1 and Omp-

Pst2 into preformed ~60-nm radius liposomes by direct dilution of the porin into liposome 

solutions buffered at pH 4-8. Using sucrose gradient to separate liposomes, proteoliposomes 

and porins 35, we found that an acidic pH favours the insertion of P. stuartii Omp-Pst1 and 

Omp-Pst2 and E. coli OmpF into liposomes (Supplementary Fig. 3). We then used DLS to 

monitor the average hydrodynamic radius of the proteoliposome aggregates which form, at 

pH 4, upon mixing of preformed liposomes with increasing concentrations of Omp-Pst1 or 

Omp-Pst2. We found that insertion of either porin into liposomes results in a fast (~30-45 s) 

and porin-concentration dependent aggregation of proteoliposomes (Fig. 4a). In electron 

micrographs, proteoliposomes formed at 10 µM porin concentration display periodic order, 

forming stacks of bilayers (Supplementary Fig. 4). Those formed by Omp-Pst2 are quasi-

crystalline, further exemplifying the strong tendency of this porin to self-associate, laterally 

and axially. To further ascertain the presence of Omp-Pst1 and Omp-Pst2 in proteoliposome 

aggregates, we labelled lipids and porins specifically, and examined porin-induced 

proteoliposome aggregation by epifluorence microscopy (Fig. 4b). To specifically label Omp-

Pst1 and Omp-Pst2, we engineered a cysteine at the C-terminal extremity of their L5 loop 

(Omp-Pst1-K221C and Omp-Pst2-K211C), and derivatised the resulting mutants using a 

maleimide-coupled green fluorophore (Alexa488). Fluorescent liposomes were prepared by 

introduction of a red fluorescent lipid (rhodamine derivative) in the bilayer composition. Both 

Omp-Pst1-K221C and Omp-Pst2-K211C retained the property of their parent porins to induce 

proteoliposome aggregation in DLS experiments. In epifluorescence micrographs, we 

furthermore could observe a colocalization of the fluorescence signals arising from the lipids 

and the porins. Importantly, the observation that Omp-Pst1-K221C mutant maintains the 

ability to self-associate eliminates the possibility that the interface revealed by type-II crystals 

would be relevant for proteoliposome aggregation, since the H-bond between K221(NZ) and 

N293(O) is central to this interface.  

	

Self-association of Omp-Pst1 and Omp-Pst2 is driven by electrostatic interactions: 
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We challenged the self-association of Omp-Pst1 and Omp-Pst2 into DOTs by site-directed 

mutagenesis. Specifically, we aimed at disrupting steric-zipper interactions by suppression of 

H-bonds, of a full interface or by electrostatic repulsion. First, we challenged the steric-zipper 

interface observed in Omp-Pst1 DOTs, either by introduction of point mutations in L5 and L7 

(Omp-Pst1-D213R, Omp-Pst1-N293G, and Omp-Pst1-D213R/N293R), or by deletion of the 

full L5 β-harpin that support this interface (Omp-Pst1-∆207-216/N293G). The charge-altering 

mutations D213R and D213R/N293R, engineered at select contacts based on the DOT 

structure, respectively reduced and suppressed the ability of Omp-Pst1 to induce 

proteoliposome aggregation (Fig 5a, b). The L7 mutant Omp-Pst1-N293G, designed to 

destabilize extracellular loop L5 by suppression of the strong H-bond (2.4 Å) between 

N293(OD1) and Tyr216(N), was unable to promote proteoliposome aggregation, supporting 

the hypothesis that extracellular loop L5 is central to Omp-Pst1 self-association (Fig. 5a, b). 

The inability of Omp-Pst1-N293G to induce proteoliposome aggregation is yet fully reversed 

by deletion of the full L5 β-hairpin, viz. Omp-Pst1-∆207-216/N293G (Fig. 5a, b). Hence, the 

self-association properties of Omp-Pst1 are impacted by electrostatic repulsion or 

destabilization of the L5 β-hairpin, but not by the bold suppression of the steric-zipper 

interface. Likewise, two Omp-Pst2 mutants aimed at disrupting the 282-NLGNYG-287 steric-

zipper interface, viz. Omp-Pst2 N283G and Omp-Pst2-G282R/N283G, showed increased 

ability to induce proteoliposome aggregation (Fig. 5c, d). Again, only the Omp-Pst2-

G282R/N283K mutant, with two positive charges added side-by-side, displayed a reduced 

ability to induce proteoliposome aggregation – reminiscent of Omp-Pst1-D213R/N293R. 

Hence, the main driving force behind Omp-Pst1 and Omp-Pst2 DOT formation is likely 

electrostatic attraction, with single-layered steric-zipper interaction between facing monomers 

possibly underlying a slotting mechanism that regulates DOT formation.  

To verify this hypothesis, we crystallized Omp-Pst1-∆207-216/N293G and solved its 

structure at 3.2 Å resolution (Supplementary Fig. 5). Reminiscent of type-I Omp-Pst1 

crystals, those of Omp-Pst1-∆207-216/N293G belonged to the C2 space group, and revealed 

the presence of a DOT at the unit cell level. The buried surface area per facing trimer is 1,126 

Å2 and the dimerization interface delineates a large negatively-charged cavity characterized 

by a volume of 24,540 Å3. Electrostatic interactions between extracellular loops are at the 

basis of this DOT, which is not supported by steric-zipper interactions and wherein facing 

channels do not join at their extracellular ends – in contrast with DOTs formed by both Omp-

Pst1 and Omp-Pst2. Rather, one monomer from each trimer plugs into the center of the facing 
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trimer. Each of the two central monomers of the DOT establishes contact with the three facing 

monomers through extracellular loops L7 (to L4 in a first monomer), L8 (to L6 and L8 in a 

second monomer) and L5 (to L5 in the third monomer). The two first interaction zones are 

polar, respectively featuring a H-bond between Asp296(OD2) and Met168(N), and H-bonds 

between NZ atoms of K328 and K334 and the main chain carbonyl oxygen of Glu335 and 

Asp254. The Omp-Pst1-∆207-216/N293G DOT is nevertheless leaky, showing reduced 

surface complementary between facing trimers (0.37) and featuring six large ellipsoidal 

fenestrations (up to 7 x 20 Å). As mentioned already, ATCC 29914 is the only P. stuartii 

strain across all sequenced so far that features a 208-VTSEGDSYY-216 insertion in L5.  

Hence, the DOT revealed by Omp-Pst1-∆207-216/N293G could be representative of those 

formed by Omp-Pst1 from P. stuartii strain ATCC 25187, which lacks the L5 insertion but is 

otherwise 92.4 % similar to Omp-Pst1 from strain 29914.  

 

Self-interaction of Omp-Pst1 and Omp-Pst2 enables cell-to-cell contact in P. stuartii	

Our structural data revealed the formation of DOTs, whose adhesion properties were 

challenged in vitro by a combination of DLS, electron microscopy, epifluorescence 

microscopy, and site-directed mutagenesis. We then asked whether such intercellular 

structures could form in vivo, i.e. between porins harbored in the outer-membrane of adjacent 

cells. P. stuartii is indeed highly-social, forming floating communities of cells even in the 

planktonic state19. As porins are the most abundant proteins in the outer membrane of Gram-

negative bacteria, their DOTs could contribute to this phenotype.  

In earlier work, we faced difficulties producing a P. stuartii strain deleted for the 

Omp-Pst1 porin, suggesting that this porin is essential to the bacterium survival and that a 

deletion strategy would be inadequate to address the role of porins in cell-to-cell contact; 

indeed, all our viable P. stuartii strains express at least one porin. Hence, we here opted for an 

ectopic expression strategy, using as a surrogate for P. stuartii a strain of E. coli BL21 deleted 

of its major porins OmpF, OmpC, OmpA and LamB, viz. E. coli ∆Omp836. Note that the 

∆Omp8 strain is also that which we used to overexpress porins (see Methods). As compared 

to BL21, this strain displays reduced growth and fitness, and is characterized by a longer lag-

phase (Supplementary Fig. 6a). Like E. coli BL21, however, it does not form detectable 

floating communities of cells or biofilms (Fig. 6). Ectopic expression of either Omp-Pst1 or 

Omp-Pst2 restores normal growth and reduces the lag phase displayed by ∆Omp8 

(Supplementary Fig. 6a-c). Furthermore, it confers to E. coli ∆Omp8 cells the ability to form 

floating communities of cells. Note that formation of these communities is independent of that 
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of canonical (per se, adherent) biofilms, which the ∆Omp8 strain remains unable to form (Fig. 

6). ∆Omp8 cells expressing mutated versions of Omp-Pst1 (D213R, N293G, D213R/N293R, 

∆207-216/N293G) or Omp-Pst2 (N283G, G282R/N283G, G282R/N283K) display similar 

growth and lag phases as cells expressing wild-type Omp-Pst1 and Omp-Pst2, and they as 

well remain unable to form biofilms (Supplementary Fig. 7). Strikingly, however, ∆Omp8 

cells expressing Omp-Pst1 and Omp-Pst2 mutants that are able to induce aggregation of 

proteoliposomes in vitro (Fig. 5) form floating communities of cells, whereas those 

expressing mutants inept at self-associating in vitro, do not (Fig. 7). Taken together, these 

results establish that porins enable cell-to-cell contact in P. stuartii floating communities of 

cells, and suggest that porin DOTs are driving force for intercellular assembly (Fig. 7 and 

Supplementary Fig. 7). As the formation of floating communities of cells precedes that of 

canonical biofilms, DOTs could also be at the origin of cell-to-cell contacts within the core of 

biofilms (Supplementary Fig. 8). 

 

	  



	

	 12	

Discussion: 

Earlier, we reported on the sociability of P. stuartii cells and on their resistance to a variety of 

environmental insults encountered in their principal habitat in humans – that is, the urinary 

tract19. We notably showed that in the planktonic state, i.e., prior to attachment on a surface 

and subsequent formation of a canonical biofilm, P. stuartii cells form floating communities 

seemingly associated through their OM. Our work suggested essentiality of Omp-Pst1 for P. 

stuartii survival, and revealed that Omp-Pst2 plays a role in the adaptation to varying pH and 

high urea concentration of P. stuartii – as encountered in the urinary tract.  

In the present study, we sought to solve the crystallographic structures of Omp-Pst1 and 

Omp-Pst2, and unexpectedly found that both form DOTs self-associated through their 

extracellular loops. Using liposome-based assays, we showed that Omp-Pst1 and Omp-Pst2 

display self-association properties in vitro. By means of ectopic expression in a porin-devoid 

strain of E. coli ∆Omp8, we showed that expression of Omp-Pst1 or Omp-Pst2 endows these 

cells with the capability to form floating communities of cells. Altogether, these results show 

that the self-association of porins from adjacent cells can sustain cell-to-cell contact between 

these. Our crystal structures reveal two modes of self-association between extracellular loops; 

either ‘side-by-side’, as observed in type-II crystals of Omp-Pst1, or ‘face-to-face’, as 

observed in crystals of Omp-Pst2 and type-I crystals of Omp-Pst1. Only the latter mode of 

interaction, which yields DOTs, should be of be of physiological relevance, based on buried 

surface area statistics. Nonetheless, we cannot be exclude that porin oligomers other than 

DOTs could participate in cell-to-cell contact.  

 

Within DOTs, facing channels are opened, suggesting that would these form between two 

cells, they could provide an effective conduit for exchange of signalling solutes or nutrients 

by passive diffusion. It is known that cells exchange chemical information within biofilms 

through a quorum sensing (QS) mechanism that orchestrates the phenotypic adaptation 

undergone by bacteria as they morph from their planktonic state to the multicellular biofilm 

state37. QS is also involved in cell adaptation to local environmental changes20 and in the 

release of cells from the biofilm. Because QS relies on the diffusion of chemical effectors, 

critical cell density and/or limited diffusion volume is required for this signalling to be 

effective. It had as yet remained unclear how soluble QS effectors can mediate intercellular 

communication in the first stages of biofilm formation, i.e., when the cell density is low and 

no surrounding matrix is present. Our data suggest that porin DOTs could allow the formation 

of primitive junctions between P. stuartii cells, thereby enabling QS prior to biofilm 
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formation. The crystallographic structures show that Omp-Pst1 forms more hermetic DOTs 

(virtually no fenestrations) than Omp-Pst2, suggesting that intercellular solute translocation 

would be more efficient in Omp-Pst1 DOTs (Fig. 1b, f). Also, the presence of an additional 

constriction zone in Omp-Pst2 channel could limit large solute exchange across Omp-Pst2 

DOTs (Fig. 1j, k).  

 

The channel of Omp-Pst1 is mildly anion-selective whereas that of Omp-Pst2 is strongly 

cation-selective, suggesting that the two porins are involved in the transport of different 

solutes (Fig. 1i-l). For example, our structure of maltose-bound Omp-Pst1 suggests that this 

porin could be involved in the harvesting and the concentration of maltose and other di-

glycosides at the surface of the OM (Fig 2b). The binding site for maltose is not affected by 

the formation of Omp-Pst1 DOTs – not even those formed by the Omp-Pst1-∆207-

216/N293G mutant presumably representative of the Omp-Pst1 variant from ATCC 25187. 

Hence, Omp-Pst1 DOTs could contribute to the equilibration of di-glycoside concentrations 

between adjacent cells. In Omp-Pst2, to the contrary, the protrusion contributed by the longer 

L6 loop prevents the binding of such solutes. Furthermore, Omp-Pst2 is cation-selective, and 

the electrostatic potential developed along its channel suggests a facilitated transport of 

cations from the periplasm to the bulk (Fig. 1l). In pathophysiological conditions where P. 

stuartii cells bath in high urea concentrations2–5, Omp-Pst2 could facilitate the export of the 

ammonium that accumulates in the periplasm, due to the cytoplasmic urease activity19. MD 

simulations have revealed that the propensity to gate of Omp-Pst2 increases when cations 

(potassium ions in MD simulations) translocate from the extracellular to the periplasmic side 

of the porin. Hence, Omp-Pst2 DOTs could function there as double-valves, allowing 

adjacent cells to expel cationic waste through fenestrations at the dimerization interface, while 

not re-absorbing it. Our recent work on P. stuartii strain ATCC 29914 supports the hypothesis 

of an essential role of Omp-Pst2 in the regulation of the cationic content of the periplasm19. 

 

Structures of Omp-Pst1 and Omp-Pst2 evidence that steric-zipper interactions like those that 

contribute the spine of prion and amyloid fibers31 can promote a face-to-face association of 

porins into DOT. Indeed, both Omp-Pst1 and Omp-Pst2 DOTs are supported by three single-

layered steric-zippers forming between equivalent residues from facing extracellular loops 

(Fig. 1). The steric-zipper motifs differ in Omp-Pst1 and Omp-Pst2 DOTs, being contributed 

by segments 206-GVVTSE-211 from extracellular loop L5, in Omp-Pst1, and 283-LGNY-

286 from extracellular loop L7, in Omp-Pst2 (Fig. 1d, h). The propensity of these segments to 
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form steric-zippers was challenged experimentally, by crystallizing the corresponding 

peptides (Fig. 3), and computationally, using the 3D-profile method32,33 (Supplementary Fig. 

2). The two approaches showed that segments 206-GVVTSE-211 and 283-LGNY-286 are 

highly prone to form steric zippers. Using side-directed mutagenesis, we nevertheless could 

exclude that steric-zippers drive the formation of OmpPst1 and Omp-Pst2 DOTs (Fig. 5, 7). 

Rather, these self-associate under the impulse of electrostatic interactions, with steric zippers 

likely only serving the slotting of the two trimers on one another. Accordingly, destabilization 

of the steric zipper interface by unfastening of the L5 β-hairpin in Omp-Pst1-N293G 

abolishes self-association in vitro and in vivo, but further deletion of the complete β-hairpin 

restores it (Omp-Pst1-∆207-216/N293G).  Steric-zippers are highly self-specific, supporting 

the selection of strains based on self-templating prions, in yeast, and the enrichment of select 

polymorphs of fibers that differs in toxicity and shape, in amyloid diseases39. We hypothesize 

that in P. stuartii porins, they could serve the regulation of DOT formation, restricting contact 

and cross-talk to cells of the same strain only.  

 

Our results highlight a previously uncharacterized role for porins, i.e. to form primitive 

junctions between P. stuartii cells, thereby favoring the formation of floating communities, in 

the planktonic state (Fig. 6-8). We observed that the cells in the first layers of P. stuartii 

biofilms display the same phenotype as those in floating communities of cells (Supplementary 

Fig. 8a, b) – that is close contact between their outer-membranes. Floating communities of 

cells associated through DOTs could provide a scaffold for biofilm genesis, allowing 

attachment of critical mass and efficient communication in the initial stage of biofilm 

formation. Hence, Omp-Pst1 and Omp-Pst2 DOTs could be targeted to challenge the 

sociability of P. stuartii cells. It remains unclear, however, if porin DOTs also form between 

cells of other species. Examination of porin structures deposited in the wwPDB, and of their 

crystal packing interactions, reveals that many crystallize as DOTs associated through their 

extracellular loops. Trimeric PorB from Neisseria meningitidis (PDB accession codes: 3wi4, 

3wi5) and Neisseria gonorrhoeae (4aui), OprB from Pseudomonas putida (4gey, 4gf4), 

Occk4, OpdD/Occk7, OpdN/Occk10, OpdQ and OpdL from Pseudomonas aeruginosa (3t0s, 

4frt, 4fso, 3t24 and 2y0h, respectively) all self-associate through identical segments in their 

extracellular loops. The list extends to E. coli OmpC variants from clinical isolates (2xe1, 

2xe2, 2xe5) or crystallized in the presence of antimicrobial lactiferrin (2j4u), to NanC 

crystallized without resorting to expression in inclusion bodies, and to OmpF crystallized in a 



	

	 15	

lipidic cubic phase (3poq, 3pou, 3pox). Yet, none of these DOT structures feature the tight 

interdigitation of side chains characteristic of a steric zipper. Accordingly, DLS 

measurements on liposomes harbouring E. coli OmpF did not indicate a propensity to self-

associate in the range of concentrations we tested (Fig. 4), nor did the 3D-profile method 

uncovered segments of its extracellular loops highly prone to form steric-zippers. In contrast, 

segments involved in Omp-Pst1 and Omp-Pst2 DOTs were clearly identified by the 3D-

profile method (Supplementary Fig 2). Hence, while formation of porin DOTs may not be an 

apanage of P. stuartii, it could be regulated by steric-zippers in a subset of species only. From 

a more general standpoint, self-matching interactions between porins engineered to harbour 

steric-zipper prone segments in their extracellular loops could be exploited for the design of 

artificial proteolipidic tissues and to engineer sieving properties into these.  
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Figures: 

Fig. 1 | Omp-Pst1 and Omp-Pst2 form dimers of trimers (DOTs). (a) Lateral view of the 

Omp-Pst1 DOT. The presumed positions of outer-membranes (OMs) are shown in grey. (b) 

Same view after 60° vertical rotation. (c) Interaction region (circled in panel b) between 

facing monomers. (d) Enlarged view of center of panel c showing a symmetry-class III steric 

zipper that is buried in the core of the DOT structure. (e, f, g, h) Equivalent views of the 

Omp-Pst2 DOT. Main differences are the ellipsoidal fenestrations evident in panel e, and the 

presence of a symmetry-class I steric zipper in panel f. (i) The dimerization interface of the 

Omp-Pst1 DOT, viewed as in panel b, delineates a large negatively charged cavity. The 

electrostatic potential is mapped on the solvent-accessible surface. (j) Equivalent 

representation of Omp-Pst2. In panels (i) and (j), white arrows indicate constrictions along the 

porin channels, whereas yellow arrows indicate possible translocation pathways across porin 

DOTs – viz. between the periplasm of two adjacent cells, along porin channels, or between 

the periplasmic space of each cell and the external medium, through fenestrations of the 

DOTs. (k) Effective radii measured along Omp-Pst1 (green), Omp-Pst2 (blue) and E. coli 

porins channels using a 1-Å positively-charged rolling probe (equivalent to a proton). The y-

axis indicates vertical position along the channels from periplasmic to extracellular ends, with 

reference to the central constriction zone (z=0) contributed by L3. Channels of Omp-Pst1, 

Omp-Pst2 and E. coli porins all display similar radii at their central constriction zone, but 

Omp-Pst2 channel features an additional constriction zone in its extracellular vestibule. (l) 

Equivalent plots of electrostatic potentials associated with the translocation of a proton, 

indicating that Omp-Pst1 is mildly anion-selective, while Omp-Pst2 is strongly cation-

selective. The energy profile of Omp-Pst2 further suggests a facilitated transport of cations 

from the periplasm to the external medium.  
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Fig. 2 | The segments involved in the formation of Omp-Pst1 and Omp-Pst2 DOTs also 

form steric zippers in isolation of their parent protein. (a, b) Both 206-GVVTSE-211 

from Omp-Pst1 (a) and 283-LGNY-286 from Omp-Pst2 (b) form single-layered steric zippers 

in the DOT structures of Omp-Pst1 and Omp-Pst2, respectively (left panels). The 206-

GVVTSE-211 and 283-LGNY-286 steric-zippers respectively would belong to symmetry 

classes III and I, respectively. In isolation, the GVVTSE and LGNY peptides also form steric 

zippers (middle and right panels), as revealed by their crystal structures solved at 1.7 and 1.0 

Å resolution, respectively. The middle panels show the steric-zipper interfaces. The right 

panels show a view of 90° apart which reveal that both GVVTSE and LGNY adopt a 

canonical cross-β structure, whereby the steric zipper repeats itself every 4.8 Å through 

hydrogen bonding along a fiber axis. In the peptide structures, GVVTSE and LGNY form 

steric zippers that belong to symmetry classes I and III, respectively. In all panels, the 

corresponding refined 2mFo-DFc electron density map is contoured at 1σ.  
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Fig. 3 | Omp-Pst1 and Omp-Pst2 porins display self-adhesion properties in vitro. (a) 

Dynamic light scattering was used to measure the hydrodynamic radii of proteoliposomes 

formed 24 h following addition of OmpF (grey), Omp-Pst1 (plain green), Omp-Pst1-K221C 

(hatched green), Omp-Pst2 (blue) or Omp-Pst2-K11C (hatched blue) to a monodispersed 

solution of 60-nm liposomes. (b) Epifluorescence microscopy reveals that porins are 

concentrated in the proteoliposome aggregates. LUVs were labelled using rhodamine-coupled 

lipids. Omp-Pst1-K221C and Omp-Pst2-K211C were labelled by Alexa 488 using a 

maleimide conjugate. Proteoliposomes (5 µl) were spread on an agarose-coated coverslide, 

and imaged immediately. Scale bars are 40 μm (60X magnification).  
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Fig. 4 | Altering charge distribution at the DOT interface reduces aggregation properties 

of Omp-Pst1 and Omp-Pst2 in vitro. (a) Dynamic light scattering was used to measure the 

hydrodynamic radii of proteo-LUVs formed 24 h after the addition to a monodispersed 60 nm 

LUV solution of increasing concentrations of Omp-Pst1 and its specified mutants (a; colored 

in shades of green). (b) Five microliters of proteo-LUVs formed with 1 µM porin were spread 

onto an agarose-coated cover slide for epifluorescence imaging. LUVs were labelled using 

rhodamine-derivatized lipids. Scale bars are 20 µm (60X magnification). (c, d) Same as 

panels a and b for Omp-Pst2. 
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Fig. 5 | Omp-Pst1-∆207-216/N293G also forms a crystallographic dimer of trimers 

(DOTs). (a, b) Lateral views of the Omp-Pst1-∆207-216/N293G DOT in the same 

orientations as in panels (a) and (b) of Fig. 1, respectively. The presumed positions of outer-

membranes (OMs) are shown in grey. (c, d) The interacting region between facing monomers 

in the Omp-Pst1-∆207-216/N293G DOT does not involve a steric zipper. (c) The 

dimerization interface delineates a large cavity, which is less negatively charged than that of 

Omp-Pst1 due to suppression of the highly acidic β-hairpin contributed by L5. The Omp-

Pst1-∆207-216/N293G DOT is also characterized by a reduced surface complementary, that 

results in a more leaky DOT. The electrostatic potential of Omp-Pst1-∆207-216/N293G is 

mapped on its solvent accessible surface. The orientation is the same as in (b). 
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Fig. 6 | Ectopic expression of Omp-Pst1 and Omp-Pst2 enables cell-to-cell contact in E. 

coli ∆Omp8. Bacterial strains were grown for 24h in 96-well plates. Subsequently, live and 

dead cells were stained with SYTO9 Green and propidium iodide, respectively. Planktonic 

cells were harvested by direct pipetting from the LB medium, spread on LB-Gelzan® and 

imaged immediately afterwards.  Biofilm cells attached to the well surface were imaged after 

intensive PBS washes. Scale bars are 100 μm for biofilm cells (20X magnification) and 50 

μm for planktonic cells (60X magnification).  
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Fig. 7 | Omp-Pst1 and Omp-Pst2 mutations affect the formation of floating communities 

in E. coli. Bacterial strains were grown for 24h in 96-well plates. Subsequently, live and dead 

cells were stained with SYTO9 Green and propidium iodide, respectively. Planktonic cells 

were harvested by direct pipetting from the LB medium, spread on LB-Gelzan® and imaged 

immediately afterwards. For comparison, the floating communities of cells natively formed 

by P. stuartii are also shown. The scale bar is 50 μm for all panels (60X magnification).  
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Methods:  
 

Chemicals 

The Providencia stuartii ATCC 29914 strain was obtained from the Pasteur Institute in Paris 

(France). Escherichia coli DH5α was used for cloning and E. coli BL21 (DE3) Δomp8 

(ΔlamB ompF::Tn5 ΔompA ΔompC) was used for expression of porins 36. Lipids were from 

Avanti Polar Lipids Co. (Albaster, AL, USA) and detergents were from Affymetrix (UK). 

Synthetic peptides (LGNY; GVVTSE) were from CSBio Co (CA, USA), and Alexa Fluor® 

488 C5 Maleimide, FM1-43X, Syto9 Green® and Hoechst 33342 were from Thermo 

Scientific, USA. Other chemicals were from Sigma-Aldrich. Polysterene bottom plates used 

for epifluorescence imaging (96 well plates) were from Greiner. 

 

Cloning of Omp-Pst1, Omp-Pst2 and mutants thereof. 

Genomic DNA purification kit (QIAGEN, Valencia, CA) was used to isolate chromosomal 

DNA of P. stuartii ATCC 29914. Omp-Pst1 (1125 bp) and Omp-Pst2 (1098 bp) genes were 

amplified by PCR with the following primers: Forward Pst1-XbaI (5’-

GTGTCTAGATGTCCGAATAACACCAATG-3’); Reverse Pst1-BamHI (5’-

GTTGGATCCCAGATTTCACTGTTGTCTG-3’); Forward Pst2-XbaI (5’-

GTGTCTGACACTTAGTTAGTAAATGGC-3’); Reverse Pst2-BamHI (5’-

GTTGGATCCGGATAATTGCGTATGATGG-3’). Restriction sites are underlined. 30 cycles 

of PCR (45 sec at 94 ° C, 30 sec at 55 °C, and 1 min at 72 °C) were performed. PCR products 

were treated with XbaI and BamHI restriction enzymes overnight and ligated into XbaI-

BamHI-digested pGOmpF 36 to yield the expression plasmids pGOmpPst1 and pGOmpPst2 6.   

 

Genesis of porins mutants 

Single and double mutants of Omp-Pst1 and Omp-Pst2 (Omp-Pst1-N293G, Omp-Pst1-

D213R, Omp-Pst1-D213R/N293R, Omp-Pst1-K221C, Omp-Pst2-N283G, Omp-Pst2-

G282R/N283G, Omp-Pst2-G282R/N283K and Omp-Pst2-K211C) were obtained by site-

directed mutagenesis using pGOmp-Pst1 and pGOmp-Pst2 as templates. Briefly, overlapping 

primers of 30 base pairs containing the desired mutation were designed and used to generate 

the mutated DNA by PCR. Plasmids were then purified using QIAquick PCR purification kit 

and the template plasmids were digested using DnpI enzyme. The Gibson assembly technique 

(Gibson et al. 2009) was used to generate the L5-loop deletion mutant (Omp-Pst1-∆207-
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216/N293G) using pGomp-Pst1 N293G as a template. Overlapping primers were designed to 

amplify the DNA from either sides of the desired deletion sequence. The resulting DNA was 

then purified after migration on agarose gel using QIAquick Gel extraction kit and ligated 

using the Gibson assembly mix®. The different generated plasmids were transformed into E. 

coli DH5α cells by heat shock and positive clones were identified by ampicillin selection. 

Sequences of all mutants were verified by DNA sequencing. 

    

Expression of Omp-Pst1, Omp-Pst2, and mutants thereof 

We used heat-shock to transform 1 µL of plasmids pGOmp-Pst1 or pGOmp-Pst2 (ampicillin-

resistant) into 40 µL  of E. coli Δomp8 competent cells (kanamycin-resistant)6,36. Cells were 

then recovered in 500 µL of SOC medium and incubated for 1 hour at 37°C. 20 µl of cell 

suspension was then transferred onto agar plates and incubated overnight at 37°C. A colony 

was introduced in 25 ml of LB media and incubated overnight, yielding a pre-culture that was 

further diluted into 1 L of LB media culture. During both pre-culture and culture, selection of 

transformed strains was achieved through the addition of ampicillin and kanamycin at final 

concentrations of 100 µg/ml and 25 µg/ml, respectively. After the optical density of cultures 

at 600 nm (OD600nm) reached a value of 1, cells were harvested by centrifugation at 4,000 rpm 

for 20 min. It is noteworthy that the presence of a strong T7-phage promoter on the pGOmp-

Pst1 and PGOmp-Pst2 plasmids allows sufficient porin expression without induction by 

IPTG. The addition of IPTG in fact results in the over-expression of porins as inclusion body, 

thus complicating purification.  

 

Extraction and solubilization of Omp-Pst1, Omp-Pst2 and mutants thereof. 

Extraction and solubilization of porins was performed as described 40 with minor 

modifications. In brief, 5 g of cells were suspended in 20 mM phosphate buffer at pH 7.4, 

supplemented with DNAse (final concentration: 0.15 mU/L) in the presence of 1 mM MgSO4, 

as well as with an anti-proteases cocktail (Roche®). Cells were disrupted using a micro-

fluidizer at 1,400 Psi (4-5 passes). Non-disrupted cell debris were pelleted and discarded by 

centrifugation at 6,000 rpm for 15 min. Membranes were collected by subjecting the 

supernatant to centrifugation at 35,000 rpm for 20 min. Inner-membrane constituents were 

solubilized by an 1-hour incubation at 20 °C under mild shaking (225 rpm) in buffer 

complemented with 0.3% octyl-polyoxyethylene (Octyl-POE). A 20-min centrifugation at 
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35,000 rpm was then performed and the resulting pellet was resuspended and incubated for 1 

hour at 20 °C under mild shaking (225 rpm) in buffer complemented with 3% octyl-POE. 

Outer-membrane proteins were isolated from membrane debris by centrifugation at 35,000 

rpm for 20 min. The last solubilization step was performed three times to maximize outer 

membrane protein recovery. Supernatants containing the solubilized porins were stored at 

4°C.  

 

Purification of Omp-Pst1, Omp-Pst2 and mutants thereof. 

The purification procedures for Omp-Pst1, Omp-Pst2 and mutants thereof were identical. 

Briefly, solubilized porins were loaded onto an anionic-exchange column (Hitrap HQ, 5ml) 

and subjected to detergent exchange by flushing the column with 0.1 M MES buffer at pH 6.5 

complemented with lauryldimethylamine-oxide (LDAO) at 0.12% (i.e., 5.2 times the critical 

micellar concentration (CMC) in water; 0.9 times the CMC in 0.1 M NaCl) and 25 mM NaCl. 

Elimination of lipopolysaccharides (LPS) was achieved by washing the column with 0.1 M 

MES pH 6.5 buffer complemented with LDAO at 2 % (i.e., 43.5 times the CMC in water; 

7.15 times the CMC in 0.1 M NaCl). After 4 hours of slow washing (0.2 ml/min), the column 

was re-equilibrated with 0.1 M MES buffer at pH 6.5 complemented with LDAO at 0.12% 

and 25mM NaCl. The protein was then eluted by the application of a NaCl gradient. Fractions 

containing the pure protein were pooled together and concentrated to 7 mg/ml on a 50 kDa 

cutoff AMICON ultra-filtration unit. NaCl concentration was then adjusted to 150 mM. 

Protein solutions were stored at 4°C. Protein purity was estimated to be c.a. 95%, based on 

Coomassie blue and silver-staining SDS-PAGE gels. For both Omp-Pst1 and Omp-Pst2, 5-6 

mgs of purified protein were obtained per litre of culture. On-column delipidation was crucial 

to obtain LPS-free porins. 

 

Crystallization 

Screening of crystallization conditions was performed at the HTX-Lab of the PSB (IBS, 

ESRF, ILL, EMBL) using a Cartesian PixSys 4200 crystallization robot (Genomic Solutions, 

U.K.) and commercial screens from Hampton and Qiagen. Screening was carried out at the 

nano-litre scale using the hanging-drop vapour-diffusion method. Several conditions yielded 

poorly or non-diffracting crystals. Manual screening around these conditions was thus 

performed using the sitting-drop vapour-diffusion method, yielding diffraction-grade crystals 

after a few days to a few weeks. The protein (or peptide) to mother liquor ratio was 1:1. 



	

	 34	

Mother liquor solutions were: i/ 14% PEG6000 MME, 0.1 M MES pH 6.5, 0.1 M MgCl2 for 

Omp-Pst1 (both types); ii/ 8% PEG 6000, 0.1 M TRIS pH 8, 1 M lithium chloride for Omp-

Pst2; iii/ 25% PEG 600, 0.2 M NaCl, 0.1 M MES pH 6.5 for Omp-Pst1-∆207-216/N293G; iv/ 

3.2 M ammonium sulfate, 0.1 M sodium citrate pH 4 for 283-LGNY-286; v/ 2.5 M 

ammonium sulfate, 0.1 M sodium citrate pH 4 for 206-GVVTSE-211. Omp-Pst1, Omp-Pst2 

and Omp-Pst1-∆207-216/N293G were crystallized at 4°C at a concentration of 7 mg/ml, 

while 283-LGNY-286 and 206-GVVTSE-211 crystallized at 20°C at a concentration of 8 

mg/ml. The micro-needle crystals formed by 283-LGNY-286 diffracted reproducibly between 

0.8 and 1.5 Å, while those of 206-GVVTSE-211 diffracted between 1.5 and 2 Å. Crystals of 

porins were however very soft in nature and only 2-5 % of crystals diffracted to a resolution 

better than 3.5 Å. The complex with maltose was obtained by soaking crystals for 24 hours in 

a mother liquor solution complemented with maltose at 100 mM.  

  

X-ray data collection and processing  

Crystals of Omp-Pst1, Omp-Pst1-∆207-216/N293G and Omp-Pst2 were soaked in mother 

liquor solutions containing 18% of glycerol for 30 s, before being mounted in a cryo-loop and 

flash-cooled in a nitrogen stream at 100 K. X-ray Data were collected at the European 

Synchrotron Radiation Facility (ESRF) on beamlines ID14-EH4 (Omp-Pst1 type-I and Omp-

Pst2), ID23-EH1 (Omp-Pst1 native type-II crystal), ID29 (Omp-Pst1 type-II crystal soaked 

with maltose) and ID30-B (Omp-Pst1-∆207-216/N293G). Micro-crystalline needles of 283-

LGNY-286 and 206-GVVTSE-211 were mounted on pulled glass-capillaries and directly 

flashcooled in the nitrogen gas stream at 100 K, without cryo-protection. Data were collected 

on ESRF beamline ID23-EH2 using a transmission of 100% at a beamsize of 5*7 um2 

(λ=0.87 Å). All data were processed, merged and scaled using XDS/XSCALE, and amplitude 

factors were generated using XDSCONV 41.  

 

Structure determination and refinement  

Omp-Pst1, Omp-Pst1-∆207-216/N293G and Omp-Pst2 X-ray data were phased by molecular 

replacement using PHASER 42. For Omp-Pst1 type I, a homology model based on the X-ray 

structure of OmpF (PDB access code: 1OPF) was used as the search model. For Omp-Pst2, a 

homology model based on the X-ray structure of Omp-Pst1 was used as the search model. 

Homology modelling was performed using MODELLER 43. After reconstruction of Omp-Pst1 

structure from type I crystals, we used this structure to phase data from Omp-Pst1 type-II and 
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Omp-Pst1-∆207-216/N293G crystals. For Omp-Pst1-∆207-216/N293G, we used the structure 

of Omp-Pst1 devoid of the L5 β-hairpin as a search model. The asymmetric unit of Omp-Pst2 

features a full hexamer, in which trimers are related by non-crystallographic symmetry and 

which are further referred to as dimers of trimers (DOTs). The asymmetric units of type-I 

Omp-Pst1 and Omp-Pst1-∆207-216/N293G feature a trimer, and the hexamer is formed by 

crystallographic symmetry.  The asymmetric unit of type-II Omp-Pst1 crystals features a 

trimer, which establishes side-by-side contact with symmetry related trimers. In all three 

structures, all residues were visible in the electron density maps. 

The structure of 206-GVVTSE-211 was also solved by molecular replacement with 

PHASER, using the corresponding segment from the Omp-Pst1 structure as a starting model. 

The structure of 283-LGNY-286 could not be solved by molecular replacement owing to the 

low contrast originating from the low solvent content (<15%) and the failure to find an 

appropriate model; 283-LGNY-286 is indeed the first symmetry class-III steric zipper to be 

characterized in the amyloid state. The sub-atomic resolution of the 283-LGNY-286 data 

nevertheless allowed phasing by direct methods, using SHELXD and SHELXL 44.  

For all structures, diffraction data from 20 Å to the highest resolution limits were used for 

refinement, and maps were calculated using all data between 15 Å and the highest resolution 

limits. Graphic operations, modelling and model building were performed with COOT 45. 

Energy minimization and individual B-factor refinement followed each stage of manual 

rebuilding. Refinement and map calculations were performed using PHENIX 46 except for the 

structure of 206-GVVTSE-211, which was refined with REFMAC 47 to allow refinement in 

the presence of multiple twin operators. Figures were generated using PyMOL (The PyMOL 

Molecular Graphics System, Version 1.8 Schrödinger, LLC). For electrostatic surface 

potential calculation, PDB2PQR and PROPKA were used to assign hydrogens at pH 7.4 

(AMBER force field) 48, APBS was used to solve the non-linear Poisson-Boltzmann equation, 

and surface representations were produced in PyMOL using the APBS plug-in written by 

Michael Lerner (http://pymolwiki.org/index.php/User:Mglerner). Channel topographies, 

effective radii and electrostatic potentials associated to the translocation of a proton were 

calculated using HOLE 49 and the protonated structures produced by PDB2PQR. For 

calculations on OmpF, OmpC and PhoE, we used structures deposited in the wwPDB under 

accession codes 1opf, 2j1n and 2por, respectively. The propensity to form steric zippers of 

Omp-Pst1 and Omp-Pst2 hexapeptide segments were predicted using the ZipperDB 

(http://services.mbi.ucla.edu/zipperdb/) 33,50 and mapped onto the ribbon diagrams of Omp-
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Pst1 and Omp-Pst2 using a python script kindly provided by Dr. Arthur Laganowsky. Details 

on data collection and refinement statistics are given in Table 1. 

 

Porin labelling 

Mutation of loop L5 conserved K221/K211 into a cysteine enabled Omp-Pst1/Omp-Pst2 

labelling with the fluorescent dye maleimide. In neither porins is this lysine involved in the 

structuration of DOTs. Briefly, the MES buffer of purified Omp-Pst1-K221C and Omp-Pst2-

K211C was exchanged for a HEPES buffer containing DTT as a reducing agent (20 mM 

HEPES pH 7; 150 mM NaCl; 0.12% LDAO; 10 mM DTT) in three steps of dialysis. The 

DTT was then removed by dialysis and the porins were incubated with 20-fold molar excess 

of Alexa Fluor® 488 C5 maleimide (Thermo Fisher Scientific) for 2 h at room temperature. 

The reaction was then stopped by the addition of 10 mM DTT. Free dye and unreacted DTT 

were removed by gel filtration. Labeled porins were concentrated to 1 µM and reconstituted 

into large unilamellar liposomes (LUV) (see details in the next section).  

 

Liposome preparation  

Large unilamellar liposomes (LUV) were produced by the standard film-hydration method. In 

brief, fluorescent liposome mixtures were generated by the addition of 0.02% lissamine-

rhodamine-sn-glycero-3-phosphoethanolamine to 4% L-α-phosphatidylcholine (EggPC). The 

lipid were dried under N2 flow to obtain a thin lipid film, which was then rehydrated with 

buffer and vortexed, yielding multilamellar vesicles. The vesicles were freeze-thawed (100K 

– 310K) 20 times to obtain LUV. Extrusion was then performed to calibrate LUV with a 

narrow size distribution (mini-extruder with polycarbonate filters; Avanti Polar Lipids). For 

the DLS experiments, we used a 100-nm filter, generating liposomes of ∼60 nm radius (see 

details in the next section).  

 

Dynamic Light Scattering  

We used dynamic light scattering (DLS; DynaPro Nanostar from Wyatt Technology) to verify 

that proteins solution did not contain any aggregates. Hydrodynamic radiuses measured in the 

2 – 8000 nM concentration range spanned ∼3.6 to 5.8 nm for both Omp-Pst1 and Omp-Pst2, 

in reasonable agreement with predicted radii of gyration of 3.0 and 4.3 for nude (no LDAO 

molecules) trimers and DOTs, respectively. These DLS data were yet too noisy to allow 
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determination of dissociation constants for Omp-Pst1 and Omp-Pst2 DOTs. Of note, we did 

not detect signal in control experiments performed on LDAO solutions of increasing 

concentrations. This observation suggests that the radius of LDAO micelles is to small to be 

detected by DLS. 

DLS was also used to monitor the hydrodynamic radii of liposomes before and after the 

reconstitution of porins (Omp-Pst1, Omp-Pst2, mutants thereof, and E. coli OmpF as a 

control) into their bilayer, at final concentrations of 0.125, 0.25, 0.5 and 1 µM. For DLS 

experiments, we used LUVs (prepared as described above) that had been extruded through a 

100-nm polycarbonate filter, yielding an effective starting hydrodynamic radius of ~60 nm. 

Experiments were performed in phosphate buffer (125 mM), allowing testing the effect of pH 

in the range of 4 to 8. Porin insertion into LUVs was achieved by a direct approach, where 

dilution of detergent-solubilized porins at a final concentration below the critical micellar 

concentration (CMC) of the detergent results in either their insertion into LUV bilayers, or 

their precipitation. In this approach, the orientation of the reconstituted protein in the bilayer 

depends on the relative size of hydrophilic segments harboured on both sides of this protein. 

In the case of porins, extracellular loops are large and well folded, whereas intracellular turns 

are short (4-6 amino-acids). Thus, porins are most likely oriented in LUVs in the natural way, 

i.e. with their intracellular turns facing the lumen of the LUV, and the extracellular loops 

facing the outside 51. In DLS experiments, measured hydrodynamic radii started increasing 

immediately after the incorporation of Omp-Pst1 and Omp-Pst2 into LUVs, but continued to 

evolve overnight; results reported herein are following 24 hours of incubation at 4°C. In 

contrast to P. stuartii porins, insertion of E. coli OmpF into LUVs has virtually no effect on 

their average size distribution (Fig. 3). Here, the final LDAO concentrations were 0.004 % 

and 0.0026 % for Omp-Pst1 and Omp-Pst2, corresponding to concentrations 17 and 11 fold 

lower than the detergent CMC (0.023 %). Controls established that in absence of porins, 

LUVs remain unaffected in size up to a concentration of 0.0805 % LDAO (i.e. 3.5 times the 

CMC), after what they degrade leading to a decrease in measured hydrodynamic radii (not 

shown). 

 

Determination of optimal pH to insert porins into LUVs. 

We used centrifugation on sucrose gradient to examine the proteoliposome aggregates formed 

by reconstitution of Omp-Pst1 and Omp-Pst2 into preformed ~60 nm radius liposomes (lipid 

concentration: 0.125 mg/ml) at pH 4 and 8. After reconstitution of porins, Triton X-100 
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detergent was added at 0.02% to permeabilize liposomes and 8-anilino-1-

naphtalenesulfonique (ANS ; λex 388 nm; λem 470 nm) was added at 4 µM to reveal porins. 

The mixture was deposited on a 5-30% sucrose gradient (deposited in decreasing steps of 5 

%) and centrifuged overnight at 25,000 rpm (TLS 55, Beckman) and at 4 °C., allowing the 

separation of liposomes, proteoliposomes and porins (Supplementary Fig. 3a-f). To estimate 

the relative distributions of porins that incorporate in liposomes or precipitate, corresponding 

layers of the sucrose gradient were isolated, heated 5 min at 90 °C and then subjected to SDS 

PAGE (12%). These experiments show that the insertion of P. stuartii porins into liposomes 

is favoured at acidic pH (Supplementary Fig. 3g), where it dominates over precipitation. In 

sucrose gradient and DLS experiments on liposomes and porins, we used a concentration of 

0.125 mg/ml lipid, corresponding to ~2 nM of 60-nm radius liposomes. Considering that only 

50-75 % and 25-50 % of porins factually insert into liposome bilayers at pH 4 and 8, 

respectively, the number of porins per liposome can be tentatively estimated to be 3, 15, 30 

and 3000 at pH 4 – and 1.5, 7.5, 15 and 1500 at pH 8 – for porin concentrations of 0.01, 0.05, 

0.1 and 1 µM, respectively.  

 

Bacterial growth studies.  

P. stuartii and E. coliΔOmp8 transformants were grown in LB growth medium. For each 

experiment, a single bacterial colony was inoculated in standard LB medium for 2h, allowing 

us to characterize the cells in their lag phase. Bacteria were then distributed into a 96 well 

plates and incubated at 37°C under 100 rpm shaking overnight to grow and potentially form 

biofilm on the well-surface. Bacterial growth was monitored in terms of absorbance at 600 

nm for 24h (10 minutes interval between time points) using a Biotek Synergy H4 microplate 

reader (Winooski, VT, USA). 

 

Epifluorescence microscopy  

Epifluorescence microscopy experiments were performed on an IX81 Olympus inverted 

microscope; samples were magnified through a 60X objective (Plan APON60XO, Olympus). 

LUVs containing the fluorescent lipid lissamine-rhodamine-sn-glycero-3-

phosphoethanolamine (excitation: 557 nm; emission: 571 nm) were prepared as described 

above. Experiments were conducted following the introduction of 5 µL LUV solutions onto 

microscopic cover-slides coated with 2% agarose dehydrated film. Porin-mediated proteo-
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LUV aggregation was imaged after the incubation of LUV with the different porins at 1 µM 

for 24 h.  

Experiments on bacteria were performed using the same microscope. In all our imaging 

experiments, DNA was labelled using the cell-permeant dye Hoechst 33342 (361 nm 

excitation; 486 nm emission) at 5 µg/ml, membranes were labelled using FM 1-43X dye at 4 

µg/ml (479 nm excitation; emission: 598 nm emission), living bacteria were labelled using 

Syto® 9 Green (485 nm excitation; 498 nm emission) at 5 µM and dead bacteria were 

labelled with propidium iodide at 20 µM (533 nm excitation; 617 nm emission). Fluorescence 

images sequentially recorded on the blue and green channels, or on the green and red 

channels, were used for overlays. For biofilm imaging, a single fresh bacterial colony was 

inoculated in 5 mL of LB media and incubated 2 h at 37°C, before distribution of cells into 96 

well plates for a further overnight growth at 37°C. 10 µL of the floating bacteria were 

collected and spread in the interstice between LB-Gelzan solid media (LB-Lennox solidified 

with 8 g/L GelzanTM) and a glass cover-slide, as previously described52 then imaged 

immediately. The wells were then extensively washed by PBS, allowing the removal of all 

floating bacteria and to image cells tightly attached to the well surface – i.e. biofilm cells (El-

Khatib et al, in review).  

 

Electron microscopy  

Transmission electron microscopy (TEM) was performed to visualize the ultrastructure of 

proteoliposome aggregates. Large unilamellar 200 nm radius liposomes were prepared as 

described above. In electron microscopy experiments, we used 200 nm radius liposomes 

formed at 0.125 mg/ml lipid concentration, corresponding to ∼0.12 nM of 60-nm radius 

liposomes, and porins were added at 10 µM. Experiments were performed at pH 8. Samples 

were negatively stained using the mica floatation technique. Briefly, 4 µL of the 

proteoliposome mixture were adsorbed on the clean side of a carbon film on a mica sheet 

(carbon/mica interface). After 30 seconds, negative-staining was performed with 2% (w/v) 

uranyl acetate (pH 4.5).  

TEM was also used to visualize P. stuartii floating communities of cells, grown in the 

interstice between LB-agar solid media and an electron microscopy grid. Briefly, P. stuartii 

cells were grown overnight to an optical density of > 1 at 600 nm (OD600nm), diluted to an 

OD600nm of 0.1. Twenty microliters of diluted cells were deposited on LB-agar media, 

incubated for 1 h at 37°C, before adding an electron microscopy grid atop of them, in contact 
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with the liquid medium. Plates were incubated for 3 additional hours at 37 °C. EM grids were 

then removed gently, washed 6 times with drop of sterile water and subjected to negative-

staining with 2% (w/v) sodium silicotungstate.  

Images were taken under low-dose conditions with a CM12 and Tecnai 12 LaB6 electron 

microscope working at 120 kV and with nominal magnifications of 22000 X (not shown) and 

45000X using an Orius TM SC1000 CCD camera from Gatan. Calibrated Fourier transforms 

of the images were performed with the software ImageJ (http://rsb.info.nih.gov/ij/). 
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SUPPLEMENTARY MATERIAL 

Supplementary Fig. 1 | Distribution of charged residues along Omp-Pst1 and Omp-Pst2 

channels. (a, c) Distribution of charged amino-acids along the channel of Omp-Pst1 (a) and 

Omp-Pst2 (c). (b, d) Distribution of charged amino-acids within a 5-Å radius of the 

constriction zone of Omp-Pst1 (b) and Omp-Pst2 (d). The magenta sphere is centred at, and 

has the radius of, the constriction zone in Omp-Pst1 (b) and Omp-Pst2 (d). 
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Supplementary Fig. 2 | Location of the maltose binding site of Omp-Pst1 and 

extracellular topology of the Omp-Pst1 and Omp-Pst2 trimers. (a) Ribbon diagram of 

Omp-Pst1 coloured sequence-wise, from cold (N-ter) to hot (C-ter) colours. Extracellular 

loops L1 to L8 are labelled. As in all general-diffusion porins, L2 cements subunits into a 

trimer, whereas L3 folds into the channel lumen contributing a constriction zone at mid-

height. In Omp-Pst1, extracellular loops are mostly folded as α-helices. Nevertheless, L5 

folds as a β-hairpin, which is involved in DOT formation. (b) Extracellular loops L1 and L6-

L8 contribute a binding site for maltose, in the extracellular vestibule of Omp-Pst1. The arrow 

indicates the way down the channel, towards the constriction zone and the periplasmic side. 

(c) Equivalent to panel a for Omp-Pst2. Apart from L2, involved in trimer formation, and L7, 

involved in DOT formation, all extracellular loops are folded as α-helices 
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Supplementary Fig. 3 | Extracellular loops L5 from Omp-Pst1 and L7 from Omp-Pst2 

display high propensity to form steric zippers. (a, b) Ribbon diagrams of Omp-Pst1 (a) and 

Omp-Pst2 (b) coloured by propensity of hexapeptidic segments to form steric zippers, with 

red being the highest and blue the lowest propensity. Most high-propensity segments are 

found in the membrane-embedded β-barrel and in αhelices contributed by extracellular 

loops. Both the extracellular loop L5 (blue oval in (a)) and the extracellular loops L7 of Omp-

Pst1 and Omp-Pst2 (red circle in (a, b)) are exposed in a β-sheet compatible geometry. Inserts 

show that both fragments 206-GVVTSE-211 isolated from Omp-Pst1 L5 (a) and 282-

NLGNYG-287 from Omp-Pst2 L7 (b) form thin amyloid fibres at pH 7. (c, d) 3D-profile 

scores for Omp-Pst1 L5 and Omp-Pst2 L7. 
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Supplementary Fig. 4 | Porin incorporation into liposomes is slightly favoured at acidic 

pH. Pre-formed 60-nm liposomes were incubated 30 min at pH 4 (a-c) or pH 8 (d-f) with 

increasing concentrations (0, 0.01, 0.1 and 1 µM; from left to right) of Omp-Pst1 (a, d), Omp-

Pst2 (b, e), or E. coli OmpF (c, f control). The protein-specific fluorescent probe ANS was 

then added to the mixtures, which were centrifuged on a sucrose gradient to separate 

liposomes (upper fraction; purple square in (a)), proteoliposomes (middle fraction; yellow 

square in (a)) and precipitated porins (lower fraction; red square in (a)). (g) Proteoliposomes 

aggregates (yellow rectangles) and precipitated porins (red rectangles) were further isolated, 

brought to 95°C for 5 min and migrated on an SDS-page gel for quantification. Molecular 

weight markers are shown on the left. The ~39 kDa band corresponds to porin monomers. 

Gels corresponding to Omp-Pst1, Omp-Pst2 and OmpF are lined in green, purple and blue, 

respectively, and reveal that a large fraction of porins precipitate (red squares) upon 

reconstitution in pre-formed liposomes by direct dilution. Nevertheless, at acidic pH, insertion 

(yellow squares) is favoured over precipitation. 
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Supplementary Fig. 5 | Omp-Pst1 and Omp-Pst2 proteoliposome aggregates. (a) Pre-

formed 60-nm liposomes. (b) Proteoliposome aggregates obtained following the 

reconstitution of 10 μM of Omp-Pst1 into pre-formed 60-nm liposomes appear as stacked 

lipid bilayers. (c) A Fourier transform of the image shown in (b) yields peaks at ~50 Å, 

corresponding to the thickness of lipid bilayers. (d, e) Proteoliposome aggregates obtained 

following the reconstitution of 10 μM of Omp-Pst2 into pre-formed 60-nm liposomes are 

quasi-crystalline, forming stacks of bilayers (d) within which the lateral packing of Omp-Pst2 

trimers is visible. (f) A Fourier transform of the image shown in (e) yields peaks related by 

hexagonal symmetry at ~75 Å, corresponding to the packing and extent of porin trimers in the 

aggregates. 
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Supplementary Fig. 6 | Expressions of Omp-Pst1 and Omp-Pst2 restore normal growth 

of E. coli ∆Omp8 cells. (a) The E. coli strain ∆Omp8 (black) is a K12 strain (grey) deleted of 

its major porins (OmpF, OmpC, OmpA and LamB) and it comparatively displays both a 

reduced growth, and a longer lag-phase. Ectopic expression of Omp-Pst1 or Omp-Pst2 in E. 

coli ∆Omp8 restores normal growth and reduces the lag phase. Expression of Omp-Pst1 

appears more profitable to ∆Omp8 cells than that of Omp-Pst2, in terms of rapidity of growth. 

(b, c) E. coli ∆Omp8 cells expressing mutants of Omp-Pst1 (b) and Omp-Pst2 (c) appear as 

fit at those expressing wild-type Omp-Pst1 and Omp-Pst2, respectively.
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Supplementary Fig. 7 | E. coli expressing Omp-Pst1 and Omp-Pst2 mutants do not form 

adherent biofilms. Bacterial strains were grown for 24 h in 96-well plates. Subsequently, live 

and dead cells were stained with SYTO9 Green and propidium iodide, respectively. Biofilm 

cells attached to the well surface were imaged after intensive PBS washes. For comparison 

purposes, the biofilms formed by P. stuartii are shown. The scale bar is 100 47µm (20X 

magnification).  
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Supplementary Fig. 8 | P. stuartii cells are close contact in biofilms and microcolonies. a-

b, P. stuartii cells were grown for 24 h in LB medium in 96 wells plate. Well surfaces were 

imaged before (a) and after (b) extensive PBS washing, allowing observation of the first 

layers of P. stuartii cells attached to the well bottoms (b). FM1-43X and Hoechst 33342 were 

used to stain the bacterial membrane and cytosol (DNA) respectively. c-d, P. stuartii biofilms 

were grown in the interstice between LB agar and an electron microscopy (EM) grid for 6 h. 

Micrographs show the close outer membrane contact between adjacent bacteria at different 

magnifications. Panels in (c) show an overview of the biofilms formed on the EM grid. Panels 

in (d) reveal a close contact between the outer membranes of adjacent cells. In the close-up 

view, outer-membranes are ~10 nm apart, a distance that would allow a DOT to form between 

two outer-membranes.
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Rational design of ultrastable 
and reversibly photoswitchable 
fluorescent proteins for super-
resolution imaging of the bacterial 
periplasm
Mariam El Khatib1,2,3, Alexandre Martins1,2,3, Dominique Bourgeois1,2,3,  
Jacques-Philippe Colletier1,2,3 & Virgile Adam1,2,3

Phototransformable fluorescent proteins are central to several nanoscopy approaches. As yet however, 
there is no available variant allowing super-resolution imaging in cell compartments that maintain 
oxidative conditions. Here, we report the rational design of two reversibly switchable fluorescent 
proteins able to fold and photoswitch in the bacterial periplasm, rsFolder and rsFolder2. rsFolder was 
designed by hybridisation of Superfolder-GFP with rsEGFP2, and inherited the fast folding properties 
of the former together with the rapid switching of the latter, but at the cost of a reduced switching 
contrast. Structural characterisation of the switching mechanisms of rsFolder and rsEGFP2 revealed 
different scenarios for chromophore cis-trans isomerisation and allowed designing rsFolder2, a variant 
of rsFolder that exhibits improved switching contrast and is amenable to RESOLFT nanoscopy. The 
rsFolders can be efficiently expressed in the E. coli periplasm, opening the door to the nanoscale 
investigation of proteins localised in hitherto non-observable cellular compartments.

The nanoscale visualisation of intracellular details in live cells by super-resolution microscopy often relies on 
employing “phototransformable” fluorescent proteins (PTFPs) as genetically encoded markers1. Accordingly, the 
engineering of PTFPs with improved biochemical or photophysical properties has fostered the development of 
a large variety of nanoscopy approaches2,3. Notably, methods such as RESOLFT (REversible Saturable OpticaL 
Fluorescence Transitions)4, nonlinear SIM (Structured Illumination Microscopy)5 or pcSOFI (photochromic 
Stochastic Optical Fluctuation Imaging)6 exploit reversibly switchable fluorescent proteins (RSFPs) that are able 
to repeatedly toggle between a fluorescent (‘on’) and a non-fluorescent (‘off ’) state. In so-called “negative switch-
ing” green RSFPs, the on-to-off transition competes with fluorescence emission upon illumination by cyan light 
(~490 nm), while the off-to-on transition promptly responds to illumination by violet light (~405 nm). The negative 
RSFP’s subfamily first consisted of Dronpa7 and its variants8,9, and was progressively enriched with other proteins 
of anthozoan origin (corals and anemones) such as rsCherryRev10, rsTagRFP11, the mGeos’s12 and the biphoto-
chromic IrisFP13 and NijiFP14. However, the development of RESOLFT nanoscopy in live cells necessitates RSFPs 
that switch efficiently even at low illumination power (to minimise photo-damage), display minimal residual 
fluorescence in the off state (to maximise contrast), and are highly resistant against switching fatigue (to sustain a 
large number of successive on-off switching cycles). It was found that variants engineered from fluorescent proteins 
of hydrozoan origin (jellyfishes), and notably from the well-known EGFP, could fulfil these requirements, giving 
rise to rsEGFP15 and rsEGFP216. Very recently, variants of rsEGFP obtained by directed evolution were reported 
that mature and express more efficiently in the cytosol of mammalian cells17. RSFPs of anthozoan origin with 
enhanced photoswitching properties were also introduced, including the positive switcher Kohinoor18 evolved 
from Padron8, and the negative switcher Skylan-S, evolved from mEos3.119.
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Despite the intensive development of PTFPs, some cellular substructures remain poorly explored at the nano-
scale, in particular compartments where oxidative folding takes place,  such as the peroxisome, the endoplasmic 
reticulum, the mitochondrial intermembrane space or the bacterial periplasm. These compartments yet harbour a 
large number of key macromolecules, involved in e.g. drug uptake, energy production, or oxidative metabolism. The 
major reason for this gap in the super-resolution field is that fluorescent proteins are generally unable to properly 
fold and emit light in highly oxidative environments20. The development of a PTFP capable of oxidative folding is 
thus required to facilitate super-resolution imaging of such compartments in living cells.

The periplasm of Gram-negative bacteria, sometimes referred to as the entrance hall of the cell and accounting 
for 20–40% of its total volume21, is involved in important processes such as cell division, environmental signalling 
and cellular transport22. Accordingly, it hosts a variety of proteins involved in antibiotic action (e.g. penicillin 
binding proteins) and resistance (e.g. beta-lactamases, porins and efflux pumps components)23,24. Understanding 
the molecular processes that take place in the periplasm is thus of both fundamental and biomedical interest. Four 
types of proteins face oxidative folding in the periplasm: secreted proteins, periplasmic proteins, inner membrane 
proteins and outer membrane proteins. Most outer-membrane, secreted and periplasmic proteins are exported 
in a post-translational manner, generally in the unfolded state via the Sec secretion pathway, and more rarely in 
the folded state through the twin arginine translocon (Tat) secretion pathway25,26. Inner membrane proteins are 
inserted in a co-translational manner, following recognition of the nascent polypeptide chain emerging from the 
ribosome by the bacterial signal recognition particle (SRP) and binding of the tripartite complex to the membrane 
embedded SRP receptor27. It was shown that the SRP and Sec system can act cooperatively, to ensure correct 
insertion of membrane proteins that harbour substantial hydrophilic periplasmic domains28. Also, some peri-
plasmic proteins are translocated through the SRP pathway. Although periplasmic GFP fluorescence could be 
observed after post-folding translocation through Tat22, GFP refolding after translocation through Sec has been 
shown to be problematic inside the periplasm due to undesirable intermolecular disulphide-bridge formation in 
the oxidative environment20. While non-fluorescent, these GFP aggregates showed strong cytotoxicity29. In con-
trast, Superfolder-GFP20,22,30,31, a GFP variant engineered for fast maturation and folding kinetics, was shown to 
enable periplasmic protein localisation studies after Sec-mediated transport, notably when the SRP pathway was 
employed30. Yet Superfolder-GFP is not phototransformable, and is thus unsuited for super-resolution imaging.

Here, we report the rational, structure-based design of two novel superfolding RSFPs, rsFolder and rsFolder2. 
Both RSFPs are able to fold and efficiently photoswitch in the bacterial periplasm, opening the door to nanoscopic 
live imaging of macromolecules in such ‘hostile’ compartments. Specifically, we show here that rsFolder2 is suited 
for RESOLFT imaging of the bacterial periplasm.

Results and Discussion
Design and photophysical characterisation of rsFolder. We reasoned that Superfolder-GFP and 
rsEGFP2, sharing GFP as a common “ancestor”, could be hybridised by pure rational design to provide a revers-
ibly switchable variant capable of efficient folding in the oxidative environment of the E. coli periplasm. The four 
point mutations that allowed evolving EGFP into rsEGFP2 (T65A, Q69L, V163S, A206K)16 were thus engineered 
in Superfolder-GFP, yielding a new PTFP that we named rsFolder. The T65A mutation, known to confer pho-
toswitching capabilities to rsEGFP216, targets the Superfolder-GFP chromophore itself. Two out of the three other 
mutations target amino-acid positions (163 and 206) that were already modified in Superfolder-GFP relative to 
the GFP ancestor (see sequence alignment in Supplemental Fig. S1). We chose to retain these rsEGFP2 mutations 
in rsFolder as it was found that a serine at position 163 is critical to enhance the switching contrast in rsEGFP216, 
while a lysine at position 206, facing the solvent, confers a strong monomeric character to GFP variants32. Thus, 
when compared to rsEGFP2, rsFolder exhibits six point mutations (S31R, N40Y, S100F, T106N, Y146F and 
M154T), only one of which occurs in the vicinity of the chromophore (Y146F) (Fig. S1, Fig. S2b).

The photophysical properties of rsFolder and rsEGFP2 are highly similar (Table 1, Fig. 1 and Fig. S3). As 
rsEGFP2, rsFolder is an efficient negative photoswitcher, both in purified form (Fig. 1a) and in live cells (Fig. S4). 
The two proteins display almost identical absorbance and fluorescence spectral properties (Fig. 1b,c). The pKa of the 
rsFolder chromophore (pKa =  5.5) is slightly lower than that of rsEGFP2 (pKa =  5.9) (Fig. S5, Table 1). Both RSFPs 
mature slower than Superfolder-GFP (~40 min), with respective half-times of ~2.5 h (rsFolder) and ~3 h (rsEGFP2), 
(Fig. 1d, Table 1). rsFolder is also monomeric (Fig. S6, Table S1) and refolds as swiftly as Superfolder-GFP (Fig. 1e). 
Thus, photophysical and biochemical data suggest that rsFolder has inherited both the fast folding properties of 
Superfolder-GFP and the fast switching properties of rsEGFP2. Its fluorescence emission is in addition maintained 
over a wide pH range (Fig. S7).

rsFolder yet displays its own peculiarities. First, the thermal stability of its off state (~64 hours) is 15 times higher 
than that of rsEGFP2 (Fig. 1f and Table 1) and, to our knowledge, unprecedented amidst RSFPs. Also, rsFolder 
exhibits a higher level of residual fluorescence after off-switching than rsEGFP2, leading to a reduced switching 
contrast (Fig. 1a, Fig. S4 and Table 1). This feature arises from the increased off-to-on quantum yield and the higher 
extinction coefficient of the off-state at 488 nm (Table 1, Fig. S3), is expected to compromise RESOLFT imaging. A 
possible explanation for these differences is that the two RSFPs photoswitch by different mechanisms. Molecular 
level insights are required to further substantiate this hypothesis.

Structural elucidation of rsEGFP2 and rsFolder photoswitching mechanisms. With the excep-
tion of Dreiklang33, all RSFPs of hydrozoan origin have been proposed to undergo cis-trans isomerisation of 
their chromophore upon off-switching, by analogy with RSFPs of anthozoan origin34. This hypothesis was con-
firmed recently by structural studies on the rsGreen0.7 variant of rsEGFP17. It remains unclear, however, whether 
rsEGFP2 and rsFolder photoswitch by the same mechanism or not. Inspection of the absorption spectra of 
rsEGFP216 and rsFolder in their off state reveals a broad band centred at ~400 nm. This strongly suggests that in 
both proteins, the classical rule applies – that is, chromophore protonation couples with isomerisation. To shed 
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light on the switching mechanisms of rsFolder and rsEGFP2, we solved their crystallographic structures in both 
the on and off states (Fig. 2 and Table 2). The on-to-off switching was triggered by illumination of crystals with a 
fibre-coupled 488-nm laser. Models were refined at 1.45 Å (on state) and 1.50 Å (off state) resolution for rsEGFP2, 
and at 1.50 Å (on state) and 2.35 Å (off state) resolution for rsFolder, respectively. The experimental Fourier dif-
ference maps provide evidence that in both RSFPs, off-switching indeed results from cis-trans isomerisation of 
the chromophore (Fig. S8). Yet, our structures reveal major differences between the photoswitching mecha-
nisms of rsEGFP2, rsFolder and Dronpa, the anthozoan RSFP archetype35. In Dronpa and other negative RSFPs 
such as mTFP0.736 or IrisFP13, a drastic structural reorganisation of the chromophore environment is observed 
upon switching. The tightly H-bonded Glu144-His193-Glu211 triad in the cis conformation is replaced by the 
Glu144-Arg66-Glu211 triad in the trans conformation, with either His193 or Arg66 stabilizing the chromophore 
by π − stacking and cation-π  interactions with the p-hydroxybenzylidene moiety, respectively34. In rsEGFP2 and 
rsFolder, on the contrary, no such reorganisation of H-bonding networks is observed and the structural changes 
are restricted to the near environment of the chromophore phenolate (Fig. 2 and Fig. S8).

In the anthozoan negative RSFPs, it was also noticed that the free energy of the trans state is lowered by the 
ability of Ser142, which maintains a strong H-bond with the hydroxybenzylidene moiety in the cis state, to find 
another H-bonding partner upon chromophore isomerisation35,37. A similar situation is observed in rsEGFP2, 
where His149, playing the same role as Ser142 in Dronpa (distance to the chromophore phenolate: 2.7Å), finds 
Tyr146 as a surrogate H-bonding partner in the trans state of the chromophore. This photoswitching mechanism 
is identical to that recently reported for rsGreen0.717. Of note, in these three RSFPs, the phenolate of the off-state 
chromophore loses all H-bonds to the barrel scaffold, being only H-bonded to a structural water molecule, hitherto 
absent in the on-state structure (Fig. 2a). However, a drastically different scenario is seen in rsFolder, where Tyr146 
is replaced by a hydrophobic phenylalanine, one of the mutations inherited from Superfolder-GFP. Consequently, 
the switching pattern exhibited by rsFolder is unique. In the on state, the phenolate oxygen of the cis chromophore 
is H-bonded to Thr204, a water molecule and His149. Upon isomerisation the interactions with the two first 
partners are lost, while His149 and the phenolate oxygen remain H-bonded, resulting in a trans conformation of 
the chromophore that is a mirror image of the cis conformation (Fig. 2b). This highly unusual mechanism results 
in the off-state chromophore of rsFolder remaining tightly attached to the barrel scaffold and likely explains its 
exceptional thermal stability. The limited number of residues involved in rsFolder on-to-off switching, and the 
reduced cascade of H-bond formation and disruption that accompanies it, could result in a higher energy barrier 
for the off-to-on transition in rsFolder than in rsEGFP2. 

Design and photophysical characterisation of rsFolder2. The crystallographic structures of rsEGFP2 
and rsFolder in their on and off states provide a clear molecular basis for the observed higher thermal stability 
of rsFolder’s off state. The reduced switching contrast of rsFolder is more difficult to explain in structural terms. 
The unique symmetry observed between the on and off states of rsFolder could possibly play a role. Structural 
data also reveal the central role of the amino-acid at position 146 in differentiating the switching mechanisms of 
the two RSFPs, and suggest a straightforward strategy to rationally evolve the mechanism of rsFolder into that of 
rsEGFP2 – that is, replacing its Phe146 by a tyrosine. The F146Y mutant of rsFolder, referred to as rsFolder2, was 

 Superfolder-GFP rsEGFP2 rsFolder rsFolder2

Excitation maximum on [nm] 487 (488) 479 (478) 477 478

Extinction coefficient (ε ) on, pH 7.5 [M−1.cm−1] 54000 (83300) 57150 (61300) 51600 44000

Extinction coefficient (ε ) on, fully anionic [M−1.cm−1] 63100 61900 58100 54800

Emission maximum on [nm] 510 (510) 503 (503) 503 503

Fluorescence quantum yield on (Φ fluo) 0.65 (0.65) 0.35 (0.3) 0.25 0.23

Brightness at pH 7.5 on (relative to EGFP) 1.06 (1.64) 0.61 (0.56) 0.39 0.23

On-to-off switching quantum yield (Φ off) NA 1.65 ×  10−2 2.1 ×  10−2 1.98 ×  10−2

Absorption maximum neutral form [nm] 393 403 403 400

Extinction coefficient (ε ) on fully neutral [M−1.cm−1] 36800 27800 29200 25200

Absorption maximum acid/base denatured [nm] 385/450 399/446 399/444 393/444

Chromophore pKa, on 5.4 5.9 (5.8) 5.5 5.5

Chromophore maturation rate [10−4 s−1] 4.2 0.9 1.1 1.1

Refolding rate [10−2 s−1] 1.5 0.7 1.2 1.6

Absorption maximum off [nm] NA 406 (408) 413 410

Extinction coefficient (ε ) off [M−1.cm−1] NA 22000 27000 23500

Extinction coefficient (ε ) off at 488 nm [M−1.cm−1] NA 60 130 90

Off-to-on switching quantum yield (Φ on) NA 0.33 0.44 0.28

Switching contrast NA ~57 ~26 ~40

Off-to-on thermal recovery rate [10−5 s−1] NA 6.0 0.4 1.1

Table 1. In-vitro photophysical and biochemical properties of all proteins presented in this study. Values 
previously reported in different literature sources are shown between parentheses and are extracted from 
Pédelacq et al., 2006 (Superfolder GFP) and Grotjohann et al., 2012 (rsEGFP2). NA: Not Applicable
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Figure 1. Spectroscopic and biochemical characteristics. Superfolder-GFP (orange), rsEGFP2 (purple), 
rsFolder (cyan) and rsFolder2 (navy). (a) Switching cycle at low illumination intensity (488 nm: 1.9 mW/cm2, 
405 nm: 2.2 mW/cm2). rsFolder switches off faster than rsEGFP2 but reaches a higher residual fluorescence in 
the off state (inset). rsFolder2 behaves similarly to rsEGFP2 in terms of switching speed and contrast. Apparent 
residual switching is solely due its direct fluorescence excitation by the 405-nm laser. (b,c) Excitation and 
emission spectra of rsFolder (b, cyan) and rsFolder2 (c, navy), as compared to those of rsEGFP2 (purple). 
(d) Chromophore maturation kinetics show that the chromophores of rsEGFP2, rsFolder and rsFolder2 (Ala-
Tyr-Gly) mature at similar rates while that of Superfolder-GFP (Thr-Tyr-Gly) matures faster. Error bars represent 
the standard deviation over triplicate measurements. (e) Fluorescence recovery kinetics during refolding after 
chaotropic denaturation by guanidine hydrochloride. The fluorescence signal was monitored continuously at 
25 °C. Error bars represent the standard deviation over triplicate measurements. (f) Thermal relaxation of the 
photoswitched off states followed at the on-state maximum absorbance for rsEGFP2 (purple), rsFolder (cyan) and 
rsFolder2 (navy). See Table 1 for values.

Figure 2. Crystal structures of rsEGFP2 and rsFolder in their on and off states. Refined models of the 
chromophores and surrounding residues are shown for rsEGFP2 (a) and rsFolder (b). Initial on states are shown 
with coloured carbon atoms (purples and cyan for rsEGFP2 and rsFolder, respectively). Off states are shown 
with grey carbons. The Fobs(off)-Fobs(on) difference electron density maps contoured at ± 4.5 σ  (yellow: negative; 
blue: positive) highlight atoms exhibiting a notable motion from the fluorescent state (cis conformation) to the 
photoswitched state (trans conformation). H-bonds (2.7–2.9 Å) are shown with dashed lines.
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therefore produced and characterised. As expected, rsFolder2 displays a higher switching contrast (Fig. 1a, Fig. 
S4) and a reduced thermal stability for its off state as compared to rsFolder (Fig. 1f), bringing its photophysical 
behaviour very close to that of rsEGFP2. Concomitantly, the maturation (Fig. 1d) and refolding kinetics inherited 
from Superfolder-GFP are essentially preserved in rsFolder2 (Fig. 1d,e). Altogether, these properties (switching 
contrast, photoresistance, maturation and folding) suggest that rsFolder2 could be a suitable candidate for nano-
scale imaging of the bacterial periplasm, using RESOLFT microscopy.

Expression and RESOLFT imaging in the periplasm. Having established that rsFolder and 
rsFolder2 are both fast-switching and photofatigue-resistant RSFPs and that they refold, in vitro, just as well as 
Superfolder-GFP, we asked whether they could fold and photoswitch in the cellular context, i.e. when expressed 
in the cytosol (pET15-b vector) or the periplasm (pET26-b(+ ) vector, Sec pathway) of E. coli cells. Bacterial cell 
brightness, here expressed as the ratio between the fluorescence signal (at 505 nm) and the optical density (at 
600 nm), informs on the total amount of folded FPs present in living cells. When compared to cytosolic expres-
sion, all clones displayed lower bacterial cell brightness in periplasmic expression tests, with the most dramatic 
effect being observed on cells expressing rsEGFP2 (Fig. S9a). Figure 3 shows that cultures expressing rsEGFP2 
into the periplasm die prematurely, presumably owing to the accumulation and deposition of unfolded proteins 
into toxic aggregates. In contrast, periplasmic expression of rsFolder and rsFolder2 does not affect cell viability 
(Fig. 3a). The reduced brightness of cells expressing periplasmic rsFolder and rsFolder2 likely originates from 
the inherently smaller volume of the periplasm, and its regulated overall protein-load. To verify this hypothesis, 
we separated the periplasmic and cytosolic contents of the cells and evaluated the amount of RSFP present in 
each compartment by fluorimetry and gel electrophoresis (Fig. S9b). The results support the hypothesis that the 
amount of protein that can be addressed to the periplasm is indeed limited. Incidentally, they also confirm that 
the observed fluorescence mostly (~70%) originates from periplasmic RSFPs. Importantly, switching experiments 
performed on cells grown on solid medium confirm that the switching efficiencies of rsFolder and rsFolder2 are 
preserved in the cellular context (Fig. 3b and Fig. S4). Data also show that the photofatigue resistance is similar 
when the RSFPs are addressed to the periplasm.

We set to determine whether rsFolder and rsFolder2 could be used for imaging. First, we imaged cells express-
ing rsEGFP2, rsFolder or rsFolder2 in either the cytosol or the periplasm by wide field imaging (Fig. 4a). Cells 
expressing the RSFPs in the cytosol show a homogeneous fluorescence distribution, whereas clearly delineated 
periplasms are visible on images of cells expressing periplasmic rsFolder or rsFolder2. Unsurprisingly, cells express-
ing periplasmic rsEGFP2 show a hardly detectable signal and no delineation of the periplasm.

We then performed RESOLFT microscopy on E. coli cells expressing periplasmic rsFolder2. From measures 
of the narrowest regions, we derived a resolution of ~70 nm for the periplasm (Fig. 4b, line plot I). Some bacteria 

rsEGFP2 on-state rsEGFP2 off-state rsFolder on-state rsFolder off-state

PDB entry 5DTX 5DTY 5DTZ 5DU0

Beamline ESRF/ID23-2 ESRF/ID23-2 ESRF/ID29 ESRF/ID29

Wavelength, Å 0.873 0.873 0.976 0.992

Space group P212121 P212121 C2 C2

a, Å 50.99 51.20 142.47 141.29

b, Å 62.91 62.81 134.56 134.80

c, Å 70.84 70.55 51.72 51.05

α , γ , ° 90.0 90.0 90.0 90.0

β , ° 90.0 90.0 106.05 105.58

Resolution, Å 47.04-1.45 (1.50-1.45) 46.91-1.5 (1.55-1.5) 95.97-1.50 (1.55-1.50) 95.77-2.35 (2.43-2.35)

*Rsym, % 5.2 (64.3) 7.5 (60.1) 7.8 (63.7) 10.4 (53.0)

Mean I/σ (I) 16.1 (2.3) 11.9 (1.2) 9.0 (1.1) 10.1 (2.2)

Completeness, % 99.35 (99.70) 98.13 (91.59) 97.12 (81.62) 98.07 (88.56)

Redundancy 4.3 (4.4) 4.6 (4.1) 4.0 (2.8) 4.0 (4.0)

Unique reflections 40827 (3787) 36769 (3364) 144849 (12182) 37525 (3391)

Wilson B factor, Å2 13.76 14.85 20.82 39.94

#Rwork/Rfree 0.17/0.21 0.18/0.22 0.18/0.20 0.21/0.26

Average B factor, Å2 18.9 21.9 25.0 41.3

Rmsd

 Bond length, Å 0.014 0.018 0.010 0.007

 Bond angles, ° 1.65 1.76 1.33 1.07

 Favored 98.0 97.0 99.0 98.0

 Allowed 2.0 1.8 0.78 1.78

 Outliers 0.0 1.2 0.22 0.22

Table 2. Crystallographic data collection and refinement statistics. Values in parentheses refer to the highest 
resolution shell. *Rsym =  Σ jΣ h|Ih,j – 〈 Ih〉 |/Σ jΣ h Ih,j #Rwork =  Σ h|Fobs – Fcal|/Σ hFobs, Rfree is calculated with a small 
fraction (5%) of reflections chosen to be part of a test group.
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showed heterogeneous structures possibly due to the presence of peptidoglycan and associated proteins occupying 
the periplasmic space (Fig. 4b, line plots II-III). We were also able to distinguish the periplasm of two adjacent 
bacteria separated by a distance as short as 110 nm (Fig. 4b, line plot IV), demonstrating a significant resolution 
enhancement compared to diffraction limited imaging. A similar resolution (80 nm) was obtained in controls 
where a fusion of rsFolder2 with keratin18 was expressed in the cytosol of HeLa cells to benchmark its RESOLFT 
performance (Fig. S10)15,16. The RESOLFT micrographs show that the thickness of the periplasm widely varies 
among cells (Fig. 4b). We correlate this observation with electron micrographs, which reveal that the periplasm is 
generally larger in isolated cells (up to hundreds of nm) than in colony cells (few tens of nm) (Fig S11a). The heter-
ogeneous nature of the periplasm, and the improvement in resolution allowed by rsFolder2, are further evidenced 
by the visualisation of what could be outer-membrane budding events and vesicle formation in the RESOLFT 
images (indicated by arrows in Fig. S11b,c)38. Transmission electron micrographs reveal the same features (Fig. 
S11b). Thus, our results altogether open the door to the live fluorescence super-resolution imaging of complex 
periplasmic and outer-membrane processes hitherto traceable only by electron microscopy.

The rsFolders are the two first RSFPs endowed with oxidative folding capabilities. We have shown that both 
are able to fold and photoswitch in the bacterial periplasm, and that rsFolder2 can be used to obtain RESOLFT 
sub-diffraction images. It remains to be determined whether the rsFolders can be used in other prokaryotic or 
eukaryotic cellular compartments where oxidative-folding takes place, including the endoplasmic reticulum, 
thylakoid membranes, the mitochondrial intermembrane space and the external medium39. Despite its lower 
brightness, the second-generation mutant rsFolder2 displays improved switching contrast when compared to 
rsFolder, making it a well-suited candidate for RESOLFT. We anticipate that this variant could also be useful for 
other techniques such as patterned activation nonlinear SIM40 or pcSOFI6 for the imaging of periplasmic proteins 

Figure 3. Cytoplasmic and periplasmic expressions and switching fatigue. (a) Bacterial growth from a single 
colony in autoinduction medium and further cytoplasmic and periplasmic expressions of rsFolder, rsFolder2 
and rsEGFP2 were monitored in absorbance (red) and in fluorescence (black), respectively, during 20 hours. 
Error bars represent standard deviations over triplicate measurements. The production of rsEGFP2 targeted 
to the periplasm corresponds to a brutal stop of bacterial growth that can be explained by cell toxicity induced 
by periplasmic clogging. (b) Switching fatigue measurements of rsFolder and rsFolder2 in comparison to 
rsEGFP2, expressed in the cytoplasm as well as in the periplasm of living E. coli cells. The black dots indicate the 
maximum on-state fluorescence of each switching cycle. The corresponding fitted exponential decay curves are 
shown in red. The dashed lines illustrate the numbers of cycles the different RSFP samples can achieve before 
being bleached to half of their initial fluorescence.
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in living cells. rsFolder is not adapted for RESOLFT imaging but may prove useful for other super-resolution 
approaches, such as pcSOFI or potential methods taking advantage of its extreme stability in the off state. Further 
fine-tuning of the photophysical properties of the rsFolders’ scaffold can be envisaged, to better adapt it to other 
super-resolution techniques. For instance, slow-switching and/or red-shifted rsFolder variants could be developed 
for single-molecule localisation microscopy and/or multicolour imaging. Specific to RESOLFT imaging, rsFolder2 
could be evolved to increase the attainable resolution, either rationally or by directed evolution. Whether or not 
such improvements are at hand will be determined by future research.

Figure 4. Wide field and RESOLFT Imaging. (a) Representative wide field images of fixed E. coli bacteria 
expressing rsEGFP2, rsFolder and rsFolder2 either in the cytoplasm or in the periplasm. All images were 
obtained using the same illumination conditions and scaled on the same dynamical range. Scalebar: 2 μ m.  
(b) RESOLFT imaging of live E. coli bacteria expressing rsFolder2 in the periplasm and corresponding 
diffraction limited confocal images. (c) Graphs I-IV illustrate line profiles across the periplasm at the locations 
indicated by arrows in (b). Each profile is an average of five adjacent lines distant by 30 nm. Scalebar: 1 μ m
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Methods
Materials and plasmids. E. coli DH5α  cells were used for cloning and DNA amplification while E. coli 
BL21 (DE3) were used for expression. Unless otherwise stated, all bacterial cultures were grown in LB medium 
supplemented with 100 μ g/ml ampicillin (cytoplasmic rsFolder, rsFolder2 and rsEGFP2) or 30 μ g/ml kanamycine 
(cytoplasmic Superfolder-GFP and periplasmic rsFolder, rsFolder2 and rsEGFP2). Chemicals were purchased 
from Sigma-Aldrich.

The Superfolder-GFP/pET-30 and rsEGFP2/pQE31 plasmids were kindly provided by Dr. Cécile Morlot and 
Prof. Stefan Jakobs, respectively. rsFolder was designed based on the structure of Superfolder-GFP, by introducing 
into the sequence the four key mutations of rsEGFP2 when compared to EGFP (T65A, Q69L, A163S et V206K). 
The sequence, synthesised by Eurofins MWG Operon, was recursively codon-optimised both for human and E. 
coli expressions and a Kozak sequence was inserted for potential expression in mammalian cells. Most common 
restriction sites were removed from the resulting coding sequence to facilitate further cloning uses. rsFolder2 was 
obtained by directed mutagenesis, using the rsFolder template, and is a single-point mutant of rsFolder (F146Y). 
For cytosolic expression tests, rsEGFP2, rsFolder and rsFolder2 were subcloned in pET-15b (between NdeI and 
BamHI restriction sites). For periplasmic expression tests, the proteins were subcloned in pET-26b(+ ) using the 
Gibson assembly method41. Plasmid DNA and PCR fragments were purified with a Qiaprep spin miniprep kit 
(Qiagen) and a Qiaquick PCR purification kit (Qiagen), respectively. The plasmid encoding the keratin18-rsFolder2 
fusion protein was generated by replacing the coding sequence of TagRFP by that of rsFolder2 (restriction sites: 
KpnI and NotI) in the commercial pTagRFP-keratin vector (Evrogen, Moscow, Russia).

Expression, purification and crystallogenesis. Fluorescent proteins fused to an N-terminal polyhis-
tidine tag were expressed in E. coli BL21 (DE3) cells. After cell lysis, the fluorescent proteins were purified by 
Ni-NTA affinity chromatography followed by size exclusion chromatography using a HiLoad 16/600 Superdex 
75 column (GE healthcare, Freiburg, Germany). Purified proteins were concentrated by ultrafiltration and 
equilibrated in buffer solutions (50 mM HEPES pH 7.5). Crystals of rsEGFP2 and rsFolder were obtained by 
the hanging-drop vapour diffusion method at 20 °C. Briefly, the protein (12 mg/ml for rsEGFP2 and 10 mg/ml 
for rsFolder) and precipitant solution (0.1 M HEPES pH 8.1, 1.7 M ammonium sulphate for rsEGFP2 and 0.1 M 
Tris pH 8.5, 20% PEG 3,350 for rsFolder) were mixed 1:1, yielding 2-μ l drops that were placed over a 1 ml well 
containing the precipitant solution. Crystals appeared within 1–7 days.

Crystallographic characterisation. Prior to data collection, crystals of rsEGFP2 and rsFolder in their 
on states were cryoprotected by a short soak in the mother liquor supplemented with 15% glycerol, followed by 
flash-cooling in liquid nitrogen. In order to generate the off states, crystals were illuminated for ~1 min with a 
fibre-coupled 488-nm laser after cryoprotection and before flash-cooling in liquid nitrogen. X-ray diffraction 
data sets were collected at 100K at the European Synchrotron Radiation Facility (ESRF) on beamlines ID23-
242 (rsEGFP2) and ID2943 (rsFolder), equipped with a PILATUS 2M and a PILATUS 6M detector, respectively. 
Data were processed, merged and scaled using XDS/XSCALE, and amplitude factors were generated using 
XDSCONV44. Structures were phased by the molecular replacement method using as a starting model the X-ray 
structure of Superfolder-GFP (PDB ID: 2B3P) and the program PHASER45. Model building was performed 
with Coot46. Energy minimisation and individual B-factor refinement followed each stage of manual rebuilding. 
Refinement and map calculations were performed using REFMAC47 and PHENIX48. Data collection and refine-
ment statistics are given in Table 2. Figures were produced using PyMOL49.

Analytical ultracentrifugation. Sedimentation velocity experiments were performed in a XL-I analytical 
ultracentrifuge (Beckman Coulter, USA), with a rotor speed of 42,000 rpm, at 20 °C, using an AnTi-50 rotor. 
Depending on their concentrations, samples of 55, 110 or 420 μ l were respectively loaded in 1.5-, 3-, or 12-mm, 
path length Ti double-sector centrepieces equipped with sapphire windows (Nanolytics GmbH, Germany). The 
solvent and reference buffers were 50 mM HEPES pH 7.5; 150 mM NaCl. Radial scans at 280, 488 or 395 nm and 
from interference optics were monitored. Data were processed using standard methods as implemented in the 
Sedfit software, v14.6e (www.analyticalultracentrifugation.com) for data analysis. Buffer parameters (in particu-
lar, the sedimentation coefficient at 20 °C, s20w) were calculated using the program Sednterp (sednterp.unh.edu), 
and assuming a density (ρ) and a viscosity (η) of 1.008 g.ml−1 and 1.05 mPa.s, respectively. Sedimentation velocity 
profiles were analysed both in terms of continuous distribution c(s) of sedimentation coefficients (s)50 and in the 
framework of the non-interacting species model, providing experimental values for s and concentration, on the 
one hand, and the molar mass M, on the other. Predicted partial specific volume ν and refractive index increment 
(∂n/∂c) were 0.733 ml.g−1 and 0.189 for rsFolder, and 0.735 ml.g−1 and 0.190 for rsEGFP2, indicating that the two 
proteins sediment as monomers. Figures were produced using Gussi v1.0.9e (biophysics.swmed.edu/MBR/soft-
ware.html).

Spectroscopic characterisation. Absorption spectra were recorded using a Jasco V-630 UV/VIS photo-
spectrometer (Easton, USA). Excitation (λ em =  540 nm) and emission (λ ex =  480 nm) spectra as well as refold-
ing, maturation and expression kinetics were recorded using a Biotek Synergy H4 microplate reader (Winooski, 
VT, USA). Emission spectra were obtained using excitation at 480 nm while excitation spectra were obtained 
measuring fluorescence at 540 nm. Molar extinction coefficients were determined using the Ward method51. 
Fluorescence quantum yields were calculated relative to fluorescein (Φ FL =  0.95) and cross-validated between 
proteins using the method described by Williams et al.52 pKa values were determined by measuring the anionic 
absorbance peak of the various FPs as a function of pH, using different buffers [citric acid (pH 3.5), sodium 
acetate (4.0–5.0), MES (5.5–6.5), HEPES (7.0–8.5), CHES (9.0–9.5)]. Thermal stabilities of the switched-off 

http://www.analyticalultracentrifugation.com
http://www.sednterp.unh.edu
http://www.biophysics.swmed.edu/MBR/software.html
http://www.biophysics.swmed.edu/MBR/software.html
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RSFPs were measured by monitoring the absorption as a function of time, every 10 minutes for 1 to 5 days. 
Photoinduced fluorescence recoveries of switched-off FPs were measured at 20 °C with a CCD-based spectrome-
ter (AvaSpec-ULS2048, Avantes, Eerbeek, The Netherlands) coupled with optic fibres to a cuvette holder. Diluted 
proteins (50 μ l) were placed in a 50-μ l 3-window cuvette and a square diffuser (Thorlabs, ED1-S50) was put in 
front of the cuvette to ensure homogeneous laser excitations at 488 nm (1.9 mW/cm2) and 405 nm (2.2 mW/
cm2). Fluorescence emission was measured every 2 s (λ em =  506 ±  4 nm for rsEGFP2, rsFolder and rsFolder2; 
λ em =  512 ±  4 nm for Superfolder-GFP).

Constant illumination at 488 nm served both to switch off the proteins and excite their fluorescence while 
alternating illumination at 405 nm was used during 150 seconds every 600 seconds to promote off-to-on recov-
eries. Evolutions of the fluorescence signal were then analysed with MATLAB (The MathWorks Inc., Natick, 
Massachusetts, USA) in the framework of the method described in Duan et al.53, allowing accurate calculation of 
switching quantum yields.

Refolding kinetics. All proteins were diluted to 0.1 mg/ml in a denaturation buffer (8 M guanidine hydro-
chloride, 1 mM DTT, 50 mM HEPES pH 7.5) and heated for 10 minutes at 65 °C. Surprisingly, a treatment by 
concentrated urea without heating was not sufficient to properly unfold these fluorescent proteins. Denatured 
proteins were then diluted 10 times in a renaturation buffer (35 mM KCl, 2 mM MgCl2, 1 mM DTT, 50 mM Tris 
pH 7.5, 30% glycerol). For each protein, refolding kinetics were measured by following the fluorescence recovery 
at 25 °C (λ em =  485 ±  9 nm for all proteins; λ em =  505 ±  9 nm for rsFolder, rsFolder2 and rsEGFP2 and at 
λ em =  510 ±  9 nm for Superfolder-GFP) every minute during 20 minutes. Data points were fitted along time t with 
the function = + + ⋅ /( + ( − ) )F F A c t k t t[ 1 exp[ ] ]m0  with k, the refolding rate; tm, the median refolding  
time; and the derived lag parameter obtained by − ( / )t k2m . All experiments were performed in triplicate.

Maturation kinetics. Maturation kinetics were measured using a protocol adapted from Moore et al.54 
Briefly, 50 ml of bacterial cultures were grown in LB medium in 250-ml flasks to an optical density of 0.6 and 
then transferred into sealed 50-ml tubes. This allowed to create an anaerobic environment that permits protein 
expression but stops the cell division and chromophores maturation. Proteins were expressed overnight at room 
temperature after IPTG induction (1 mM). At 4 °C, cells were then harvested by centrifugation, resuspended 
in 5 ml of lysis buffer (50 mM Tris-HCl, 150 mM NaCl, pH 7.5 mM, 1 tablet of anti-protease cocktail supple-
mented with DNAseI) and lysed by sonication. After centrifugation, 50 μ L of supernatant were added to 200 μ L 
of re-oxygenation buffer (35 mM KCl, 2 mM MgCl2, 50 mM Tris-HCl pH 7.5). Fluorescence intensities were 
recorded at 37 °C every 10 minutes during ~8 hours. All experiments were performed in triplicate.

Cytoplasmic and periplasmic expressions. To ensure a synchronised start of protein expression and to 
warrant that no detectable absorbance or fluorescence was present at the beginning of the experiment, bacteria 
were grown in an auto-inducible medium for these expression tests. Briefly, for each clone, a single bacterial 
colony was used to inoculate 5 ml of auto induction growth medium55 at 25 °C, further distributed into 96-well 
plates with 100 μ l per well. Bacteria were grown using glucose as carbon source until an OD of 0.6 was reached 
(~8 hours), after what protein expression was initiated by switching to lactose as carbon source, and both OD 
(600 nm) and fluorescence (505 nm) were monitored as a function of time. Bacterial cell brightness was expressed 
as the ratio between the fluorescence value and O.D. after 20 h of growth. Cytoplasmic and periplasmic expres-
sion levels were further quantified by bacterial fractionation, as previously described56. Briefly, induced bacterial 
cultures were pelleted at 3,000 g for 10 min at 4 °C, resuspended in 0.5 ml TSE buffer (200mM Tris-HCl pH 8, 
500 mM sucrose and 1mM EDTA) and incubated on ice for 30 minutes. 0.5 ml of ice cold water was added and 
incubated for 30 min. Cells were pelleted and the supernatant was collected as the periplasmic fraction. The pellet 
was resuspended in 5 ml BugBuster protein extraction reagent (Novagen 70921-3) and further incubated for 
30 min at room temperature. The lysates were then centrifuged at 16,000 g for 45 min at 4 °C, and the supernatant 
was collected as the cytoplasmic fraction. Bacterial fractions were loaded on SDS-PAGE 12% acrylamide gels and 
visualised using Coomassie blue. To quantify folded proteins in each compartment, periplasmic and cytoplasmic 
fractions were diluted 10 times in HEPES (pH 7.5) and fluorescence intensities were recorded.

Bacterial photofatigue measurement. Switching fatigue measurements on living E.coli colonies were 
performed by alternate irradiation with laser light of 405 nm (to switch RSFPs on) and 488 nm (to switch RSFPs 
off). The light was focus by a 20-fold objective (NA =  0.4) onto a colony, providing power densities of ~0.5 kW/
cm2 (488 nm) and ~0.1 kW/cm2(405 nm). For each RSFP, illumination was kept as short as needed to attain 100% 
photoswitching. Fluorescence was recorded with a PMT (photomultiplier tube).

Wide field and RESOLFT microscopy. Bacterial cultures were grown in TB medium supplemented with 
1% glycerol to an O.D. of 0.6 and then induced with IPTG overnight at 20 °C. After induction, cells were pelleted, 
fixed (for wide field imaging) or not (for RESOLFT imaging) with 4% paraformaldehyde, and then washed twice 
with PBS. A drop of the cell slurry was deposited on glass coverslips previously coated with chitosan (for wide 
field imaging) or LB agar (for RESOLFT imaging) and mounted onto glass slides.

For mammalian cells experiments, HeLa cells were seeded on cover slides overnight. Transfection was per-
formed using Turbofect (ThermoFisher Scientific) according to the manufacturer’s manual. After 1 day of incuba-
tion cells were glued on object slides with picodent twinsil silicone (Picodent, Wipperfürth, Germany), preventing 
dying, and subsequently imaged.

Wide field imaging experiments were performed on an IX81 Olympus inverted microscope equipped with a 
100X oil-immersion objective of 1.49 numerical aperture and an anti-drift NPS nosepiece (Olympus). Samples 
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were illuminated by circularly polarised 488-nm (Spectra-Physics, Santa Clara, USA) 300 μ W, 23.5 μ m FWHM 
Gaussian-shaped laser beam.

RESOLFT microscopy was performed using a Quad P microscope (Abberior Instruments, Goettingen, 
Germany), equipped with a 100X oil immersion objective of 1.4 numerical aperture. RESOLFT images were 
recorded by applying the following illumination sequence at each scanning position: first rsFolder2 was switched to 
the on-state by illuminating with 405-nm light (30 μ s at 2.2 to 2.5 μ W). Second a doughnut-shaped beam of 488-nm 
light (640 to 670 μ s at 14 μ W) was used to switch the proteins in the periphery of the focal spot into the off-state. 
Third, the fluorescent signal of residual on-state proteins at the centre of the spot was recorded at 510 nm following 
excitation by a 488-nm light (10 to 30 μ s at 5 to 7 μ W). Before and after off-switching with the doughnut-shaped 
beam, short illumination breaks (up to 60 μ s) were introduced into the switching sequence. The scanning step size 
was set to 30 nm. Detailed information concerning the imaging parameter is provided in table S2.

Electron microscopy. Transmission electron microscopy was used to visualise E. coli BL21 DE3 cells grown 
in the interstice between LB-agar solid media and an electron microscopy grid57,58. Briefly, cells were grown 
overnight to an optical density of ~1 at 600 nm. 20 μ L of ten-times diluted cells were deposited on LB-agar media, 
incubated for 1 h at 37 °C, before adding an electron microscopy grid atop of them. Plates were incubated for 3 
additional hours at 37 °C. EM grids were then removed gently, washed 6 times with drop of sterile water and then 
either imaged directly or after being subjected to negative-staining with 2% (w/v) sodium silicotungstate. Images 
were taken under low-dose conditions with a CM12 and Tecnai 12 LaB6 electron microscope working at 120 kV 
and with nominal magnifications of 22,000X and 45,000X using an Orius TM SC1000 CCD camera from Gatan.
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Figure S1. Sequence alignments. Nucleic acid (a) and amino-acid (b) alignments are shown for 

rsEGFP2, Superfolder-GFP and rsFolder, relatively to GFP. Sequences corresponding to the 

chromophores are red-squared. Colour-coded by default by the ClustalX alignment software. 



 

Figure S2. Representation of mutations of rsFolder as compared to rsEGFP2 and Superfolder-

GFP. rsFolder was engineered from the architecture of Superfolder-GFP. (a) Four key residues in 

Superfolder-GFP (yellow) were mutated (purple). (b) The resulting rsFolder contains six aminoacid 

substitutions as compared to rsEGFP2 (green).  

  



 

Figure S3. Spectroscopic characterization. Superfolder-GFP (a), rsEGFP2 (b), rsFolder (c) and 

rsFolder2 (d). Absorption spectra at pH 7.5 are shown for the on state (green) and photoswitched off 

state (cyan). Excitation spectra of the on state are shown as dotted black lines and corresponding 

emission spectra as plain red lines. Absorption spectra of the neutral state for Superfolder-GFP (pH 

3.4) rsEGFP2 (pH 5.0), rsFolder (pH 4.5) and rsFolder2 (pH 4.0) are shown in blue. 

  



 

Figure S4. Off-switching kinetics of rsFolder, rsFolder2 and rsEGFP2 recorded on living E. coli 

samples. Comparison of fitted exponential decay curves representing the off-switching kinetics of 

rsFolder (blue), rsFolder2 (red) and rsEGFP2 (green). The inset shows raw data for each protein and 

the corresponding fitted curves. Off-switching was performed using a 488-nm laser light on E.coli 

colonies grown on agar plates. The light was focused with a 20X objective lens (NA = 0.4) to an 

intensity of ~ 0.5 kW/cm² and fluorescence light was recorded by a PMT (photomultiplier tube). 

  



 

Figure S5. pH dependency of Superfolder-GFP (a,d), rsEGFP2 (b,e) and rsFolder (c,f) 

absorbance. (a-c) absorbance spectra colour-coded from black to green as a function of increasing 

pH. The gray spectrum represents the pH value at which denaturation starts to be spectroscopically 

detected. (d-f) Data points (black dots) corresponding to the absorbance of the anionic peak, fitted by a 

Henderson-Hasselbalch equation. Gray dotted lines represent the apparent pKa. 

  



 

Figure S6. Sedimentation velocity of rsFolder and rsEGFP2. Analytical ultracentrifugation data 

show that both rsEGFP2 and rsFolder are monomeric. Sedimentation velocity experiments were 

performed on rsFolder at 0.8, 3.3, 19 and 41 mg mL
-1

, to probe its association state in solution. 

rsEGFP2 was investigated at 2 and 22 mg mL
-1

 for comparison. The two proteins sediment with a 

contribution at ≈ 2.5 S as demonstrated by c(s) analysis. (Inset) Superposition of experimental (colour-

scattered as a function of centrifugation times from purple to dark red) and fitted sedimentation 

velocity profiles measured at 395 nm for rsFolder at 19.4 mg mL
-1 

(top), and residuals (bottom). 

  



 

Figure S7. pH-dependency of the fluorescence of rsEGFP2 and rsFolder. For pH values superior 

to 5.0, rsEGFP2 and rsFolder show a similar fluorescence gradient with varying pH. At pH lower than 

5.0, however, rsEGFP2 starts to precipitate as assessed by the cloudy aspect of the protein solution 

observed under white light (right panel). This precipitation results in no fluorescence at low pH when 

rsFolder is still properly folded and fluorescent. 

  



 

Figure S8. Overall view of structural changes upon cis/trans isomerization. Both in rsEGFP2 (a) 

and rsFolder (b) all the structural modifications are limited to the chromophore and its direct 

environment as depicted by electron density difference maps (± 5 ) extended to the whole -barrel. 

  



 

Figure S9. Quantification of cytoplasmic and periplasmic expression of rsEGFP2, rsFolder and 

rsFolder2. (a) Bacterial cell brightness expressed as the ratio between the fluorescence signal at 510 

nm and the optical density at 600 nm at the beginning of the stationary phase of the bacterial growth 

that was monitored as a function of time on E. coli cells grown at 37°C in liquid media and expressing 

rsEGFP2, rsFolder or rsFolder2. (b) Cytoplasmic and periplasmic contents of E. coli cells expressing 

rsEGFP2, rsFolder and rsFolder2 were isolated. In spite of different intensities, fluorescence 

measurements demonstrate similar signal ratios between cytoplasmic (light gray) and periplasmic 

(dark gray) for all three FPs either targeted to the cytoplasm (pET15-b vector) or to the periplasm 

(pET26-b(+) vector). As expected, the fluorescence signal originates mostly from periplasmic 

fractions when pET26-b(+) is used. Unlike the rsFolders, rsEGFP2 is almost non-fluorescent when 

secreted to this compartment although it is efficiently translocated as assessed by SDS-PAGE. In the 

case of periplasmic secretion, the fluorescence detected in cytoplasmic fractions could originate from 

fast folding in the cytoplasm of a fraction of the rsFolder and rsFolder2 proteins, which would prevent 

their secretion. However, the detection of residual periplasmic fluorescence when the RSFPs are 

targeted to the cytosol points at some cross contaminations between the cytoplasmic and periplasmic 

contents during cell fractionation. 

  



 

Figure S10.  RESOLFT microscopy of living HeLa cells expressing a keratin18-rsFolder2 fusion 

protein. Two RESOLFT images of keratin18 structures in HeLa cells labeled by rsFolder2, and their 

corresponding confocal images are shown. Graphs I – III illustrate line profiles across single keratin18 

filaments at the locations indicated by arrows. Each of these profiles are a sum of 5 adjacent line 

profiles distant by 30 nm. RESOLFT images show filaments with diameters < 80 nm. Scale bar 1 µm. 

  



 

Figure S11. Transmission electron micrographs of E.coli compared to confocal and RESOLFT 

microscopy. (a-b) Bacteria were grown in the interstice between an electron microscopy grid and LB-

agar medium for 4h at 37°C. (a) The grid was imaged without negative staining and showing variable 

periplasmic width (100 nm – 475 nm) of isolated cells. (b) The grid was imaged with negative staining 

and showing outer membrane budding event (red arrows) and a smaller periplasmic space between 

colony cells. (c) Diffraction limited confocal imaging and the corresponding RESOLFT imaging of 

bacteria expressing rsFolder2 in the periplasm showing similarly an uneven periplasmic width and 

some budding outer membrane vesicles (white arrows). 

  



Table S1.  Results obtained in analytical ultracentrifugation 
 

  C (mg/ml) S20W (S) M (kDa) 

rsFolder 40.8 2.27  

 19.4 2.57  

 3.3 2.67 26.8 

 0.8 2.68 26.8 

 0.0 2.69  

rsEGFP2 21.8 2.55  

 1.7 2.77  

 0.0 2.80  
 

 

 

 

 

Table S2. Imaging parameters applied for RESOLFT microscopy 
 

RESOLFT 

figure 

On-switching 

beam (405 nm) 

Pause 

 

Depletion beam 

(488 nm) 

Pause 

 

Readout beam 

(488 nm) 

Power 

(µW) 

Illumin. 

time (µs) 

µs Power 

(µW) 

Illumin. 

time (µs) 

µs Power 

(µW) 

Illumin. 

time (µs) 

Fig. 4b left & S11c 2.5 30 60 14 650 20 5 10 

Fig. 4b mid. & right 2.5 30 60 14 640 20 5 10 

Fig. S10 top 2.2 30 10 14 670 0 5 30 

Fig. S10 bottom 2.5 30 60 14 650 20 7 30 
 

All light powers were measured at the back focal plane of the objective lens 

 

 



 

          



            









          

        

       

         

        





         



        

           





 





 




















    



          

        

          



             



            

   



            





           

 

           





            

              

            





    

          

             

 













              

           

  

            

          



           

        



         







         

 

       



          

          



             







          



         









     

          

           

         



 

           

 





  

           

         



             

          



  

 

 





       





   

            

   



           

           



 

        







  

        



          

         

            





          

        

         

  

         



 





          



 









           





 



          

            

        

 

            











       



        



         

         



           

         

            

         

       

            

       

           



      





  

             

          







          





           



       



          

 



          



 

           













   
             
 
             
 

 

 
  

            
           
 

 



      





       



         



            

           



           





 

          



   

  

             

           





           





        
           

 







         



 



             

            

           

            





         

            

         

        

           





 
 
            
             
               
         

 

  







         

           

          

           

          



          





              

          

  







           










 























 


             


                


    


   


 


            
       


        


   


 
          


 


 


 


        
          


   


   


 

  

             


            


     


 



             


             


  
 


 
         


              


               


             


               



  


 


  


 


 


              
          


            


 



             


 
          


 


           




            


             


 


             


  
 


 


 


    


              



  


              


             


            


           


               


 



           


             
          


  






      
            


  
       


             


 


 


 


           
           


          


 
          


     



               


             


          
           


            
          


          


            
          


              


              


 




             



           


        


  



                
           


 


             


 


              
   


              


 



               
          


           


             



 
   


 
 


          


          




              



  



 



 


             



             


           


      


         


  
 


   
           


 


 


      
  


               
    


 
            


 


   




 



             


               
           
  


            
 


 


 
        


              
            


 


 



 


 
      


          


             
          


          


         
  


        


 
       




        
    


 


 



            


               


  


 

 
      


                
    


        
       


 


                
 


             



    


 


   


            


           


        




             



 


 
 


              



            


   
















	



Résumé 

Les biofilms, communautés multicellulaires bactériennes, sont omniprésents. 
Malgré leur importance pour l’écosystème, ils présentent une menace pour l'industrie 
autant que pour la santé humaine. La virulence des biofilms procède surtout de leur 
résistance élevée aux antibiotiques, qui rend leur éradication quasiment impossible. Ainsi, 
les biofilms sont impliqués dans la plupart des infections bactériennes chroniques, causant 
chaque année plus de 4000 décès en France. P. stuartii est une bactérie connue pour sa 
capacité à former des biofilms dans le tractus urinaire humain. Elle est responsable de 
10% des INU chroniques et est décrite comme étant la plus résistante de son genre. 
Malgré ces faits, les études menées sur cette bactérie sont rares, freinant la 
compréhension du mécanisme de développement et de résistance de ses biofilms et 
compliquant ainsi l’avancement de nouvelles thérapies pour lutter, prévenir ou éradiquer 
ces infections. P. stuartii exprime au niveau de sa membrane externe deux porines, Omp-
Pst1 et Omp-Pst2, qui constituent 70% du contenu protéique membranaire. Ces porines 
sont le conduit principal permettant à la bactérie de communiquer et d’échanger avec son 
milieu environnant. Ainsi, les porines sont vitales pour la bactérie. A ce jour, trois 
publications sont disponibles qui traitent de ces deux porines, mais aucune n’a exploré 
leur influence sur la formation des biofilms bactériens. Les travaux effectués au cours de 
ma thèse ont ainsi visé à réduire le manque de connaissance sur les biofilms de P. stuartii 
et à dévoiler le rôle des porines dans l’établissement et la résistance de ces biofilms. Pour 
cela, nous avons segmenté notre travail en quatre parties ayant pour objectifs (1) de 
comprendre la formation des biofilms de P. stuartii et leur réponse aux stress du milieu 
environnant ; (2) de décrire l’effet de la suppression ou la surexpression des porines ; (3) 
d’étudier à l’échelle moléculaire et atomique le comportement des porines isolées ; et (4) 
de développer des outils pour étudier les porines à l’échelle moléculaire au sein d’un 
biofilm de P. stuartii. 
 

Abstract 

Biofilms, bacterial multicellular communities, are ubiquitous. Despite their 
importance to the ecosystem, they pose a threat to both industry and human health. The 
virulence of biofilms is mainly due to their high resistance to antibiotics, which makes their 
eradication virtually impossible. Thus, biofilms are involved in most chronic bacterial 
infections, causing each year more than 4,000 deaths in France. P. stuartii is a bacterium 
known for its ability to form biofilms in the human urinary tract. It is responsible for 10% of 
chronic nosocomial urinary infections and is described as the most resistant of its kind. 
Despite these facts, studies on this bacterium are rare, hampering the understanding of 
the mechanism of development and resistance of its biofilms and thus complicating the 
advancement of new therapies to fight, prevent or eradicate these infections. P. stuartii 
expresses at its outer membrane two porins, Omp-Pst1 and Omp-Pst2, which constitute 
70% of the membrane protein content. These porins are the main conduit allowing the 
bacterium to communicate and exchange with its surrounding environment. Thus, porins 
are vital for the bacteria. To date, three publications are available that deal with these two 
porins, but none have explored their influence on the formation of bacterial biofilms. The 
work carried out during my thesis thus aimed to reduce the lack of knowledge about P. 
stuartii’s biofilms and to unveil the role of porins in the establishment and resistance of 
these biofilms. For this, we have divided our work into four parts aiming at (1) 
understanding the formation of P. stuartii biofilms and their response to the stresses of the 
surrounding environment; (2) describing the effect of suppression or overexpression of 
porins; (3) studying the behavior of isolated porins on a molecular and atomic scale; and 
(4) developing tools for studying porins on a molecular scale within a biofilm of P. stuartii. 
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