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RepA-WH1, the agent of an 
amyloid proteinopathy in bacteria, 
builds oligomeric pores through 
lipid vesicles
Cristina Fernández1, Rafael Núñez-Ramírez2, Mercedes Jiménez1, Germán Rivas1 & 
Rafael Giraldo1

RepA-WH1 is a disease-unrelated protein that recapitulates in bacteria key aspects of human amyloid 
proteinopathies: i) It undergoes ligand-promoted amyloidogenesis in vitro; ii) its aggregates are able to 
seed/template amyloidosis on soluble protein molecules; iii) its conformation is modulated by Hsp70 
chaperones in vivo, generating transmissible amyloid strains; and iv) causes proliferative senescence. 
Membrane disruption by amyloidogenic oligomers has been found for most proteins causing human 
neurodegenerative diseases. Here we report that, as for PrP prion and α-synuclein, acidic phospholipids 
also promote RepA-WH1 amyloidogenesis in vitro. RepA-WH1 molecules bind to liposomes, where the 
protein assembles oligomeric membrane pores. Fluorescent tracer molecules entrapped in the lumen 
of the vesicles leak through these pores and RepA-WH1 can then form large aggregates on the surface 
of the vesicles without inducing their lysis. These findings prove that it is feasible to generate in vitro a 
synthetic proteinopathy with a minimal set of cytomimetic components and support the view that cell 
membranes are primary targets in protein amyloidoses.

A long-standing issue on human amyloidoses is the identity of the primary cellular target for the protein aggre-
gates that leads to disease1–3. A number of different, often interwoven, pathways have been described as involved 
in the etiology of most neurodegenerative proteinopathies, including gain of toxicity phenotypes such as mito-
chondrial damage with generation of reactive oxygen species4,5, or the co-aggregation and sequestering of essen-
tial cell factors6,7. However, direct damage to the cell membrane8 is the mechanism most commonly found when 
amyloidoses are addressed in vitro, i.e. in studies on the interaction between amyloid aggregates or fibres with 
reconstituted cytomimetic lipid vesicles (liposomes), such as large or giant unilamellar vesicles (LUVs and GUVs, 
respectively)9,10. These findings are compatible with others gathered from the incubation of amyloid aggregates 
with cultured cells, thus assessing their toxicity11–14. Nowadays it is accepted that membrane targeting is an early 
route towards amyloid cytotoxicity and cell death.

Bacteria are prokaryotic microorganisms naturally freed of amyloid ‘diseases’, although they use extracellular, 
secreted amyloids as functional devices to scaffold biofilms or to regulate the activity of antibiotic peptides15,16. 
Within a Synthetic Biology framework, we have recently undertaken the bottom-up design of a model amy-
loid proteinopathy in the bacterium Escherichia coli17. In a first stage, we engineered RepA, a protein coded by 
plasmid pPS10, by deleting its C-terminal domain (WH2) thus leaving the N-terminal winged-helix domain 
(WH1)18. This decoupled DNA-promoted conformational transitions in RepA-WH1 from its natural role: ena-
bling RepA as a DNA replication initiator19. After incorporating in RepA-WH1 a mutation (A31V) known to 
enhance protein-protein interactions expanding the DNA replication capabilities of pPS1020,21, a DNA-modulated 
amyloidogenic part was generated and tested successfully in vitro22,23. RepA-WH1 thus shares with the mamma-
lian prion PrP the ability of nucleic acids ligands to promote amyloidogenesis24. In a second step, RepA-WH1 was 
fused at its C-terminus to a fluorescent protein (mCherry), thus replacing the original WH2 domain in RepA. 
When expressed in E. coli, this protein fusion first assembles amyloid precursors at the nucleoid, which then 
are excluded to the cytoplasm25. RepA-WH1 aggregates elicit a ‘proteinopathy’, as became evident in time-lapse 
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microscopy studies showing a decrease in the proliferative fitness (i.e., a significant increase in the generation 
time) of the cells26,27, a phenotype linked to ‘aging’ in bacteria28. Cytoplasmic RepA-WH1 aggregates were able 
to template their amyloid conformation on soluble protein molecules both in vitro26 and in vivo29, a hallmark 
of the molecular transmissibility of prions30,31. Although the RepA-WH1 aggregates are ‘vertically’ inherited 
from mother to daughter cells, they lack ‘horizontal’ microbiological infectivity, thus they can be regarded as 
a prionoid32, which together with its lack of significant sequence similarity to any mammalian protein qualify 
RepA-WH1 as biosafe. Subsequent microfluidic studies in vivo revealed that RepA-WH1 propagates as two dis-
tinct conformational variants (or ‘strains’) showing different aggregation morphologies and degrees of toxicity, 
which are epigenetically inherited by the bacterial offspring along generations28. DnaK, the Hsp70 chaperone in 
E. coli, was identified as the single cell factor modulating the switch to the variant with a lower toxicity and ena-
bling the generation of transmissible particles27. Overall, the RepA-WH1 prionoid matches many of the features 
of clinically relevant amyloid proteinopathies, providing a simple molecular platform to address in bacteria the 
complexity of protein amyloidosis.

In this work we have explored the interaction between RepA-WH1 and vesicles of different sizes (LUVs/
GUVs) and phospholipid (PL) composition. Incubation with vesicles either resembling E. coli cell membrane 
or including PLs with acidic polar heads (aPLs: phosphatidyl glycerol, cardiolipin) promoted the assembly of 
RepA-WH1 as pre-amyloid oligomers and fibrils. Furthermore, RepA-WH1 binding to LUVs and GUVs released 
a fluorescent tracer (calcein) pre-confined in the vesicles, thus enabling to follow the kinetics of membrane leak-
age by means of fluorescence spectroscopy (LUVs) or microscopy (GUVs). RepA-WH1 dimers were more effi-
cient in targeting membranes than preformed aggregates of the protein. Membrane disruption in GUVs did not 
result in lysis of the vesicles, suggesting the assembly of discrete oligomeric protein pores by RepA-WH1, which 
were visualized by transmission electron microscopy (TEM). These in vitro assays allowed testing a number of 
natural polyphenolic compounds known to counteract the amyloidosis of proteins involved in human disease. 
In common with the mammalian prion PrP24,33,34, having both nucleic acids and aPLs as effectors of amyloidosis 
qualifies the prionoid RepA-WH1 as a robust proxy to model human amyloid proteinopathies through minimal-
ist approaches, either in bacteria in vivo26,27 or, as reported here, in cytomimetic assays in vitro.

Results
Binding to the internal membrane or acidic phospholipid vesicles promotes RepA-WH1 aggre-
gation. Previously published results indicate that binding of the bacterial RepA-WH1 prionoid, especially 
of its point mutant A31V, to different dsDNA sequences leads to the assembly of the protein into distinct amy-
loid nanostructures, including either oligomers, spherical aggregates of various sizes, or well ordered fibres22,23. 
Inspired by the fact that, together with RNA, phospholipids (PLs) are key cofactors for PrP replication in vitro33,34, 
we decided to explore if PLs could also have a role in RepA-WH1 amyloidogenesis. We studied the interac-
tion between the hyper-amyloidogenic variant RepA-WH1(A31V) fused to the fluorescent reporter mCherry, 
because this chimeric protein had been defined as the most cytotoxic in vivo, and the internal membrane frac-
tion of E. coli, since this is the host where the RepA-WH1 proteinopathy had been characterized26,27. In these 
in vitro assays (Fig. 1), membrane preparations surpassed the most efficient effector DNA sequence in getting 
visible aggregation at the electron microscope, i.e. from ≥ 20 days (opsp dsDNA)22 to barely 2 h (membrane), and 
relieved the need for a crowding agent in the reaction (see Methods). However, instead of highly ordered, long 
and thick straight amyloid fibres as for RepA-WH1(A31V)22,35, shorter, curved and thinner protofibrils were 
obtained for the protein fused to mCherry. As the same inner membrane preparations were efficient in promoting 
the assembly of the standard mature RepA-WH1(A31V) multi-filament fibres (Supplementary Fig. 1)22,35, the 
most likely explanation is that the C-terminally fused mCherry protein would be imposing steric constrains to 
the lateral assembly of the protofibrils into the mature fibres. In parallel, as controls, we studied the association 
states (Supplementary Fig. 2a) and the secondary structures (Supplementary Fig. 2b,c) of RepA-WH1(A31V)-
mCherry, either in the presence or in the absence of a His6 N-terminal tag, and of isolated His6-mCherry. The 
latter was monomeric and its hexa-histidine tag did not alter the association state or the structure of the pro-
tein. Although the unfused RepA-WH1(A31V) was dimeric22,35, RepA-WH1(A31V)-mCherry included, besides 
dimers, a significant aggregated fraction as shown by the dispersion of the sedimentation coefficients (s) towards 
higher values, attributable to the presence of oligomers (Supplementary Fig. 2a). CD spectroscopy revealed that 
the fusions were thermally stable (Tm values ≈ 90 °C), albeit not matching the extreme stability of their parental 
RepA-WH1(A31V)22 (Supplementary Fig. 2b), suggesting some destabilization of this domain by the C-terminal 
mCherry. The spectra of the individual components in the fusion were additive, i.e., their algebraic addition 
nearly matched the spectrum of the whole protein (Supplementary Fig. 2c), indicating that RepA-WH1 and 
mCherry were essentially independent folding modules.

RepA-WH1 aggregation on the surface of model lipid vesicles leads to membrane leakage. A 
commonly proposed mechanism for amyloid cytotoxicity implies binding and leakage of cell membranes8. The 
interaction of RepA-WH1 with suspensions of large unilamellar vesicles (LUVs; ≈ 100 nm ∅ ) with various lipid 
compositions was assayed (Fig. 2). LUVs are appropriate probes for getting kinetic insight into membrane tar-
geting by amyloids because, due to their small radii, they exhibit reduced light scattering and have a large sur-
face curvature, thus being sensitive to protein insertion into the lipid bilayer8. In these assays, LUVs bore the 
fluorophore calcein encapsulated: fluorescence emission increases if calcein is released into the medium, thus 
acting as a probe for membrane leakage. The lipid composition that led to maximum fluorescence emission upon 
incubation with RepA-WH1 included mixtures, with an optimum around 50%, of the zwitterionic phospholipid 
POPC (in short PC) and acidic phospholipids (aPLs, with negatively charged polar heads), such as POPG (PG) 
or cardiolipin (CL). Higher fractions of the negatively charged PLs resulted in intrinsic destabilization of the ves-
icles, leading to some leakage induced even by mCherry (Fig. 2a). Time-course measurements of LUVs leakage 
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(Fig. 2b,c) showed that RepA-WH1(A31V)-mCherry, either with or without the His6 tag, damaged the vesicles 
readily, exhibiting a logarithmic release profile, whereas a RepA-WH1(A31V) control without the mCherry moi-
ety showed a nearly linear plot, and mCherry barely had any fluorescence releasing activity by itself. The observed 
differences also suggest that the His6-tag enhances binding affinity of RepA-WH1(A31V)-mCherry to lipids: 
at the mild acidic pH of the experiments (6.0), the protonated imidazoles of the six histidines should increase 

Figure 1. RepA-WH1(A31V)-mCherry aggregates in the presence of DNA, ex-vivo purified amyloid seeds, 
and the internal membrane of E. coli. Negatively stained EM images of RepA-WH1(A31V)-mCherry fibres 
assembled in vitro in the presence of: (a). Effector dsDNA (20 days, 4 °C). (b) Aggregate seeds (same conditions 
as in a). (c) E. coli internal membrane fraction (2 h, room temperature). Inset: magnification of the boxed sector. 
(d) Controls: E. coli internal membrane alone (left panel) and upon incubation with mCherry (right).
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the electrostatic attraction of the protein for aPLs. However, the His6-tag had not a major role in vesicle leakage 
because, as noted above, His6-mCherry was inert in the calcein release assay.

In the absence of the C-terminal fusion to mCherry, RepA-WH1(A31V) had its capacity to leak phospholipid 
vesicles reduced (Fig. 2b,c). This could be attributed to a higher rate of amyloidogenesis for the chimera with the 
fluorescent protein reporter, as suggested by its lower stability (Supplementary Fig. 2b). Alternatively, since the 
fusion to mCherry led to a net increase in the fraction of oligomerised RepA-WH1(A31V), especially for the 
His6-tagged variant (Supplementary Fig. 2a), oligomers might have higher activity on membranes than dimers. 
To address this possibility, the dimeric and oligomeric components in RepA-WH1(A31V)-mCherry prepara-
tions were fractionated by gel filtration and analysed through in-line multi-angle light scattering (SEC-MALS) 
(Supplementary Fig. 3a). Both fractions were assayed for their ability to leak calcein encapsulated in LUVs made 
of 1:1 mixtures of PC and PG (Supplementary Fig. 3b), as indicated above. Interestingly, when assayed at equal 
concentrations, the dimeric protein fraction was twice as efficient as the oligomeric one in promoting calcein 
release. This finding suggests that binding of dimeric RepA-WH1 to the membrane must be directly linked to the 
event of vesicle leakage, whereas the protein aggregates generated in the absence of effector lipids are less compe-
tent to bind and/or leak membranes.

To get further insight into the interaction between RepA-WH1 and the membranes, we monitored the inter-
action between the prionoid and giant unilamellar vesicles (GUVs; 5–50 μm Ø), made of different lipid compo-
sitions and using diverse assembly procedures. Vesicles were visualized by means of confocal laser fluorescence 
microscopy (Fig. 3). In comparison with the control (purified mCherry), which remained as diffused fluores-
cence (i.e., soluble protein) in the lumen of the vesicles, RepA-WH1(A31V)-mCherry became visible as protein 

Figure 2. RepA-WH1 induces permeation of liposome vesicles in suspension. (a) Calcein efflux from 
LUVs (30 μM lipid mixtures) was induced by 0.05 μM of RepA-WH1(A31V)-mCherry. Histograms show 
the average of three independent experiments. (b) Kinetics of protein-induced membrane permeabilization. 
Proteins (0.5 μM) were added (t =  0) to calcein-filled POPC:POPG (1:1) LUVs (30 μM). Leakage after 
complete disruption of all vesicles by Triton X-100 was set to 100%. Background fluorescence is also plotted 
(black). (c) Dependence of the leakage from POPC:POPG LUVs on the concentration of proteins. Solid 
lines correspond to the best fit to an empirical Hill equation.
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aggregates on the surface of the GUVs when the vesicles were prepared with purified bacterial internal mem-
branes. This observation was repeated with GUVs made of PLs with the average composition characteristic of  
E. coli inner membrane. Aggregation at the surface of the vesicles was also evident with less complex PLs compo-
sitions, i.e., if GUVs included aPLs (PG or CL). It is noteworthy that concentrations of aPLs > 50% could not be 
reproducibly tested, due to their destabilizing effect on GUVs. However, RepA-WH1(A31V)-mCherry remained 
soluble, as the mCherry control did, if the lipids were exclusively neutral (PC). The inference from the LUVs and 
GUVs minimal model membranes is that aPLs present in the E. coli internal membrane act as co-factors promot-
ing RepA-WH1 amyloidogenesis.

In order to inquire if the lipid-promoted RepA-WH1(A31V) aggregates had amyloidogenic nature, we 
probed the protein-bound GUVs by means of immunocytochemistry (Fig. 4) using B3h7, an antibody specific 
for RepA-WH1 oligomers on-pathway towards the assembly of amyloid fibres25. B3h7 bound to the aggregates 
made by the hyper-amyloidogenic protein RepA-WH1(A31V)-mCherry (Fig. 4a). This antibody also recognized 

Figure 3. RepA-WH1(A31V)-mCherry binds to and aggregates on GUVs. Single equatorial confocal 
sections of liposomes formed from hybrid films of agarose and lipids. Lipid compositions used: purified from 
E. coli inner membrane; E. coli total lipid extract (67.0% PE, 23.2 & PG, 9.8% CL); POPC (1-palmitoyl–2-
oleoyl-sn-glycero-3-phosphocholine); 1:1 mixture of POPC and POPG (1-palmitoyl-2-oleoyl-sn-glycero-
3-[phospho-(1′ -rac-glycerol)]); 3:1 mixture of POPC and cardiolipin (CL; 1,3-bis(sn-3′ -phosphatidyl)-sn-
glycerol); 1:1 mixture of POPC and CL. Lipids were incubated at 37 °C during GUV formation with either H6-
RepA-WH1(A31V)-mCherry or H6-mCherry (4 μM).
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the aggregates assembled by RepA-WH1(WT)-mCherry, an otherwise soluble, mildly amyloidogenic variant 
of the prionoid26,27,29, when this protein was clustered (and thus forced to aggregate) on the membrane by coor-
dinating its N-terminal His6 tag with the Ni2+-activated polar head of a chelating lipid (DOGS-NTA) (Fig. 4b). 
On the contrary, mCherry was not bound either by the B3h7 antibody or by α -WH1, a conformation-unspecific 
anti-RepA-WH1 polyclonal antibody25 (Fig. 4b). Overall, the results shown in this section are compatible with 
enhanced pro-amyloidogenic aggregation of RepA-WH1 upon binding to lipid vesicles.

To achieve single vesicle resolution in the leakage assays, we incubated the different protein constructs with 
GUVs in which calcein had been encapsulated (Fig. 5a). In these assays, fluorescence emission decreases upon 
release of calcein into the medium. The result was that RepA-WH1(A31V)-mCherry, whether it included the His6 
tag (Supplementary Movie 1) or not (Supplementary Movie 2), led to vesicle leakage, whereas the mCherry con-
trol did not (Supplementary Movie 3). Monitoring fluorescence intensity decay of the green channel for several 
single vesicles in such time-elapsed movies defined single exponential kinetics for RepA-WH1 elicited calcein 
efflux from the vesicles (Fig. 5a). Calcein leaked almost completely in one stage at a concentration of protein of 
0.4 μM (Kleak =  0.071 ±  0.033 s−1). The curves from both His6-tagged and untagged RepA-WH1(A31V)-mCherry 
were clearly distinguishable from fluorescence photobleaching, which in control intact vesicles, as in the case of 
incubation with mCherry, resulted in plots with much lower slopes. It is noteworthy that the experiments carried 
out with GUVs (see also Figs 3 and 4) provided no evidence on a massive lytic disruption of the vesicles upon 
RepA-WH1 binding.

Inhibitors of amyloidogenesis neutralize membrane damage by the RepA-WH1 prionoid. Lipid 
vesicles have been recently used to monitor the interference of small molecules, such as natural polyphenols36, with 
the amyloidogenesis of α -synuclein on membranes37. We thus tested the possible interference of the polyphenols 
epigallocathecin-3-gallate (EGCG), quercetin (Q), resveratrol (R) and curcumin (C) on vesicle leakage by assem-
bled RepA-WH1 pores. All these compounds exhibited some inhibitory effect on calcein release from LUVs, 
as elicited by RepA-WH1(A31V)-mCherry, ranging from ≈10% (R) to ≈60% (Q) (Fig. 6a). Therefore, the two 
compounds with best inhibitory properties (Q and EGCG) were explored in more detail. In the interval between 
5–60 μM, both Q and EGCG showed a linear response with concentration. The action of polyphenols on the 
leakage promoted by RepA-WH1 in the GUVs membrane model was also tested (Fig. 6b): both Q and EGCG 
substantially decreased the fraction of vesicles that released calcein upon incubation with the prionoid, confirming 
the protective role of polyphenols on protein-promoted damage to membranes.

Since we had found a preference for soluble RepA-WH1(A31V)-mCherry dimers over preassembled oli-
gomers in binding and leaking lipid vesicles (Supplementary Fig. 3a,b), we separately tested in the calcein release 
assay using LUVs the most active polyphenol (Q) on both the dimeric and oligomeric fractions of the protein. 
The result (Supplementary Fig. 3c) showed that quercetin reduced the release of the fluorophore from the vesicles 
by both dimers and oligomers of RepA-WH1(A31V)-mCherry, although more efficiently (up to twice, at 10 μM 
Q) for the latter than for the former. This suggests that polyphenols most probably both interfere with a process 
involved in membrane leakage, i.e. a lipid-promoted structural transformation of dimers, and remodel protein 
aggregates yielding species less active towards membranes.

Figure 4. RepA-WH1(A31V)-mCherry forms amyloidogenic aggregates on GUVs. (a) Single equatorial 
confocal sections of POPC:POPG (1:1) GUVs incubated with H6-RepA-WH1(A31V)-mCherry (red) and 
antibodies (green): B3h7, specific for pre-amyloid oligomers of RepA-WH1, or anti-His. PhC: phase contrast 
imaging. (b) Higher aggregation of His6-RepA-WH1(A31V)-mCherry (red) on GUVs can be achieved by 
including in the vesicles a metal-chelating lipid (DOGS-NTA; 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-[(N-(5-
amino-1-carboxypentyl)iminodiacetic acid)succinyl]). Binding to lipids through metal coordination forced 
aggregation of the mildly amyloidogenic His6-RepA-WH1(WT)-mCherry variant, otherwise soluble.  
His6-mCherry, albeit also targeted to membranes, did not aggregate. B3h7 and α -WH1 antibody labels (green).
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Assembly of oligomeric pores as the mechanism for membrane damage by RepA-WH1. The 
results obtained with both LUVs and GUVs converged towards an scenario in which RepA-WH1(A31V)-mCherry 
molecules upon binding to lipid vesicles cause their leakage, with a preference for aPLs as promoters of pro-
tein amyloidogenesis. Regarding the mechanism for such damage to the membrane, one possibility is the for-
mation of protein pores because there was no lytic disruption of the vesicles, or even any alteration in their 
appearance, as previously found for α -synuclein38. However, an alternative lipid-extraction mechanism could 
not be excluded8. Therefore, we aimed to directly visualize the complexes assembled by RepA-WH1 at a model 
lipid membrane. After probing a number of different conditions, we succeeded in assembling oligomeric 
RepA-WH1(A31V)-mCherry particles in monolayers made of PLs with the average composition found in E. coli, 
which were pre-casted on carbon-coated EM grids (Fig. 7a). Particles were negatively stained with a uranyl salt 
and EM images were acquired under minimal radiation doses. RepA-WH1 particles were individually picked, 
classified and 2D-projections reconstructed following standard procedures (see Methods) (Fig. 7b). Protein oli-
gomeric rings were readily visualised, albeit their shapes were heterogeneous. Such heterogeneity, which suggests 
a dynamic nature for the pores, precluded the assignment of a unique number of subunits in their composition. 
The overall dimensions of the protein pores were 8–9 nm for the exterior of the rings and 2–3 nm for the internal 
channels (Fig. 7c). The average 2D-projections are fully compatible with head-to-tail arranged RepA-WH1 mon-
omers, which should proceed from dissociation of protein dimers upon binding to the effector lipids, as reported 
for RepA-dsDNA-promoted RepA-WH1 amyloidogenesis38, as building blocks of the channels. These results 
directly support that the mechanism responsible for vesicle leakage promoted by RepA-WH1, and most probably 
for triggering the toxicity of the prionoid in bacterial cells, is the formation of pores at the membrane.

Discussion
The results reported here point to a possible primary target for the cytotoxicity expressed by the RepA-WH1 prion-
oid in E. coli: the bacterial internal cell membrane. Three distinct mechanisms have been proposed for membrane 
disruption by amyloidogenic proteins8, including: i) the formation of pores by the assembly of protein monomers 
into ring-shaped oligomers; ii) membrane thinning and iii) lipid (detergent-like) extraction. Since the last mecha-
nism should imply the lysis of a significant fraction of the vesicles, which was not the case under our experimental 
conditions, and the second one seems incompatible with the observed persistence of aggregates bound to the 

Figure 5. Single vesicle assessment of RepA-WH1 promoted permeation of model membranes.  
(a) Confocal microscopy images of POPC:POPG (1:1) GUVs filled with calcein (green). Time-elapsed images 
follow calcein efflux, i.e. progressive decrease in fluorescence intensity, from every GUV upon addition of (His6-
tagged or untagged) RepA-WH1(A31V)-mCherry (0.4 μM). See Movies S1-S3. 150 vesicles of each kind from 
several experiments were counted and the % of leaked GUVs determined: H6-RepA-WH1(A31V)-mCherry, 
69.5 + /− 9.7; RepA-WH1-mCherry, 73.4 + /− 9.1; H6-mCherry, 14.0 + /− 4.5. (b) Calcein fluorescence intensity 
vs. time plotted for 8 individual vesicles in a. Fluorescence was normalized to the area of the confocal section of 
vesicles at t =  0. Exponential fluorescence decay indicates leakage from a GUV, whereas lower slope curves are 
associated with photobleaching (e.g., in GUVs incubated with mCherry). Persistence of the diameters of vesicles 
(see also Fig. 3) suggests that leakage by RepA-WH1 occurs with no severe disruption of the lipid bilayer, as 
expected upon the assembly of protein pores.
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membranes (Figs 3–5), the formation of pores by protein insertion into the lipid bilayer, as first proposed for Aβ  
and α -synuclein39, was the most likely mechanism for vesicle leakage induced by RepA-WH1.

We have shown here that RepA-WH1 dimers, rather than preassembled oligomers, are the most active species 
in inducing leakage through bilayers including acidic phospholipids (Supplementary Fig. 3a,b). Furthermore, 
through E. coli lipids coating EM grids, RepA-WH1 is able to assemble as channel pores whose average dimen-
sions match those for the pores built by other amyloidogenic proteins8. Although the number of RepA-WH1 
subunits constituting the walls of the pores is variable (with a mode of five) their densities are clearly compati-
ble with protein monomers arranged head-to-tail, rather than with dimers that are disposed head-to-head and 
related by two-fold symmetry (Fig. 7c)19. This is relevant because, as for dsDNA and seed-promoted amyloi-
dogenesis35, binding of RepA-WH1 to membranes consequently implies dimer dissociation and pore assem-
bly through a monomeric intermediate. For distinct proteins and under different conditions, the conversion of 
membrane-bound and ring-shaped oligomeric pores into fibrils has been proposed as a plausible further step in 
amyloidogenesis40–42,14. Interestingly, in the presence of effector dsDNA molecules or amyloid seeds, RepA-WH1 
monomers assemble in vitro as hollow single or double helical nanotubes with an internal diameter ≈ 2.5 nm35. 
This is well within the range measured here for the RepA-WH1 channels in vitro (≈ 2.0–3.0 nm) (Fig. 7d), making 
feasible that the bacterial prionoid could also build ring-shaped pores upon insertion into the membrane in vivo. 
Therefore, this could also be the case for RepA-WH1 once assembled into the membrane: the dynamic nature of 
the pores would allow for ring opening and the subsequent helical extrusion of a free protein end, enabling seed-
ing and growth of an amyloid protofilament out of the membrane plane. The RepA-WH1 subunits constituting 
the pores do not appear to be structurally distorted, because the volume of the model of a RepA-WH1 monomer 
in its replication-competent conformation fits well within the average electron density (Fig. 7c), whereas some 
degree of distortion was previously observed in the monomeric building blocks in RepA-WH1 amyloid fibres35. 
This suggests that the possible transformation of ring pores into fibres would be linked to a subsequent transi-
tion of RepA-WH1 from a pre-amyloidogenic to an amyloid structure. In addition, we show here that, when 
assembled in the presence of lipids, RepA-WH1(A31V)-mCherry protofilaments lack lateral association, unlike 
the mature RepA-WH1 amyloid fibres, most probably due to steric hindrance imposed by the fused fluorescent 
reporter (Fig. 1 and Supplementary Fig. 1)35. Recent studies show that ring-shaped, tubular cytotoxic oligomers 

Figure 6. Natural poly-phenolic inhibitors of amyloidogenesis interfere with calcein release from 
lipid vesicles promoted by RepA-WH1(A31V)-mCherry. (a) LUVs: Epigallocathecin-3-gallate (EGCG), 
quercetin (Q), resveratrol (R) and curcumin (C) were tested (50 μM) as in Fig. 2. Data from three independent 
experiments were normalized to the fluorescence released by incubation with protein alone. Solvent (DMSO) 
had no significant effect on vesicle leakage. Q and EGCG were the most efficient inhibitory molecules (60-
40%) and thus they were explored further by serial dilution (middle and bottom panels). (b) GUVs: The two 
polyphenols more efficient in (a) were also assayed in giant vesicles. Both Q (middle row) and EGCG (bottom) 
(50 μM) significantly reduced protein-induced damage of GUVs (see Fig. 5). For a quantitative assessment, % 
of leaked GUVs was accounted from three independent experiments (≈ 200 vesicles each kind): control, 55.3 
+ /− 8.7; EGCG, 17.3 + /− 2.5; Q, 8.0 + /− 5.6.
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of α -synuclein, alike those described here for RepA-WH1, also target membranes and lipid vesicles43. Both inde-
pendent lines of evidence reinforce the significance of the assembly of such oligomeric structures for understand-
ing the general mechanisms of amyloid cytotoxicity.

The mammalian prion PrP, as expressed in E. coli, is not a fully infectious agent: it is only after being ampli-
fied/replicated in vitro in the presence of cofactors when it acquires infectivity, and aPLs, together with nucleic 
acids, are the most efficient of such co-factors24,33,34,44. Similarly, the intrinsically disordered protein α -synuclein 
experiences conformational changes towards folding and/or aggregation upon binding to nucleic acids45 or ves-
icles including aPLs46,47. The findings presented here on promotion of RepA-WH1 assembly by aPLs, together 
with the similar role reported for nucleic acids ligands22,23,25,48, highlight that the bacterial prionoid, mammalian 
PrP and α -synuclein share the same effectors in their pathways towards amyloidogenesis. More specifically, we 
have shown, both in LUVs (Fig. 2) and GUVs (Fig. 3), that PG and CL are the most efficient PLs in promoting 
RepA-WH1 aggregation. We could not ascertain the fine structure of these aggregates but, as recently shown for 
the Aβ (1–40) peptide and liposomes49, there may exist an inverse correlation between the order and size of the 
RepA-WH1 fibres and the dimensions of the lipid vesicles. Interestingly, in E. coli aPLs are preferentially located 
in the inner membrane both at the poles and the division septum, where they contribute to the selective location 
of specific proteins50–52. In this way, PG and CL could guide RepA-WH1 towards the bacterial inner membrane 
as the initial, triggering stage in amyloid cytotoxicity. Underlining the capacity of the minimal system made of 
RepA-WH1 and aPLs vesicles to model physiologically relevant events for amyloidosis, CL has been found to be 
required for mitochondrial membrane leakage by Aβ (1–42), α -synuclein and Tau53. Although the focus of the 
present study was to reconstruct in cytomimetic vesicles a possible route for RepA-WH1 toxicity in bacteria, it 
would be certainly interesting to explore if this bacterial prionoid would also provide more direct information 
on the role of membranes in human protein misfolding diseases. In this sense, the inclusion in the vesicles of 
cholesterol or gangliosides, which have a central role in eukaryotic membrane targeting by amyloids54,55, should 
be the subject of future research.

This work also addresses a direct comparison between the amyloidogenesis of RepA-WH1(A31V), as it had 
been studied so far in vitro22,23,35, and its His6 and mCherry-tagged form, as studied in vivo leading to the charac-
terization of RepA-WH1 as the first synthetic bacterial prionoid26,27,29. Although, according to CD spectroscopy, 
RepA-WH1 and mCherry behave as essentially independent folding units (Supplementary Fig. 2), our data also 
indicate that the fusion to mCherry enhances the pro-amyloidogenic potential of RepA-WH1 (Fig. 4). In the 
full-length RepA, the free energy change linked to the coupling of sequence-specific recognition of DNA at rep-
lication origins and protein conformational remodelling is naturally used to enable replication initiation18,19,56,57. 
When fused to mCherry, rather than to the native C-terminal WH2 domain, RepA-WH1 channels such free 
energy change towards the population of a monomeric and aggregation-prone metastable folding intermediate 
that leads the pathway towards RepA-WH1 amyloidogenesis27.

Figure 7. Electron microscopy of H6-RepA-WH1(A31V)-mCherry oligomers over E. coli lipids 
monolayers. (a) General view of the negatively stained protein oligomeric rings. Some representative 
particles are boxed. (b) Galleries showing selected raw images (top) and reference-free 2D average projections 
(bottom) of the oligomeric rings. (c) Five RepA-WH1 molecules (rainbow coloured), head-to-tail arranged 
in their monomeric conformation19, manually fitted to the mean projection of a pore. The external and 
internal dimensions of the channel are indicated (right). (d) The average dimensions of the pores are similar to 
those measured for the section of the helical, tubular fibrils assembled by RepA-WH1, albeit in the latter the 
monomers accommodate a significant structural distortion35.
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Most natural functional amyloids found so far in bacteria are secreted extracellularly15,16. Through secretion, 
bacteria would protect themselves from amyloid-triggered damage to the inner membrane, as has been docu-
mented in this work. Heterologous expression in E. coli of proteins involved in human disease usually leads to 
their aggregation as mono/dipolar inclusion bodies, which exhibit some amyloid character58,59 but are mildly 
detrimental to bacterial fitness60,61. By dynamically assembling diverse aggregated particles with distinct toxicities 
and amyloidogenicities27,29, the RepA-WH1 prionoid fulfils in bacteria its role as a proteinopathic agent better 
than the heterologous expression of Aβ (1–40/42), α -synuclein or β 2-microglobulin.

The work presented here constitutes a proof of concept of the feasibility of engineering a minimal, cytomi-
metic and fully synthetic system to model the targeting and leakage of membranes by disease-related amyloids. 
Finally, we have shown that this system is amenable to screen for small molecules, such as natural polyphenols, 
with a broad spectrum against the plethora of amyloidogenic proteins involved in human disease.

Methods
Protein expression and purification. H6-RepA-WH1(A31V)-mCherry was purified from E. coli BL21 
cells carrying the pLysS plasmid to lyse cells after freezing–thawing. Bacterial cultures were grown in LB at 
30 °C to OD600 nm =  0.45. They were induced with IPTG 0.5 mM and further incubated at 30 °C for 3.5 hours. 
Protein purification was carried out under native conditions as previously described for RepA-WH118,22. Protein 
concentration was calculated assuming a molar extinction coefficient (610 nm) of 75,000 M−1·cm−1 per RepA-
WH1(A31V)-mCherry chain, and 72,000 M−1·cm−1 for mCherry62. Protein stocks (40 μM) were kept at −70 °C 
in 0.2 M Na2SO4, 15 mM Na2HPO4 pH 6, 5 mM 2-mercaptoethanol, 10% (v/v) glycerol.

SEC-MALS analysis of H6-RepA-WH1(A31V)-mCherry. Static light scattering was used in combination 
with size exclusion chromatography to separate the dimeric and oligomeric RepA-WH1 fractions. A Superdex 
200 10/300 GL column (GE Healthcare) was coupled to a multi-angle light scattering detector (DAWN-EOS, 
Wyatt) with a refractive index detector (Optilab rEX differential refractometer, Wyatt). The system was equil-
ibrated at 25 °C in 0.1 M Na2SO4, 0.02 M NaH2PO4, 1% glycerol at pH 6. Two hundred μL of protein (40 μM) 
were clarified by centrifugation (13,200 ×  g, 5 min) and then injected into the column and eluted at a flow rate of 
0.4 mL·min−1. Fractions of 0.5 mL were collected and kept at 4 °C for immediate use. Data were acquired using 
ASTRA 4.9 (Wyatt), and exported for further analysis in Matlab (Mathworks).

Purification of E. coli internal membrane. Inner membrane (IM) vesicles were isolated from exponen-
tial phase cultures of the E. coli K-12 strain JM600 essentially as described63,64. The inner and outer membrane 
vesicles were separated by sucrose gradient centrifugation65, washed and diluted to reach 20 A280 nm units, and 
stored at − 80 °C.

Phospholipids assay. 0.5 mL of a 0.1 M ammonium ferrothiocyanate aqueous solution was added to 1 mL 
of chloroform, containing the lipids to be determined, and the test tube was vigorously shaken for 60 s. Complex 
formation between ferrocyanate and phospholipids (Sigma, except E. coli phospholipids purchased from Avanti 
Polar Lipids) brings an aliquot of the water-soluble ammonium ferrothiocyanate, proportional to the lipid con-
centration, in the chloroform phase. After 30 min incubation to separate the two solvent phases, the chloroform 
solution was transferred to a quartz cuvette and its A488 nm measured. Phospholipids concentration was deter-
mined by comparison with a calibration curve, obtained by using solutions of known titre.

Preparation of large unilamellar vesicles (LUVs). Lipids were dissolved at 20 mg·mL−1 in chloroform/
methanol 2:1 (v/v). Solvent was evaporated with N2(g), yielding a lipid film that was vacuum-dried for ≥1 h. 
Lipid films were hydrated at 37 °C in vesicles buffer (0.020 M NaH2PO4, 0.1 M Na2SO4, pH 6). The suspension 
was subjected to 5 freeze-thaw cycles to generate multilamellar vesicles (MLVs). To prepare LUVs, MLVs were 
passed 20 times through a 0.1 μm pore size polycarbonate filter (Mini-Extruder, Avanti Polar Lipids). LUVs can 
be stored at 4 °C for 1 week. For calcein-containing LUVs, 90 mM of this fluorophore was included in the vesicles 
buffer. Free and LUV-encapsulated calcein were separated by size-exclusion chromatography (Sephadex G-50) 
in vesicles buffer.

Preparation of giant unilamellar vesicles (GUVs). Three alternative methods were used: A) Hydration 
in agarose films66. One side of a 24 ×  24 mm coverslip was dipped in an aqueous solution of 1% (w/v) agarose 
(ultra low melting temperature, Sigma-Aldrich), spin-coated at 500–1,000 rpm for 30 s and then dried at 37 °C. 
Ten μL of lipid solution at 10 mg.mL−1 were deposited onto the film by spin-coating at 1,000 rpm for 5 min, and 
then dried under vacuum for 30 min. Coverslips were mounted in a homemade observation chamber, where the 
lipid film was hydrated with vesicles buffer plus 0.1 M glucose and incubated for 2 h at 37 °C. When required, pro-
teins were added during the incubation (4 μM final concentration). B) Droplet transfer67,68. Lipids were dissolved 
in chloroform/methanol 2:1 (v/v), transferred to a glass tube and gently dried using N2(g) to produce a thin lipid 
film, which was dried under vacuum for 1 h. Five ml of mineral oil were then added and mixtures (0.5 mg·mL−1 
lipids) were incubated for 30 min in a water bath sonifier and stored at 4 °C for up to a week. 500 μL of vesicles 
buffer plus glucose and 500 μL of the oil lipid mixtures were sequentially added in an Eppendorf tube, resulting in 
the assembly of an interfacial monolayer of lipids. Fifteen μl of protein solution (4 μM) with 0.1 M sucrose were 
added to 500 μL of the phospholipid-containing oil and then gently emulsified. This was then poured on top of the 
oil-lipid mixture, thus resulting in a three-layered sample. Tubes were centrifuged (2,000 rpm, 10 min) to force the 
emulsion drops to pass through the lipid monolayer. The oil suspension was removed from the top and vesicles 
washed with 500 μL of vesicles buffer plus glucose and finally sedimented at 2,000 rpm, 10 min. C) GUVs were 
prepared by electroformation69 by using a homemade chamber with platinum electrodes. The E. coli lipid mixture 
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(5 μl, 10 mg.mL−1) was spread on each platinum electrode. After solvent evaporation, chambers were filled with 
vesicles buffer plus glucose and assembled at 37 °C.

Measurement of liposome radius by dynamic light scattering. Before measurement, all samples 
were filtered (0.22 μm). Liposome radii were determined by use of a Protein Solutions photon correlation spec-
trometer. The incident beam (824 nm) was polarized at a 90° angle with the detector and the scattered signal was 
averaged over 20 measurements.

Dye leakage experiments. A) LUVs. H6-RepA-WH1(A31V)-mCherry was mixed with liposomes (30 μM) 
in vesicles buffer for 2 h at room temperature. Fluorescence was then monitored in a Varioskan plate reader 
(Thermo Scientific; 494 nm excitation and 512 nm emission filters, 2 nm bandpass). In kinetic studies, leakage was 
expressed as the percentage of calcein release at any given time, CR(t)%, and calculated according to Equation 1,

=
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−

×
∞
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F F

( )% ( ) 100
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0

0

where F(t) is the fluorescence intensity of protein-treated LUVs at time t, F0 is the initial fluorescence, and F∞ 
is fluorescence after complete LUVs disruption by Triton-X (0.2%, v/v). The dependence of calcein leakage on 
protein concentration was found to fit well to the empirical Hill function (Equation 2),

=
+

L L C C
C C

( / )
1 ( / ) (2)max

n

n
50

50

where L is % leakage, C protein concentration (mg·mL−1), Lmax is % leakage at the last time point, C50 is the con-
centration at which C =  1/2 Lmax, and n is a cooperativity parameter. Polyphenolic compounds (DMSO stocks, 
0–50 μM final) were tested for inhibition of dye leakage by incubating with protein (0.5 μM) for 10 min in vesicles 
buffer before addition to LUVs (30 μM). Autofluorescence was measured for each compound in the same buffer 
in the absence of LUVs and subtracted. Disruption of lipid vesicles by RepA-WH1 in the presence of polyphe-
nols was calculated as % of leakage caused by the protein alone. B) GUVs. Calcein (30 μM in 0.1 M sucrose) was 
included in the phospholipids-oil emulsion as indicated above. Time-elapsed frames were acquired in a confocal 
laser microscope (see below). For the quantification of inhibition of calcein leakage by polyphenols, 200 μl of 
vesicles buffer plus glucose and 0.5 μM of protein were placed in an 8-well visualization chamber (LabTech) and 
incubated for 5 min. Hundred μL of GUVs were added and left to settle for 15 min before imaging.

Antibody labelling of protein-bound vesicles. 200 μL of GUVs prepared using the droplet transfer or 
electroformation procedures were incubated during 5 minutes with protein, either RepA-WH1(A31V)-mCherry 
or mCherry. BSA at 2.5% (w/v) was included in all incubations. For immunofluorescence, they were fur-
ther incubated for 20 min at room temperature with either the monoclonal antibody B3h7 (anti-RepA-WH1 
pro-amyloidogenic oligomers25; 1:800), or the anti-RepA-WH1 polyclonal antibody α -WH116 (1:400), or an 
anti-His tag monoclonal antibody (Sigma; 1:200). Samples were then washed 3 times with vesicles buffer plus 
0.1 M glucose. Then, GUVs were sequentially incubated for 20 min with an Alexa Fluor-488 conjugated goat 
anti-mouse antibody (Molecular Probes, Eugene, OR; 1:400). His6-tagged proteins were bound to GUVs prepared 
as described above, but with the addition of 4% Ni2+-activated DOGS-NTA (Avanti Polar Lipids).

Confocal microscopy. GUVs were directly observed at room temperature by confocal microscopy using a 
Leica TCS-SP5 microscope with a 63X (NA =  1.4–0.60/Oil HCX PL APO) immersion objective. 514 and 488 nm 
laser lines excited mCherry and calcein, respectively. Precipitated GUVs (400 μl) were placed in an 8-well visu-
alization chamber from LabTech. Quantitative image processing of the green (calcein) channel signal was per-
formed using NIH ImageJ70.

Circular dichroism. CD spectra were recorded in a Jasco-720 spectropolarimeter (Jasco Inc. Easton, MD) 
over the wavelength range 200–260 nm. Measurements were made in quartz cells with a path length of 0.1 cm in 
vesicles buffer (0.1 M Na2SO4, 0.020 M NaH2PO4 pH 6). Five spectra were averaged for each sample, and the buffer 
was subtracted as a blank. Raw data were transformed to molar ellipticity [θ ] and plotted with Matlab. For thermal 
denaturation, temperature was increased from 5 °C to 95 °C (at 20 °C/h) monitoring variation in the ellipticity at 
220 nm.

Analytical ultracentrifugation. Hydrodynamic characterization of the proteins, dialysed against vesi-
cles buffer plus 1% glycerol, was achieved by sedimentation velocity at 48,000 rpm with a protein concentration 
of 0.5 mg·mL−1. Experiments were conducted in a Beckman Optima XL-I analytical ultracentrifuge (Beckman 
Coulter) and sedimentation coefficient distributions were calculated with SEDFIT71.

Assembly of RepA-WH1 fibrils in vitro. RepA-WH1(A31V) fibres were built under standard condi-
tions22: in a final volume of 100 μL by mixing 20 μM of the purified protein, upon clarification by centrifugation at 
13,200 ×  g for 5 min, with dsDNA (opsp) or ex vivo H6-RepA-WH1(A31V)-mCherry aggregates in 40 mM Hepes 
pH 8, 0.1 M Na2SO4, 5 mM MgSO4, 7% PEG4000, 3% MPD, and leaving the samples at 4 °C for 2–4 weeks. When 
fibril assembly was explored in the presence of E. coli IM vesicles, 5 μL of a preparation of the latter (A280 nm≈  
20 units) were mixed with 5 μL of H6-RepA-WH1(A31V)-mCherry (40 μM) and 10 μL 0.1 M Na2SO4, 20 mM 
NaH2PO4 pH 6, for 2 h at room temperature. For testing if the assembly of RepA-WH1(A31V) fibres could also be 
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promoted by lipids, 0.004 A280 nm u. of IM were included in the standard incubation (see above) instead of dsDNA 
or the ex vivo aggregate seeds.

Transmission electron microscopy (TEM). Protein aggregates were examined on carbon coated 
400-mesh copper grids (Ted Pella) after negative staining with 2% aqueous uranyl acetate. Specimen observation 
was carried out in a JEOL JEM-1230 transmission electron microscope operating at 100 kV and images were 
captured with a 4k ×  4k TVIPS CMOS camera detector (TemCam-F416).

Single particle EM reconstruction of RepA-WH1 pores. Lipid monolayers were formed at the surface 
of a 45 μL buffer droplet deposited into a Teflon well by adding 1 μL of E. coli lipids (Avanti) at 1 mg·mL−1 and 
incubating at room temperature for 60 min72,73. An EM grid (see above) was placed on the monolayer, leaving its 
carbon-coat to interact with the hydrophobic lipid tails. Protein was immediately added at a final concentration 
of 0.2 μM and incubation was left at room temperature for 15 min. The grid was removed and washed once with 
water, blotted briefly and stained with 2% uranyl acetate before observation in the experimental setting described 
above, operated at 100 kV and a final magnification of × 52,000. XMIPP software74 was used for general image 
processing, particle selection, classification and alignment. 20,066 particles were manually selected from 307 
micrographs and then aligned and classified using the CL2D algorithm.
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