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MicrocinE492 (Mcc), a lowmolecularweight bacteriocin pro-
duced by Klebsiella pneumoniae RYC492, has been shown to
exist in two forms: soluble forms that are believed to be toxic to
the bacterial cell by forming pores and non-toxic fibrillar forms
that share similar biochemical and biophysical properties with
amyloids associated with several human diseases. Here we
report that fibrils polymerized in vitro from soluble forms
sequester toxic species that can be released upon changing envi-
ronmental conditions such as pH, ionic strength, and upon dilu-
tion. Our results indicate that basic pH (>8.5), low NaCl con-
centrations (<50 mM), and dilution (>10-fold) destabilize Mcc
fibrils intomore soluble species that are found to be toxic to the
target cells. Additionally, we also found a similar conversion of
non-toxic fibrils into highly toxic oligomers using Mcc aggre-
gates produced in vivo. Moreover, the soluble protein released
from fibrils is able to rapidly polymerize into amyloid fibrils
under fibril-forming conditions and to efficiently seed aggrega-
tion of monomeric Mcc. Our findings indicate that fibrillar
forms of Mcc constitute a reservoir of toxic oligomeric species
that is released into the medium upon changing the environ-
mental conditions. These findings may have substantial impli-
cations to understand the dynamic process of interconversion
between toxic and non-toxic aggregated species implicated in
protein misfolding diseases.

Bacteriocins are a group of polypeptide antibiotics excreted
by different bacterial genera including Gram-negative and
Gram-positive species (1–3). Once released, they restrain the
growth of competing bacterial strains in a receptor-mediated
manner employing several mechanisms. Mcc2 is a lowmolecu-
lar weight (�7.8 kDa) bacteriocin produced byKlebsiella pneu-
moniae RYC492 (4–6). Antibacterial activity of Mcc appeared
to be restricted to the Enterobacteriaceae species, closely
related to the producer strain that directly competes withKleb-
siella to occupy a spatial niche in the ecosystem (5, 7). Mcc has
been shown to exert its toxic effect by forming ion channels on
the cell membrane of target cells in a receptor-mediated fash-
ion, which leads to a rapid depolarization and thus permeabili-
zation of the cell membrane (6, 8, 9). Unlike other bacteriocins,

toxic forms of Mcc are produced mainly in the exponential
phase and comparatively less toxic in the stationary phase (5,
10). Surprisingly, neither apparent differences in the amounts
of Mcc nor degradation or post-translational modifications
have been shown to be responsible for the loss of activity (11).
Some reports have described that these changes inMcc toxicity
may be due to the production of a microcin antagonist known
as enterochelin in the stationary phase (12). More recently, the
loss of Mcc toxicity in the stationary phase has been attributed
to changes in the folding and polymerization ofMcc into aggre-
gated structures similar to amyloid fibrils (13). Compelling in
vitro and in vivo studies have shown that the changes on the
Mcc activity during the bacterial life cycle is due to the conver-
sion of toxic soluble Mcc (produced in the exponential phase)
into non-toxic amyloid-like fibrils (produced in stationary
phase) (13). These results are intriguing as they suggest that
amyloid formation once thought to be exclusively associated
with human diseases (such as Alzheimer, Parkinson, diabetes
type II, and prion diseases) also plays a role on modulating the
biological activity of proteins in such distant organisms as bac-
teria. There are many similarities between Mcc amyloid fibrils
and those formed by disease-associated proteins, namely
�-sheet-rich secondary structure, morphology under electron
microscopy, binding to amyloid specific dies, protease resist-
ance, and a seeding nucleation mechanism of polymerization
(13). Furthermore, Mcc aggregates are also toxic to eukaryotic
cells (14), and interestingly, the degree of toxicity is dependent
upon the size of polymers; oligomers are highly toxic for both
bacteria and eukaryotic cells, and large fibrillar structures are
little or non-toxic (13, 14). The latter is analogous to the widely
accepted view in the field of protein misfolding disorders that
soluble oligomers are the culprits of cell dysfunction, tissue
damage, and disease, and the formation of large fibrils is likely a
protective mechanism to encapsulate the toxic species (15).
Here we hypothesize that fibrils sequester toxic species of

Mcc that could be released in themedium upon changing envi-
ronmental conditions. To test this hypothesis, we investigated
the stability of Mcc fibrils by changing three different condi-
tions: pH, ionic strength, and dilution. The results indicate that
in vitro or in vivo polymerized Mcc fibrils disaggregate into
soluble species at basic pH (�8.5), at low NaCl concentrations
(�50 mM), and upon dilution (10-fold). The released species
were highly toxic to the bacterial cells. We also provide evi-
dence that soluble proteins released from fibrils upon disaggre-
gation are able to reassemble intomature fibrils, suggesting that
the process of fibril formation anddissolution is highly dynamic
and reversible. Our findings suggest that Mcc fibrils work as a
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reservoir of releasable toxic species. These results may have
important consequences to understand microbial homeostasis
in the natural ecosystem and might be extrapolated to the
behavior of disease associated amyloid aggregates.

EXPERIMENTAL PROCEDURES

Chemicals were obtained from Sigma unless otherwise
stated.
Purification of Mcc—Mcc was purified from the culture

supernatants as described earlier (13). In brief, Escherichia coli
VCS257 cells harboring pJEM15 plasmid were grown in M9
minimalmedium containing 0.2% glucose, 0.2% sodium citrate,
1 g/liter casamino acid, 1 mg/liter thiamine, and 100 mg/liter
ampicillin to an absorbance of 1.2 at 600 nm at 37 °Cwith shak-
ing. Bacterial cell debris was removed by centrifugation at 4000
rpm for 10 min. The resultant supernatant was passed through
a Sep-Pak C18 cartridge (Waters). The cartridge was sequen-
tially washed with 65% methanol and 25% acetonitrile. Finally,
the bound Mcc was eluted with 50% acetonitrile and lyophi-
lized. Lyophilized powder of Mcc was stored at �20 °C until
used. Under these conditions, the preparation contains highly
purified Mcc (�90%) as evaluated by silver-stained gels (16).
Mcc Aggregation and Fibril Disaggregation—To start Mcc

aggregation, lyophilizedMcc powder was dissolved in sterile 10
mM NaOH solution and filtered through a 30-kDa cutoff filter
to remove aggregates. The protein concentration in the filtrate
(considered as monomers) was estimated by the BCA assay kit
(Pierce) and used immediately or stored frozen at �80 °C. To
prepare fibrils of Mcc, soluble protein was incubated at a con-
centration of 400 �g/ml in aggregation buffer (50 mM PIPES-
NaOH, pH 6.5, 0.5 M NaCl) for 24 h at 37 °C with vigorous
shaking. Fibril formation was characterized by thioflavin T
(ThT) binding assay, turbidity, sedimentation assay, dot blots,
size-exclusion chromatography, and electron microscopy.
For disaggregation of Mcc aggregates, fibrils formed after

24 h of incubation in aggregation buffer at 37 °C were centri-
fuged at 16,500 � g for 10 min. Then, preformed fibrils were
treated for 2 h at 25 °C under three different conditions as fol-
lows: First, fibrils were incubated in buffers of different pH.
Fibrils (400 �g/ml) were resuspended in the following buffers:
50 mM glycine, pH 2.5; 50 mM sodium acetate, pH 5.5; 50 mM

PIPES, pH 6.5; 50 mM Tris, pH 7.5, 8.5, and 9.5; 50 mM sodium
borate, pH 10.5 or 0.1% NH4OH, pH 10.5 (in some cases where
lyophilization was required). Each of these solutions contained
500 mM NaCl. Second, fibrils were incubated in buffers with
different NaCl concentrations. Fibrils (400 �g/ml) were resus-
pended in 50mM PIPES, pH 6.5, containing 0, 50, 150, 500, 750,
and 1000 mM NaCl. 3). Third, the samples were submitted to
different dilutions. Fibrils (400�g/ml)were disaggregated upon
dilutions (1-, 5,- and 10-fold) in 50 mM PIPES-NaOH, pH 6.5,
containing 500 mM NaCl.
After 2 h of incubation with the new condition, samples were

either used as such for turbidity assay, electronmicroscopy, and
cytotoxicity studies, or samples were centrifuged at 16,500 � g
for 10min, and supernatants were used for dot blot analysis and
protein estimation by a BCA protein assay kit. In all cases,
untreated Mcc fibrils (control) were used in 50 mM PIPES, pH
6.5, containing 500 mM NaCl.

Reassembly of Released Mcc Oligomers and Seeding Aggrega-
tion of Fresh Soluble Mcc—Fibrils (400 �g/ml) were allowed to
disaggregate by diluting 10-fold in 50 mM sodium borate, pH
10.5, 0 mM NaCl for 2 h at 25 °C. After incubation, sample was
centrifuged at 16,500 � g for 10 min. The resultant soluble
protein in supernatant was concentrated. For reassembly, con-
centrated protein was diluted in aggregation buffer to a final
concentration of 400 �g/ml and incubated at 37 °C with vigor-
ous shaking for 48 h. For seeding aggregation of freshMcc, fresh
soluble Mcc (400 �g/ml) was incubated at 37 °C for 48 h either
alone or with 20 or 40 �g/ml seed (released soluble protein
from fibrils upon treatment at pH10.5, 0mMNaCl, and dilution
10-fold). Aliquots were removed at different time points, and
ThT assay was carried out as described below.
Isolation of in Vivo Polymerized Mcc Fibrils from Bacterial

Culture—VCS257 cells harboring pJEM15 were grown in M9
medium as described above at 37 °C for 48 h. Cells were
removed by centrifugation at 4000 rpm for 10 min. Then, cul-
ture supernatants were centrifuged at 16,500 � g for 10 min.
Pellet-containing Mcc fibrils were washed 2 times with aggre-
gation buffer (50 mM PIPES, pH 6.5, containing 500 mM NaCl).
The concentration of the fibrils wasmeasured by the BCA assay
kit. Disaggregation of in vivo polymerized Mcc fibrils was car-
ried out in a similar manner as described forMcc fibrils polym-
erized in vitro from purified soluble Mcc (see above).
Sedimentation Assay—Sedimentation was used to examine

the extent of Mcc aggregation or Mcc fibrils disaggregation.
After the aggregation or disaggregation experiments, samples
were centrifuged at 16,500 � g for 10 min. Soluble proteins in
the supernatant were collected in fresh tubes. The amount of
Mcc in the supernatant was estimated by dot blot analysis, as
described below. Total protein concentration in supernatants
was estimated by the BCA assay kit.
Dot Blot Analysis—Five �l of each reaction was spotted onto

nitrocellulose membranes (Amersham Biosciences) and air-
dried for 30 min at room temperature. Membranes were
blocked with 5% w/v nonfat dry milk in Tris-buffered saline-
Tween 20 (TBS-T, 20mMTris, pH 7.2, 150mMNaCl, and 0.05%
(v/v)Tween 20) at room temperature for 2 h.After blocking, the
membranes were probed with anti-Mcc antibody (1:3000) and
the anti-rabbit horseradish peroxidase-conjugated secondary
antibody (1:5000). The blots were visualized using enhanced
chemiluminescence plus Western blotting detection kit
(Amersham Biosciences).
Turbidity Assay—The amount of Mcc aggregates under var-

ious conditions was also assessed by turbidity assay. For that,
the turbidity of each sample was monitored by measuring
absorbance at 340 nm using UV-visible spectrometer (U-3900,
HITACHI, Japan). In all cases, corresponding buffer solutions
were used as blanks.
ThT Binding Assay—The kinetic of Mcc fibril formation was

monitored by ThT binding assay as described (13). Mcc (400
�g/ml) was allowed to aggregate in 50 mM PIPES (pH 6.5) con-
taining 500 mM NaCl at 37 °C with vigorous shaking for differ-
ent times. At the end of the reaction, 20 �l of the reaction
mixture was mixed with 80 �l of 6 �M ThT in 1� phosphate
buffered saline solution, and fluorescence was measured
immediately at excitation 435 nm and emission of 485 nm
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using a microplate spectrofluoremeter Gemini-XS (Molecu-
lar Devices, Sunnyvale, CA).
Transmission Electron Microscopy—An aliquot of 10 �l of

reaction sample was placed onto Formvar-coated 200-mesh
copper grids for 5 min, washed at least 3 times with distilled
water, and then negatively stained with 2% uranyl acetate for 1
min. Grids were examined by electron microscopy (H-7600,
Hitachi, Japan) operated at an accelerating voltage of 80 kV.
Size Exclusion Chromatography (SEC)—The sizes of Mcc

species formed during Mcc aggregation (400 �g/ml in 50 mM

PIPES-NaOH, pH 6.5, 500 mM NaCl at 37 °C) and upon disag-
gregation ofMcc fibrils (400�g/ml after diluting10-fold in 0.1%
NH4OH, pH 10.5, 0 mM NaCl at 25 °C) were analyzed by SEC.
Aliquots were removed at various time points fromMcc aggre-
gation reaction and from Mcc fibrils disaggregation reaction.
All aliquotswere centrifuged at 16,500� g for 10min to remove
big aggregates, and soluble material in supernatants were sub-
jected to SEC on a Superdex 200 10/300 GL (Amersham Bio-
sciences) column using aggregation buffer (50 mM PIPES-
NaOH, pH 6.5, 0.5 M NaCl) as the liquid phase at a flow rate of
0.25 ml/min at room temperature. The elution profiles were
detected by absorbance at 280 nm. A molecular mass standard
curve was constructed by measuring elution times of: thyro-
globulin, 669 kDa; ferritin, 440 kDa; aldolase, 158 kDa; conal-
bumin, 75 kDa; ovalbumin, 44 kDa (all from Amersham
Biosciences).
SDS-PAGE and Immunoblotting—Soluble Mcc species

formed during Mcc aggregation and upon disaggregation of
Mcc fibrils were analyzed by SDS-PAGE followed by immuno-
blotting. Samples were resolved by NuPAGE 4–12% Bis-Tris
gels (Invitrogen). Proteins were electrophoretically transferred
to nitrocellulose membranes (Amersham Biosciences). Mem-
branes were blocked with 5% w/v nonfat dry milk in Tris-buff-
ered saline, Tween 20 (TBS-T) at room temperature for 2 h.
After blocking, the membranes were probed with anti-Mcc
antibody (1:3000) and the anti-rabbit horseradish peroxidase-
conjugated secondary antibody (1:5000). The blots were visual-
ized using enhanced chemiluminescence plusWestern blotting
detection kit (Amersham Biosciences).
Antibacterial Activity—E. coli BL21(DE3)p11�2 cells were

grown in Luria-Bertani (LB) medium at 37 °C to an absorbance
(A600) of 0.5–0.6. The cell suspension was diluted to an A600 of
0.001 (�5 � 105 colony-forming units/ml) in LB medium. Ali-
quots of 20�l fromuntreatedMcc fibrils andMcc fibrils treated
at varying conditions as described above were withdrawn and
mixedwith 180�l (from�5� 105 colony-forming units /ml) of
cell suspension. Tubes were incubated at 37 °C for 16 h without
shaking. Cytotoxic effects of untreated and treated Mcc fibrils
were evaluated by measuring bacterial growing through the
absorbance at 600 nm using an Eppendorf Biophotometer.

RESULTS

Preparation and Characterization of Mcc Fibrils—Before
starting disaggregation experiments it is important to have a
well characterized preparation of Mcc amyloid fibrils. To
obtain seed-free Mcc protein, lyophilized Mcc was resus-
pended in 10 mM NaOH and filtered through a 30-kDa cutoff.
To prepareMcc fibrils, solubleMccwas incubated at 37 °Cwith

shaking in 50 mM PIPES, pH 6.5, containing 500 mM NaCl.
Aliquots were removed at different time points, and aggrega-
tion was determined by ThT binding assay (Fig. 1A), sedimen-
tation assay followed by dot blotting (Fig. 1B), and electron
microscopy (Fig. 1C). ThT binding assay showed a time-depen-
dent increase in ThT fluorescence. Similarly a time-dependent
decrease in the amount of soluble Mcc in the supernatant was
observed by dot blot after sedimentation (Fig. 1B). Disappear-
ance of soluble Mcc in the supernatant correlated with an
increase in ThT fluorescence, suggesting the formation of
�-sheet-rich aggregates able to bind to ThT. Electron micros-
copy of unaggregated sample (0 h) did not show any detectable
structures. After 3 h of incubation, a scarce amount of small
oligomers with diameters of�2–30 nm could be observed (Fig.
1C). The quantity of these structures was higher after 6 h of
incubation, in which some of the oligomers presented a larger
size (�60 nm). Sample incubated for 9–12 h showed the pre-
dominant presence of �100–300-nm long protofibrillar struc-
tures (Fig. 1C). Finally, after 24–48 h of incubation, samples
were enriched in bundles of classical unbranched amyloid
fibrils of variable length. In our previously published study we
have shown that these structures are rich in �-sheet secondary
structure and resistant to proteolytic degradation (13).
Disaggregation of Mcc Fibrils—Abalance of electrostatic and

hydrophobic interactions has been shown to be required for the
formation and stability of amyloid fibrils (17, 18). To study the
stability and reversibility of Mcc amyloid in the presence of
environmental changes, preformed fibrils were incubated in
buffers at different pH, ionic strengths (NaCl concentrations),
or at distinct dilutions.
Effect of pH on Mcc Fibrils Disaggregation—To evaluate the

effect of pH onMcc fibrils stability, we treated preformed Mcc
fibrils at varying pH (2.5, 5.5, 6.5, 7.5, 8.5, 9.5, and 10.5) for 2 h.
The extent of disaggregation was assessed by sedimentation
assay (Fig. 2, A and B), turbidity assay (Fig. 2C), and electron
microscopy (Fig. 2D). The results from sedimentation assay
(Fig. 2, A and B) show the amount of soluble protein in the
supernatant increased proportionally when pH was increased
from 8.5 to 10.5. Approximately 21% of the total protein was
found in the soluble form when fibrils were treated at pH 10.5,
whereas neither acidic pH (2.5–5.5) nor neutral pH (6.5–7.5)
had any effect on fibril dissolution. Similarly, turbidity assay
(Fig. 2C) revealed a significant decrease in turbidity of fibrils
treated at pH 8.5 to 10.5, as compared with untreated Mcc
fibrils (control) (Fig. 2C, dashed line). The increase of Mcc in
the supernatant after centrifugation and the decrease in turbid-
ity upon incubation at basic pH implies the conversion of large
fibrillar structures into smaller species (oligomers and/or
monomers). To determine the type of structures produced
upon fibril dissolution at basic pH, we examined the samples
under electron microscope after negative staining. No distin-
guishable changes were observed in fibrils at pH 2.5–7.5. How-
ever, a transition of mature fibrils into smaller structures was
evident at pH 8.5, in which many shorter and thinner fibrils
appeared (Fig. 2D). This trend was more pronounced at pH 9.5
and 10.5, resulting in the formation of heterogeneous species,
with predominant formation of small globular oligomers simi-
lar to those described for disease-associated proteins (15, 19,
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20). These results indicate that basic pH (�8.5) destabilize amy-
loid aggregates, promoting the conversion of large fibrils into
smaller oligomeric species. SDS-PAGE of soluble Mcc at vary-
ing pH values showed the presence of large oligomers ofmolec-
ularmass�100 to�260 kDa andmonomers through tetramers
(�10 to �30 kDa) (supplemental Fig. S1A). These species
became more abundant as the pH increased from 8.5 to 10.5
(lanes 5–7, in supplemental Fig. S1A). A number of studies have
shown that disaggregation of amyloid leads to the formation of
monomers (21, 22). In our study we found that fibril disaggre-
gation results in a mixture of monomers and oligomers. To
investigate the proportion of the different structures released,
we calculated the ratio of monomers/oligomers that were
released upon disaggregation of fibrils at varying pH (6.5–10.5).
For this purpose, soluble protein was fractionated by SEC, and
the area of major peaks (peak 1, �670 kDa (considered as olig-
omers), and peak 3, 15.7 kDa (considered as monomers despite
that this peak may contain a mixture of monomers and dimers
as shown by SDS-PAGE analysis)) was measured to calculate
the ratio (supplemental Fig. S2A). As shown in supplemental
Fig. S2B, themonomers/oligomers ratio appeared to increase as

the pH approached basic (�8.5), indicating that basic pH not
only promotes release of soluble oligomers from fibrils but also
to some extent destabilizes large oligomers into comparatively
small oligomers (dimers through tetramers) and monomers.
Effects of NaCl Concentrations on Mcc Fibrils Disaggregation—

Ionic strength is believed to play a key role in the assembly and
stability of amyloid fibrils (17, 23). To investigate this, pre-
formedMcc fibrils were treated at variousNaCl concentrations
(0, 50, 150, 500, 750, and 1000 mM) in 50 mM PIPES, pH 6.5, for
2 h. Studies by sedimentation assay clearly revealed a significant
increase in soluble Mcc at 0 and 50 mM NaCl (Fig. 3, A and B).
Approximately 18% of the total fibrillar protein was released as
soluble form at 0 mM NaCl. However, at higher concentrations
of NaCl (150–1000 mM) no significant fibril dissolution was
observed (Fig. 3B). Turbidity assay confirmed the sedimenta-
tion results, indicating that incubation in the absence of NaCl
substantially decreases the relative quantity of large aggregates
able to scatter light (Fig. 3C). Surprisingly, turbidity of fibrils
incubated at 1000 mM NaCl showed a small but significant
decreased signal compared with untreated control (dashed line
in Fig. 3C) despite the sedimentation data, showing that soluble

FIGURE 1. Formation and characterization of Mcc fibrils in vitro. Purified soluble Mcc at a concentration of 400 �g/ml was incubated in 50 mM PIPES-NaOH,
pH 6.5, 500 mM NaCl at 37 °C with agitation for 0, 3, 6, 9, 12, and 24 h. Aliquots were removed at each time point, and samples were analyzed by ThT binding
assay (A) to measure amyloid fibril formation and by quantitation by dot blot of Mcc remaining soluble after centrifugation at 16,500 � g for 10 min (B).
C, electron microscopy images of negatively stained aliquots after each time point as indicated above were examined using a magnification of 150,000. Bars
represent 200 nm. Error bars represent � S.D. of triplicate samples.
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Mcc was not increased in the supernatant under these condi-
tions (Fig. 3, A and B). This seemingly contradictory result
could indicate that there was a partial disaggregation of large
fibrils upon incubationwith high salt concentration but that the
released aggregates were large enough to remain in the pellet
after centrifugation. To characterize the morphologies of spe-
cies formed at lower NaCl concentrations, samples were exam-
ined by electron microscopy. Morphology of fibrils treated at
NaCl concentrations (150–1000 mM) (data not shown) was
indistinguishable from those of untreated fibrils (top panel in
Fig. 3D). However, fibrils at low NaCl concentration (50 mM)
appeared to disaggregate intomore heterogeneous species pre-
dominately protofibrils and oligomers (middle panel in Fig.
3D). Such effect was more pronounced at 0 mM NaCl where
oligomeric species weremuchmore abundant (bottom panel in

Fig. 3D). Consistently, SDS-PAGE analysis of soluble Mcc pro-
duced by incubation at 0 and 50 mM of NaCl showed an abun-
dance of large oligomers (�100 to �260 kDa) and monomers
through tetramers (lanes 1 and 2 in supplemental Fig. S1B).
However, higher NaCl concentrations (150–1000 mM) had no
significant effect (lanes 3–6 in supplemental Fig. S1B). These
results clearly demonstrate that lower NaCl concentrations
(�50 mM) promote disassembly of fibril into smaller species.
Effects of Dilution on Mcc Fibrils Disaggregation—The con-

centration of the protein forming the fibrillar aggregates is
another variable that may influence fibril stability by changing
the equilibrium between fibrils and smaller aggregates. To
study this possibility, we diluted preformed Mcc fibrils in 50
mM PIPES (pH 6.5), 500 mM NaCl. A progressive release of
soluble Mcc from the fibrillar aggregates was observed upon

FIGURE 2. Disaggregation of Mcc fibrils at varying pH values. Mcc fibrils were prepared in vitro by incubating soluble Mcc at 400 �g/ml in 50 mM PIPES-NaOH,
pH 6.5, 500 mM NaCl at 37 °C with agitation for 24 h and treated at different pH values as indicated for 2 h at 25 °C. Small aliquots were removed and centrifuged
at 16,500 � g for 10 min, and supernatants were collected. A, shown is dot blot quantitation of soluble Mcc in supernatant. B, shown is a BCA analysis of soluble
protein in supernatant after centrifugation. C, turbidity of samples of Mcc fibrils treated at different pH values for 2 h was checked by measuring absorbance at
340 nm. D, morphology of aggregates obtained after incubation at distinct pHs was examined by electron microscopy using a magnification of 150,000. The
dashed line in panel C corresponds to turbidity of control, untreated Mcc fibrils. The bar in panel D represents 200 nm. Error bars represent � S.D. of triplicate
samples.
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dilution (Fig. 4, A and B). We estimated that �20% of the total
fibrillar protein was recovered in the supernatant after incuba-
tion in buffer with the equivalent to a 10-fold dilution com-
pared with the concentration in which the fibrils were pro-
duced. In this case the results of turbidity mirrored exactly
those obtained by sedimentation (Fig. 4C). The morphologies
of disaggregated species upon dilution (5–10-fold) were ob-
served by electronmicroscopy. Consistentwith our results with
sedimentation and turbidity assays, electronmicroscopy clearly
showed formation of smaller oligomeric species that co-existed
with very thin fibers when aggregates were diluted 5-fold (mid-
dle panel in Fig. 4D) compared with untreated fibrils (top panel
in Fig. 4D) The extent of disaggregation was much more pro-
nounced at 10-fold dilution, where smaller oligomeric species
could be clearly observed (bottom panel in Fig. 4D). SDS-PAGE
analysis of soluble Mcc after dilution of fibrils 5- and 10-fold
showed an increase of large oligomers (�100 to�260 kDa) and
monomers through tetramers (supplemental Fig. S1C). Inter-
estingly, the patterns of soluble Mcc species on SDS-PAGE
upon 5- and 10-fold dilution of fibrils were similar to those
obtained at basic pH (�8.5) and at low NaCl concentrations

(�50 mM), which implies soluble proteins released under these
conditions are of similar characteristics.
Size Distributions of Mcc Species Formed during Aggregation

and upon Disaggregation of Mcc Fibrils—SEC has been widely
used to characterize the distribution of amyloidogenic protein
oligomers on the basis of their sizes. To gain insight into the
sizes of Mcc species formed during Mcc aggregation and upon
disaggregation of Mcc fibrils, we performed SEC studies. Ali-
quots (500 �l) from Mcc aggregation reaction before (t � 0 h,
un-aggregated) and after incubation for different time points (6
and 12 h) were centrifuged at 16,500 � g for 10min, and super-
natants were subjected to SEC (Fig. 5A). Un-aggregatedMcc (0
h) revealed a single prominent peak (peak 3) by SEC (top panel
in Fig. 5A) with estimatedmolecularmasses of�15.7 kDa.Con-
sidering the size, this peak corresponds to either a monomer
with abnormally largermigration in SECor a dimer. After 6 h of
incubation a second heterogeneous peak (peak 2) was observed
with estimated molecular masses of between 100 and 170 kDa
(middle panel in Fig. 5A), which would correspond toMcc olig-
omers containing between 12 and 20monomers of the protein.
Further incubation of themixture led to the formation of larger

FIGURE 3. Disaggregation of Mcc fibrils at varying NaCl concentrations. Mcc fibrils were prepared in vitro by incubating soluble Mcc at 400 �g/ml in 50 mM

PIPES-NaOH, pH 6.5, 500 mM NaCl at 37 °C with agitation for 24 h and treated at varying NaCl concentrations as indicated for 2 h at 25 °C. Small aliquots were
removed and centrifuged at 16,500 � g for 10 min, and supernatants were collected. A, shown is a dot blot estimation of the quantity of soluble Mcc in
supernatant. B, shown is BCA analysis of the percentage of soluble protein in supernatant after centrifugation. C, turbidity of samples of Mcc fibrils treated at
varying NaCl concentrations for 2 h was checked by measuring absorbance at 340 nm. The dashed line in panel C corresponds to turbidity of untreated Mcc
fibrils, as a control. D, morphologies of Mcc fibrils before (top panel) and after being treated at 50 (middle panel) and 0 mM NaCl (bottom panel) were examined
by electron microscopy using a magnification of �150,000. Bars in panel D represent 200 nm. Error bars represent � S.D. of triplicate samples.
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assemblies as evident by the appearance of a new peak at the
void volume (peak 1), corresponding to a molecular mass
higher than 670 kDa. At this time we did not detect peak 2,
suggesting the transient nature of these small oligomers. SEC
analysis of Mcc aggregation was in accordance with morpho-
logic characterization of Mcc aggregates by transmission elec-
tron microscopy (see Fig. 1C, for more details), where forma-
tion of oligomeric species (6 h) from un-aggregated Mcc (0 h)
and then conversion into larger oligomeric/protofibrillar spe-
cies could be observed in a time-dependent manner. SDS-
PAGE of soluble Mcc after aggregation (up to 12 h) revealed
formation of large oligomers, �100 to �260 kDa and mono-
mers through tetramers (�10 to �30 kDa) (whole (W) in Fig.
5D). And SDS-PAGE analysis of peaks isolated by SEC after
Mcc aggregation showed that peak 1 was enriched in SDS-re-
sistant oligomers �180 to �260 kDa, whereas peak 2 mainly
contained species of �100–160 kDa, and peak 3 was enriched
in monomers as well as dimers (�10 to �15 kDa) (Fig. 5D).
Next, to study whether dissociation of Mcc fibrils under the
conditions described before leads to the appearance of species
with similar sizes, aliquots ofMcc fibrils were treated under our
best dissolution condition (10-fold dilution in 0.1% NH4OH,

pH 10.5, 0mMNaCl), where�69% of total protein was found to
be in soluble form as confirmed by BCA assay (data not shown),
and soluble protein was characterized by SEC. The starting
point of this experiment was a solution containing Mcc fibrils
formed by incubation at 37 °C in aggregation buffer (in 50 mM

PIPES-NaOH, pH 6.5, 500 mM NaCl) for 24 h. Chromato-
graphic separation of this material after centrifugation to
remove large aggregates showed no detectable peaks (top panel
in Fig. 5B). Interestingly, supernatant obtained after disaggre-
gation of Mcc fibrils during 2 h gave three peaks (peak 3, �15.7
kDa; peak 2,�100–170 kDa; peak 1,� 670kDa) by SEC (bottom
panel in Fig. 5B). The remarkable size equivalency of these
peaks with those observed during Mcc aggregation led us to
suggest that the species formed during aggregation and upon
disaggregation are likely very similar. Next we sought to char-
acterize by transmission electronmicroscopy themorphologies
of the Mcc species released upon fibril disaggregation and iso-
lated by SEC (Fig. 5C). Peak 3 fraction showed no distinguish-
able structures (right panel in Fig. 5C). The peak 2 fraction
contained mainly oligomers in abundance with varying diame-
ters (�3–60 nm) (center panel in Fig. 5C). Morphologies of
Mcc species in peak 1 fraction showed the abundance of proto-

FIGURE 4. Disaggregation of Mcc fibrils at varying dilutions. Mcc fibrils were prepared in vitro by incubating soluble Mcc at 400 �g/ml in 50 mM PIPES-NaOH,
pH 6.5, 500 mM NaCl at 37 °C with agitation for 24 h and incubated at different dilutions as indicated for 2 h at 25 °C. Small aliquots were removed and
centrifuged at 16,500 � g for 10 min, and supernatants were collected. A, shown is an estimation by dot blot of soluble Mcc in the supernatant. B, shown is BCA
analysis of soluble protein in supernatant after centrifugation. C, turbidity of samples of Mcc fibrils treated at different dilutions for 2 h was measured by
registering the absorbance at 340 nm. The dashed line in panel C corresponds to turbidity of control, untreated Mcc fibrils. D, Morphologies of Mcc fibrils before
(top panel) and after being treated at 5-fold (middle panel) and 10-fold dilution (bottom panel) were examined by electron microscopy using a magnification of
�150,000. Bars in D represent 200 nm. Error bars represent � S.D. of triplicate samples.
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fibrillar structures with lengths of �100–300 nm (left panel in
Fig. 5C). Interestingly, size distribution by SEC and morpho-
logic analysis by transmission electron microscopy of Mcc spe-
cies released after disaggregation of Mcc fibrils revealed a clear

resemblance to the species formed during Mcc aggregation
(Fig. 5A and Fig. 1C), which highlights the notion that both
pathways share the formation of common species. This was
further confirmed by SDS-PAGE analysis. Indeed, SDS-PAGE
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of isolated SEC peak fractions of soluble Mcc upon fibrils dis-
aggregation showed species of similar molecular weights to
those observed forMcc aggregation: peak 1,�180 to�260 kDa;
peak 2, 100–160 kDa; peak 1, �10 to �15 kDa (Fig. 5E). Again

these results confirmed that species formed during aggregation
and disaggregation are of similar molecular weights.
Disaggregation ofMcc Fibrils Releases Toxic Species—Soluble

oligomers of Mcc have been reported to be highly toxic to bac-

FIGURE 5. Characterization of Mcc aggregation and disaggregation by size exclusion chromatography and electron microscopy. A, for Mcc aggrega-
tion, soluble protein at 400 �g/ml in 50 mM PIPES-NaOH, pH 6.5, 500 mM NaCl was incubated at 37 °C with agitation for 0 (top panel), 6 (middle panel), and 12 h
(bottom panel). After incubation, an aliquot of 500 �l was removed at each time point and centrifuged at 16,500 � g for10 min, and supernatants were
fractionated by SEC. mAU, milliabsorbance units. B, Mcc fibrils disaggregation was carried out by diluting preformed fibrils 10-fold in 0.1% NH4OH, pH 10.5, 0
mM NaCl for 2 h at 25 °C. After incubation, the sample was centrifuged at 16,500 � g for 10 min, and the resultant supernatant before (top panel) and after
disaggregation (bottom panel) was subjected to SEC. The elution profiles were detected by the absorbance at 280 nm. The insets in panels A and B show zoomed
views for the part of chromatograms corresponding to peak 2. The elution profiles of calibration standards are indicated by arrows (in kDa) (panel A and B).
C, morphologies of Mcc species fractionated in panel B were examined by electron microscopy; peak 1 (left), peak 2 (center), and peak 3 (right). D and E, shown
are immunoblots of samples used in panel A (aggregation) and panel B (disaggregation) before and after SEC separation. Soluble Mcc species formed at 12 h
of aggregation at 37 °C (whole (W)) and peak fractions (1–3) (panel D) and soluble species formed after disaggregation of Mcc fibrils (whole) and peaks fractions
(1–3) obtained after SEC fractionation (panel E) were resolved by SDS-PAGE and immunoblotted with Mcc specific antibody. Scale bars represent 200 nm.

FIGURE 6. Cytotoxicity of disaggregated Mcc fibrils at various conditions. A, Mcc fibrils were prepared in vitro by incubating soluble Mcc at 400 �g/ml in 50
mM PIPES-NaOH, pH 6.5, 500 mM NaCl at 37 °C with agitation for 24 h. For disaggregation, samples of Mcc fibrils were incubated for 2 h at 25 °C under different
conditions, including various pH (top panel), NaCl concentrations (center panel), and dilutions (bottom panel). B, Mcc fibrils were collected from the culture
medium of bacteria producing Mcc, cultivated up to the stationary phase. In vivo produced Mcc fibrils were then treated by incubation for 2 h at 25 °C with
different pH (top panel) and NaCl concentrations (bottom panel). In both A and B, after treatment, samples were incubated with sensitive bacteria for 16 h at
37 °C, and cytotoxicity was evaluated by measuring the absorbance of the culture at 600 nm (OD (600 nm)). For each condition, control samples included the
addition to the bacteria culture of buffers at the same pH and NaCl concentrations as in the experimental groups. Dashed lines correspond to untreated Mcc
fibrils, used as controls. Error bars represent � S.D. of triplicate samples.
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terial cells, whereas amyloid fibrils are little or non-toxic (13).
Having established the conditions to produce a partial disaggre-
gation of Mcc fibrils, we sought to examine the toxicity of Mcc
oligomers released from disaggregated fibrils. We determined
the toxicity of aliquots withdrawn from untreated Mcc fibrils
(Fig. 6A, dashed lines) and fibrils treated at different conditions:
pH 2.5–10.5 (Fig. 6A, top panel); NaCl (0–1000 mM) (Fig. 6A,
center panel); dilutions (up to 10-fold) (Fig. 6A, bottom panel).
Toxicity was measured by incubating the solution containing
Mcc with sensitive bacteria and assessing the bacterial growth
after 16 h of incubation at 37 °C. Bacterial growthwas estimated
by measuring the absorbance of the culture at 600 nm (A600).
Fibrils treated with basic pH (�8.5) showed significant toxicity
(Fig. 6A, top panel). The increase in Mcc toxicity was directly
proportional to the amount of soluble Mcc released from the
fibrils under these conditions (see Fig. 2, A and B). Similar
results were observed in the experiments in which fibrils were
disaggregated by treatmentwith buffer containing low salt con-
centrations (0 and 50mMNaCl) and upon high dilution (5- and
10-fold) (Fig. 6A, center and bottom panels, respectively).
Again, the extent of increase in toxicity was directly propor-
tional to the magnitude to which soluble oligomers were
released from the fibrils under these conditions. The results
clearly suggest that soluble Mcc released from the fibrils was
toxic, indicating that non-toxic fibrillar aggregates might be
considered as a reservoir of toxic oligomers.

In Vivo ProducedMcc Fibrils CanBeDisaggregated to Release
Toxic Species—Up to now all studies have been done with Mcc
fibrils polymerized in vitro using purified protein. As we have
reported before, Mcc also forms amyloid fibrils under in vivo
conditions during the bacterial life cycle (13). Because fibrils
formed in vivomay be more stable and exhibit distinct proper-
ties than those produced in vitro, we carried out a similar study
with Mcc fibrils polymerized in vivo. For this purpose, Mcc
fibrils were taken from bacterial culture producing Mcc at the
stationary phase by centrifugation of themedium. Toxicity was
measured for aliquots of untreated fibrils (Fig. 6B, dashed lines)
or fibrils treated at different pH values (2.5–10.5) (Fig. 6B, top
panel) and at different NaCl concentrations (0–1000 mM) (Fig.
6B, bottom panel). As was observed with Mcc fibrils polymer-
ized in vitro (Fig. 6A), in vivo producedmaterial was also able to
release toxic Mcc oligomeric species upon conditions that pro-
mote fibril disaggregation.
Released Soluble Mcc Aggregates Faster and Seeds Aggrega-

tion of Fresh Soluble Mcc—Next we investigated whether solu-
ble protein released from fibrils upon treatment at high pH, low
salinity, or after dilution can re-assemble into mature fibrils.
For this experiment, fibrils were disaggregated by diluting
10-fold in 50 mM sodium borate, pH 10.5, 0 mMNaCl. Released
solubleMcc proteinwas concentrated and allowed to aggregate
by changing pH and ionic strength (pH 6.5 and 500 mM NaCl).
As clearly shown in Fig. 7A, released soluble Mcc protein (400

FIGURE 7. Released soluble Mcc oligomers aggregate faster and seed aggregation of fresh soluble Mcc. Preformed Mcc fibrils (400 �g/ml) produced as
indicated in Figs. 2–5 were disaggregated by diluting 10-fold in 50 mM sodium borate buffer, pH 10.5, 0 mM NaCl, and incubating the samples under these
conditions for 2 h at 25 °C. After incubation, the sample was centrifuged at 16,500 � g for 10 min, and the resultant supernatant was concentrated and
resuspended for reassembly in 50 mM PIPES, pH 6.5, 500 mM NaCl. A, aliquots of disaggregated samples were incubated at 37 °C for different times (�), and
amyloid formation was measured by ThT binding assay along with a control consisting of fresh soluble Mcc (E) incubated under the same conditions. B, to
study the ability of disaggregated Mcc fibrils to seed Mcc aggregation, fresh soluble Mcc (400 �g/ml) was allowed to aggregate in 50 mM PIPES, pH 6.5, 500 mM

NaCl at 37 °C for 48 h either alone (E) or with 20 (‚) or 40 �g/ml (�) of Mcc oligomers released from treated fibrils. Aliquots were removed at the indicated time
points, and ThT assay was carried out. C, morphology of Mcc fibrils formed after reassembly of disaggregated species was examined by electron microscopy
using a magnification of �150,000. Bars in C represent 200 nm. Error bars represent � S.D. of triplicate samples.
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�g/ml) quickly assembled into amyloid fibrils as measured by
ThT assay, which was confirmed by electron microscopy (Fig.
7C). Interestingly, the kinetic of aggregation of disaggregated
fibrils was substantially faster than fresh solubleMcc incubated
under the same condition (Fig. 7A), clearly suggesting that the
product of Mcc fibril disaggregation was an oligomeric struc-
ture that was an on-pathway intermediate in amyloid forma-
tion. This conclusion was further supported by an experiment
in which we assessed the seeding activity of disaggregated Mcc
fibrils. The addition of releasedMcc oligomers (20 or 40�g/ml)
shortened dramatically the lag phase of fresh soluble Mcc
aggregation in a dose-dependent manner (Fig. 7B).

DISCUSSION

The misfolding and aggregation of proteins into fibrillar
amyloid deposits is a hallmark process in various diseases, col-
lectively called protein misfolding disorders, which include
some highly prevalent illnesses such as Alzheimer disease, type
2 diabetes, Parkinson disease, and alsomore than 20 other rarer
disorders (24–27). Interestingly, the notion that misfolded
amyloid aggregates are exclusively associated to diseases has
changed dramatically over the past 10 years by the discovery
that many proteins can naturally form amyloid structures,
which in some cases are associated to changes in the biological
function of the proteins (22, 28–31). Moreover, the elegant
studies from Dobson and co-workers (32–34) have demon-
strated that virtually any protein can be made to misfold and
aggregate forming amyloid fibrils under appropriate condi-
tions, leading to the concept that amyloid may be the primor-
dial folding of proteins.
In a previous study we demonstrated that the biological

activity of the bacterial toxin microcin E492 is modulated in
vivo by the formation of amyloid fibrils in the bacterial culture
(13). Interestingly, the mechanism of Mcc amyloid formation
and the structure and biochemical properties of the end prod-
uct and intermediates in the process of misfolding and aggre-
gation are indistinguishable from the disease-associated amy-
loids. In this studywe show thatMcc fibrils polymerized in vitro
and in vivo harbor biologically active oligomeric species that
can be released from the fibrils upon changing the environmen-
tal conditions. Indeed relatively small changes in pH,NaCl con-
centrations, and dilution resulted in the release of soluble Mcc,
which retains its cytotoxic activity intact. This data suggest that
the process of amyloid formation is highly dynamic and that
biologically inert Mcc fibrils can be a reservoir of toxic soluble
oligomeric structures. Although the specificMcc conformation
that is responsible for cytotoxicity is still unclear, several lines of
evidence indicate that Mcc exert its toxicity by forming pores
on the bacterial cell membrane (6, 8), which requires the oligo-
merization of Mcc monomers. Strikingly, the current view in
protein misfolding diseases is that the toxic species might be
oligomeric pore-like structures that may cause cell damage by
permeabilizing membranes and altering cellular homeostasis
(15, 35, 36). Indeed, amyloid-� and �-synuclein annular oligo-
mers associated to the pathogenesis of Alzheimer and Parkin-
son disease, respectively, were shown to resemble the cytolytic
�-barrel pore-forming bacteriotoxins (19, 37), suggesting that a
common structure could be responsible for toxicity in both

natural and pathological misfolded oligomers. Moreover, com-
pelling evidence accumulated in the past several years strongly
suggests that mature amyloid fibrils may not be the toxic
structures responsible for cellular degeneration in protein
misfolding diseases but rather may be considered as inert
end products or even as a protective mechanism to sequester
the toxic oligomeric intermediates (15). The extrapolation of
our results to disease-associated misfolded aggregates sug-
gests that large amyloid fibrils accumulated in the tissue of
patients affected by misfolding diseases may act as a depot of
toxic soluble oligomers.
Microcins have been proposed to play a key role in themain-

tenance of homeostasis in the intestinalmicrobial ecosystem (5,
38). It appears that Mcc-producing bacteria secrete soluble
Mcc, which upon oligomerization form toxic pores to kill com-
peting bacteria. Once Mcc-producing bacteria have prevailed
over competitors, soluble Mcc gets assembled into amyloid
fibrils resulting in the sequestration of toxic species into inert
structures. These aggregates accumulate over time and may
constitute a depot of toxic oligomers that can be released when
environmental conditions change and competition arises. In
conclusion, our results suggest that a dynamic and reversible
process of Mcc aggregation and disaggregation may regulate
the production or release of active bacteriocin and contribute
to maintain homeostasis in the microbial ecosystem.
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