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Abstract

Curli are functional amyloids produced by enteric bacteria. The major curli fiber subunit, CsgA,
self-assembles into an amyloid fiber in vitro. The minor curli subunit protein, CsgB, is required
for CsgA polymerization on the cell surface. Both CsgA and CsgB are composed of five predicted
B—strand-loop-B—strand-loop repeating units that feature conserved glutamine and asparagine
residues. Because of this structural homology, we proposed that CsgB might form an amyloid
template that initiates CsgA polymerization on the cell surface. To test this model, we purified
wild-type CsgB, and found that it self-assembled into amyloid fibers /n vitro. Preformed CsgB
fibers seeded CsgA polymerization as did soluble CsgB added to the surface of cells secreting
soluble CsgA. To define the molecular basis of CsgB nucleation, we generated a series of mutants
that removed each of the five repeating units. Each of these CsgB deletion mutants was capable of
self-assembly in vitro. In vivo, membrane-localized mutants lacking the 15t, 214 or 3'd repeating
units were able to convert CsgA into fibers. However, mutants missing either the 4™ or 5t
repeating units were unable to complement a ¢sgB mutant. These mutant proteins were not
localized to the outer membrane, but were instead secreted into the extracellular milieu. Synthetic
CsgB peptides corresponding to repeating units 1, 2 and 4 self assembled into ordered amyloid
polymers, while peptides corresponding to repeating units 3 and 5 did not, suggesting that there
are redundant amyloidogenic domains in CsgB. Our results suggest a model where the rapid
conversion of CsgB from unstructured protein to a B-sheet-rich amyloid template anchored to the
cell surface is mediated by the C-terminal repeating units.
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Introduction

Amyloid fibers are a common pathology associated with neurodegenerative diseases such as
Alzheimer’s and Parkinson’s disease . These have classically been referred to as protein
misfolding diseases because the amyloidogenesis is the result of an aberrant aggregation
process in which a normally soluble protein self assembles into a highly ordered, structurally
stable fiber. Biochemically, amyloid fibers are defined by unique tinctorial properties,
resistance to proteases and detergents and a B-sheet rich secondary structure 2. Typically
there are three phases to /n vitro amyloid polymerization: a lag phase, a phase of rapid fiber
growth and a stationary phase 3 4 5:6: 7.8 Rapid fiber growth is dependent on the formation
of a nucleus 2. A common feature of nucleus-dependent polymerization reactions is that
preformed fibers can act to seed the polymerization of soluble monomers. It is proposed that
preformed fibers provide a template for monomer polymerization, and that this interaction
mediates exit from the lag phase °. Although amyloid nucleation and polymerization have
been extensively studied /n vitro, in vivonucleation models are just now being developed.
Functional amyloids provide a robust context to study /n vivo amyloid nucleation and
polymerization, especially in cases where the functional amyloid is produced by a
genetically tractable model organism 10:11; 12,

Curli fibers are extracellular amyloid fibers produced by £. coliand other enteric

bacteria 10 13, The discovery of a dedicated pathway for amyloid biogenesis in curli fiber
assembly led to a paradigm shift in the amyloid field, which previously held that amyloids
were exclusively the result of protein misfolding. Curli fibers are part of the extracellular
matrix that is required for biofilm formation and for mediating host cell-bacteria
interactions 14: 15:16:17:18 Therefore, curli are virulence factors 19 20: 21 and constitute
potential novel targets for antibacterial agents 22: 23: 24 Curli are composed of a major and
minor subunit, CsgA and CsgB, respectively 25 26: 27 pyrified CsgA polymerizes into an
amyloid fiber in vitro, but CsgB is required for in vivo curli formation & 28, In the absence
of CsgB, CsgA is secreted away from the cell as a soluble protein 26: 29, In a process
referred to as interbacterial complementation, cell surface localized CsgB produced by a
€sgA mutant can convert secreted, soluble CsgA produced by a csgB mutant into an ordered
amyloid fiber 10: 28, The CsgB expressed on the surface of csgA mutants can also nucleate
exogenously added purified CsgA 3031, CsgB becomes incorporated into the fiber after
initiating the polymerization of CsgA 23, yet the sequences or domains of CsgB that guide
amyloid nucleation have yet to be elucidated.

In silico structural predictions suggest that both CsgA and CsgB contain a -sheet rich
domain that can be further divided into five imperfect p-strand-loop-f-strand

repeats 26: 32: 33 The repeating unit domains of both CsgA and CsgB are 51% similar and
they contain a number of conserved glutamines and asparagines 7. These observations led
us to hypothesize that CsgB, like CsgA, may also adopt an amyloid-like fold and that this
feature of CsgB may serve to template CsgA polymerization. We previously purified a
truncated version of CsgB missing the fifth repeating unit (CsgBA™) 34, This truncated
CsgB mutant self-assembled into p-sheet rich amyloid fibers that could template CsgA
polymerization /in vitro. However, unlike WT CsgB, CsgB missing the fifth repeating unit
was s?icreted away from the cell surface and was unable to complement a ¢sgB mutant /n
Vivo >*.

We report here that wild-type (WT) CsgB polymerizes into an amyloid structure and does so
faster than either CsgA or the previously characterized CsgB truncation mutant. Purified WT
CsgB was able to template CsgA polymerization /n vitro and in vivo when applied to ¢csgB
mutants. The contribution of each CsgB repeating unit to nucleator function /n vivo and to
CsgB polymerization /n vitrowas assessed. We found that the fourth repeating unit of CsgB
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is required for cell association suggesting that both the 4™ and 5™ repeating units function,
directly or indirectly, to anchor CsgB to the cell. Our results support a model in which CsgB
rapidly adopts a B-sheet-rich, amyloid fold at the cell surface that templates the conversion
of slower-folding major subunit CsgA into cell-associated amyloid fibers. We propose that
this process is mediated by the C-terminal repeating units of CsgB.

Purified CsgB forms amyloid fibers that can seed CsgA polymerization

CsgB contains three domains. The first domain contains twenty-one amino acids and
encodes a sec-signal sequence responsible for targeting CsgB to the periplasm. These amino
acids are cleaved as the protein transverses the inner-membrane. The next twenty-two amino
acids mark the N-terminus of the mature protein. This domain is predicted to be unstructured
and cells expressing CsgB deleted for these amino acids produce WT fibers (data not
shown). However, the synonymous region within CsgA is required for the secretion of the
protein 35 38, The last domain contains the amyloid-core of CsgB and can be further divided
into five regions of imperfect homology referred to as repeating units. We previously
purified a truncated CsgB molecule that lacked the C-terminal repeating unit by harvesting
the supernatant of cells expressing the truncated protein. Attempts to purify WT CsgB from
the extracellular milieu in a similar fashion were impeded by relatively low expression
levels 34, Here, expression of mature WT CsgB (i.e. the WT sequence of CsgB lacking only
the sec-signal sequence required for secretion across the inner membrane) was induced in
the cytoplasm of cells. After induction, cells contained significant amounts of SDS insoluble
CsgB protein (Fig. 1A lane 2 and 3). Soluble his-tagged CsgB was recovered by affinity
pursigication after pellets of induced cells were resuspended in 8 M GndHCI (Fig. 1A lane

4) 33,

CsgB polymerization was monitored over time using the amyloid specific dye thioflavin-T
(ThT). ThT fluorescence rapidly increased upon addition of freshly purified, soluble CsgB
after only a short lag phase, and this increase in fluorescence was concentration dependent
(Fig. 1B). Both CsgA and CsgB polymerization curves contained a lag phase, a fast phase,
and a stationary phase. However, the CsgB lag phase was shorter than the CsgA lag phase at
approximately equivalent protein concentrations (Fig. 1B). Transmission electron
microscopy (TEM) analysis of fractions containing CsgB incubated overnight at room
temperature revealed an ordered fibrous structure, similar to what has been observed for
CsgA (Fig. 1C) 8. The fibrous CsgB aggregates were not soluble in SDS and pretreatment
with formic acid (FA) was required to visualize monomeric protein on a SDS-PAGE gel
(Fig. 1D lane 2).

To test whether CsgB fibers could template CsgA polymerization /in vitro, we measured the
polymerization of soluble CsgA in the presence of preformed CsgB fibers by ThT
fluorescence. In the absence of CsgB, CsgA polymerization had a lag phase of
approximately two hours. When 5% (w/w) preformed CsgB fibers were added to the
reaction mix, a 1-hour lag phase was observed. When the amount of CsgB fibers was
increased to 12% (w/w), CsgA polymerization proceeded without an apparent lag phase at
this time scale (Fig. 1E). Interaction of soluble CsgA with CsgB fibers was also monitored
by surface plasmon resonance (SPR). Preformed CsgB fibers were immobilized on a sensor
chip. Soluble CsgA was able to interact with CsgB fibers shown by the increase of
resonance units when CsgA was injected over the sensor chip. No obvious decay of
resonance units was observed after injection, suggesting that the interaction between CsgA
and CsgB fibers was non-reversible (Fig. 1F). These results suggest that WT CsgB rapidly
polymerizes into an amyloid fiber that templates CsgA polymerization /n vitro.

J Mol Biol. Author manuscript; available in PMC 2013 September 21.
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The ability of CsgB to template CsgA under physiologically relevant conditions was tested
by adding purified, soluble CsgB to ¢sgA and ¢sgB mutant cells grown on YESCA plates.
We have used this ‘overlay assay’ to measure the ability of cell surface localized CsgB to
stimulate the polymerization of purified and exogenously added CsgA 30: 31, In this case,
purified soluble CsgB was spotted on to bacterial lawns of ¢sgA or ¢sgB cells grown under
curli-inducing conditions, followed by an overnight incubation. The cells were then stained
with Congo red to visualize amyloid formation 3% 31, In comparison to the csgA mutant
cells, the csgB mutants incubated with CsgB had a pronounced Congo red staining
phenotype where the purified CsgB had been added (Fig. 2A). Thus, purified CsgB
complemented the ¢sgB mutant for Congo red binding when added to the cells exogenously.
Using electron microscopy, we confirmed that fibers had formed when purified CsgB was
incubated with the ¢sgB mutants (Fig. 2B). To determine if the CsgA secreted from the
CsgB-treated csgB mutants had formed detergent insoluble fibers, these cells were harvested
and resuspended in the presence or absence of formic acid. The majority of CsgA in these
samples required formic acid pretreatment to resolve the monomer, indicating that the
protein was assembled into an SDS-insoluble and polymerized fiber form (Fig. 2C). Taken
together, these results demonstrate that CsgB adopts an amyloid conformation more rapidly
than the major subunit CsgA and this conformation is able to template CsgA polymerization
near the cell surface.

In vivo contribution of the repeating units to CsgB function

CsgB contains a glutamine-asparagine rich domain that can be divided into five repeat
sequences called r1, r2, r3, r4 and r5 (Fig. 3A) 27: 28, Each repeating unit is predicted to
contain two p-strands. The amino acid sequence of each repeating unit of CsgA and CsgB
contain a high degree of similarity (Fig. 3A). In order to determine the contribution of each
repeating unit to CsgB function /n vivo, we constructed in-frame deletions of each repeating
unit. When a ¢sgB mutant strain expressing ¢sgB constructs with deletions of r1, r2 or r3
(CsgBAML CsgBAr2, CsgBAT3) were grown under curli-inducing conditions on Congo red-
containing agar plates, these mutants bound similar levels of Congo red as both WT cells
and a csgB mutant complemented with WT csgB (Fig. 3B). Both CsgB2™ and CsgBA™
could be detected by western blot and increased amounts of CsgB2™! and CsgBA™
monomers were seen when the whole-cell samples were pretreated with FA (Fig. 3C top
panel, lanes 6 and 10). The CsgB22 protein was not detected by western blot, because the
CsgB antibody used here was raised using a peptide fragment found within r2 36, However,
like the WT CsgB, CsgBA™ and CsgBA™ constructs, CsgA monomers could only be
detected in whole-cell samples when the CsgB2"2 samples were pretreated with FA (Fig.
3.2C bottom panel, lanes 4, 6, 8, and 10). These results suggest the CsgBA™, CsgBA™2, and
CsgBAT3 constructs were able to convert soluble CsgA into a cell-associated SDS insoluble
fiber. To confirm the presence of fibers, we prepared ¢sgB mutants harboring each repeating
unit deletion mutant for TEM. Consistent with the Congo red and western blot data, fibers
were seen when ¢sgB mutants harboring the CsgBA™, CsgBA"2 and CsgBA™ constructs
were viewed by TEM, and these fibers were morphologically similar to WT curli fibers (Fig.
3D). Therefore, the r1, r2, and r3 deletion mutants were able to effectively complement the
csgB mutant to produce cell-associated amyloid fibers.

Unlike the r1, r2 and r3 deletions, both the CsgBA™ and CsgB2™ constructs were unable to
complement a ¢csgB mutant for Congo red binding (Fig. 3B). To test for the stability of
CsgBA™ and CsgBA™, cell lysates were probed with anti-CsgB antibody and no cell-
associated CsgBA™ or CsgBA™ protein could be detected (Fig. 3C top panel, lanes 11-14).
However, when whole cells and the underlying agar were collected, bands corresponding to
the CsgBA™ and CsgBA"™ constructs were observed (Fig. 3C middle panel, lanes 11-14).
This indicated that both CsgBA™ and CsgBA™ were not cell associated, but were instead

J Mol Biol. Author manuscript; available in PMC 2013 September 21.
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secreted into the underlying agar. The soluble nature of these mutant proteins also renders
them maore sensitive to formic acid, which is manifested by an apparent decrease in protein
stability (Fig. 3C middle panel, lanes 12 and 14). These results are also consistent with our
previous report characterizing CsgBA™ (previously referred to as CsgBiync) 34. Soluble
CsgA was detected when the underlying agar was collected along with the ¢sgB cells
harboring CsgB2™ or CsgBA™ (data not shown). Thus the CsgBA™ and CsgB2'® constructs
do not alter CsgA stability. No fibers could be detected by TEM in samples of ¢sgB cells
expressing either csgBA™ or csgBA™ (Fig. 3D) 34. These results suggest that the C-terminal
portion of CsgB required for nucleator function /in vivoincludes both CsgB r4 and r5. The
observation that both csgBA™ and csgBA™ are secreted away from the cell suggests that the
last two CsgB repeating units are required to facilitate anchoring of the nucleator to the outer
membrane.

The repeating unit deletion mutants polymerize in vitro

A possible explanation for the /in vivo defect of the CsgBA™ construct was that the 4t
repeating unit is required for interaction with CsgA. To determine if CsgBA™ could act as a
template for CsgA polymerization and to characterize the /n vitro characteristics of the other
repeating unit mutants, we constructed expression plasmids for cytoplasmic purification of
each of the CsgB repeating unit deletion mutants. Each repeating unit deletion, with the
exception of CsgBA™, formed SDS-insoluble cytoplasmic aggregates after induction (Fig.
4A). Soluble CsgBA™2, CsgBAr3, CsgBA™ and CsgBA™ were purified after treatment with 8
M GndHCI (data not shown). We were unable to purify CsgBA™ (see materials and
methods).

We monitored the in vitro polymerization of CsgBA"2, CsgBA™3, CsgBA™ and CsgBA™
using the ThT time course assay. The polymerization curve of CsgB2™ displayed a two-
hour lag phase, consistent with previously published results (Fig. 4B) 34. The lag phase for
CsgBAT™ was noticeably longer than that of WT, CsgBAr2, CsgBA™3, and CsgBA™, which all
exhibited no apparent lag phase on this time scale. This suggests that repeating unit r5 is
required for rapid, WT-like polymerization of CsgB /n vitro.

The normalized CsgBA™ ThT polymerization profile demonstrated that CsgBAr2
polymerized as quickly as WT CsgB (Fig. 4B). However, the relative fluorescent units
(RFUs) recorded for CsgBA™ after twelve hours of polymerization were consistently lower
than WT CsgB at the same time point (Fig. 4B inset), suggesting that CsgBA"2 might adopt
an altered conformation. No gross morphological differences between CsgBA™ fibers and
WT CsgB fibers were observed when the fibers were viewed utilizing TEM (Fig. 1C and
Fig. 4C top panel). We next tested the ability of the CsgBA™ fibers to seed CsgA
polymerization. Using a 14 .M concentration of CsgA, we observed a lag phase of five
hours for CsgA by itself, which is consistent with previous reports that the CsgA lag phase is
concentration-dependent 8. At this concentration, only 3.5% (w/w) seed of WT CsgB was
needed to eliminate the lag phase (Fig. 4D). A short lag phase of roughly 30 minutes was
seen when 3.5% (w/w) CsgB22 fiber was added to the reaction mix, but no apparent lag
phase was observed when the amount of seed was increased to 9% (w/w) CsgBA"2 pre-
formed fiber (Fig. 4D). These observations suggest CsgBA™ may be less efficient than WT
CsgB at converting CsgA into SDS-insoluble fibers, however they are consistent with the /in
vivoresults demonstrating SDS-insoluble CsgA fibers are formed in the presence of
CsgBA™2 (Fig. 3).

Despite the inability to produce curli /7 vivo, the CsgBA™ had a ThT fluorescence profile
similar to WT CsgB /n vitro (Fig. 4B). Fractions containing purified CsgB2"™ were
incubated overnight and viewed by TEM to assess aggregate morphology. By this analysis,
CsgBA™ fibers appeared similar to WT CsgB fibers (Fig. 4C bottom panel). To determine if

J Mol Biol. Author manuscript; available in PMC 2013 September 21.
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the /n vivo defect of CsgB2™ could be attributed to an inability of CsgBA™ to seed CsgA
polymerization Jn vitro, pre-formed CsgBA"™ fibers were added to a CsgA polymerization
reaction. A short lag phase of 30 minutes was observed when 3.5% (w/w) CsgBA™ fibers
were added to CsgA and no apparent lag phase could be detected when the amount of
preformed fiber was increased to 8% (w/w) (Fig. 4D). These results demonstrate that
CsgBA™ formed amyloid fibers /n vitro and that these CsgBA™ fibers template in vitro
CsgA polymerization. Thus the inability of CsgBA™ to complement a csgB mutant cannot
be fully explained by a defect of CsgB2™ to template CsgA polymerization /n vitro. These
results suggest that like CsgA, CsgB may have more than one domain that acts to template
CsgA polymerization /in vivo. Alternatively, CsgB r4 may play a role in anchoring CsgB to
the cell surface as CsgBA™ was detected in the underlying agar /n vivo (Fig. 2).

In order to gain a better understanding of the repeating unit(s) that have the potential to act
as a template for CsgA polymerization we determined the ability of the individual CsgB
repeating units to self-assemble using synthetic peptides composed of the amino acids found
within each repeating unit. A similar approach was used to determine the repeating units of
CsgA that facilitated CsgA polymerization. Synthetic peptides composed of the repeating
units CsgA rl and r5 were able to polymerize /n vitro. CsgA r5 peptide polymerized with at
a remarkable rate. Deleting CsgA r1 or CsgA r5 abrogated curli biogenesis /n vivo
highlighting the importance of these repeating units to CsgA polymerization 30, The
template-mediated polymerization hypothesis predicts that domains of CsgB that self-
assemble will contribute to nucleator function. Therefore, we hypothesized that repeating
units CsgB r5 and CsgB r4 would self assemble given their importance to /in vivo curli
biogenesis.

Synthetic peptides composed of amino acids found in each CsgB repeating unit were
incubated with ThT to assess the self-assembly capability of each CsgB repeating unit.
Peptides composed of the corresponding amino acid sequence of CsgB r1, CsgB r2 and
CsgB r4 increased ThT fluorescence after a 24-hour incubation at room temperature, while
peptides composed of the corresponding amino acid sequence of CsgB r3 and CsgB r5 did
not result in ThT fluorescence over a 24 hour time period (Fig. 4E). Interestingly, deleting a
repeating unit incapable of self-assembly into amyloid, CsgB r5, resulted in significant delay
in CsgB polymerization /n vitro (Fig. 4B). These results suggest that the initiation of CsgB
polymerization via CsgB r5 does not require an amyloid-like self-assembly of this repeating
unit. Taken together with the /n7 vivo data demonstrating that CsgBA™ is defective for
nucleation, these findings imply that CsgB r5 might aid in the nucleating properties of CsgB
by promoting CsgB polymerization in addition to its role of ensuring that CsgB is properly
localized.

Discussion

Shewmaker et al. recently purified full-length CsgA and CsgB (i.e. versions of the proteins
that would be expressed in the cytoplasm before processing by the Sec machinery) and
demonstrated that both proteins self-assembled into fibers that contain the biochemical
features of amyloid fibers 33, Solid state NMR revealed that both CsgA and CsgB fibers are
composed of parallel B—sheets that are not in-register. Together with the solid state NMR
data, electron microscopy analysis suggests CsgA fibers and CsgB fibers consist of p—helix-
like structure. This structure is different from the in-register parallel p—sheet structure shared
among the yeast prions and human disease-associated amyloids. In their studies with CsgA
and CsgB, Shewmaker et a/. suggest that a functional amyloid may adopt a similar final
amyloid structure 33, Despite the conserved p-helix structure and high degree of similarity at
the amino acid level our results demonstrate that CsgB has several unique features that
distinguish it from CsgA. We demonstrate that these unique features facilitate the initial step
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of curli fiber biogenesis, a process that occurs at the cell surface and shortens the lag phase
of CsgA polymerization, thus increasing the efficiency of curli assembly at the correct
cellular location.

WT CsgB polymerizes rapidly in vitro

At equal concentrations the lag phase of WT CsgB is shorter (20-30 minutes) than the two-
hour lag phases that are observed when polymerization of both CsgA and CsgBA™ is
monitored (Fig. 1B and Fig. 3B). Our model predicts that CsgB is secreted to the cell surface
where it rapidly adopts an amyloid fold that templates CsgA polymerization. CsgB amyloid
fibers seeded CsgA polymerization /n vitro (Fig. 1E) and freshly purified, soluble CsgB
applied to csgB mutant cells was able to nucleate the CsgA secreted from these ¢sgB mutant
cells (Fig. 2). These data support the hypothesis that CsgB rapidly adopts an amyloid fold
that templates CsgA polymerization at the cell surface.

Proteins associated with amyloid diseases aggregate relatively slowly /n vitro, and the longer
lag phases associated with the polymerization of these proteins have led to the hypothesis
that cytotoxic amyloid precursors accumulate /7 vivo 37: 38: 39 40, 41,42, 43, 44,45 Thege
precursors have been shown to compromise membrane integrity, leading to cell

death 46: 47:48: 49 Fynctional amyloid biogenesis pathways proceed without compromising
cell physiology. One strategy cells employ to reduce the accumulation of cytotoxic
precursors is to promote the rapid conversion of innocuous monomers to stable amyloid
fibrils. An example of this is the mammalian functional amyloid protein Pmel that
polymerizes without a lag phase 7 vitro 1. Our previous studies have demonstrated that
CsgA polymerization /in vitro has a consistent two-hour lag phase that is concentration
dependent 8. A potentially toxic intermediate is formed during the lag phase, but the addition
of preformed CsgA fibers to freshly purified CsgA can eliminate the lag phase and the
formation of this folding intermediate 8. Therefore, we speculate that CsgB-mediated
nucleation of CsgA promotes the conversion of CsgA from a soluble monomer to an ordered
amyloid aggregate without allowing CsgA to sample the toxic oligomeric state that many
amyloids are known to populate 8: 48 50: 51 Consistent with this, a mutant variant of CsgA
that polymerizes independently of CsgB /7 vivo has potent cytotoxic activity 2.

The C-terminal repeating units of CsgB are essential for nucleator function

CsgA rl and CsgA r5 deletion mutants are defective for polymerization /n7 vivo and peptides
composed of CsgA rl and r5 self assemble 7 vitro3t. CsgA rl and r5 peptides also seed in
vitro CsgA polymerization 31. These findings supported our model that proposes that CsgA
polymerization is mediated by the interaction of the terminal amyloidogenic repeating units
CsgA rl and CsgA r5.

In-frame deletions of CsgB repeating unit r4 and r5 are the most defective CsgB mutants
(Fig. 3) suggesting the C-terminal portion of CsgB directs curli nucleation. We previously
reported that the CsgBA™ mutant was defective for nucleator activity in vivo due to
mislocalization of the protein 34. Synthetic peptides composed of CsgB r5 did not self
assemble Jn vitro (Fig. 4E). The CsgBA™ mutant also had the longest polymerization lag
phase when compared to WT CsgB and the other CsgB repeating unit deletion mutants.
These results suggest CsgB r5, which does not self-assemble, directs CsgB polymerization
in vitro.

CsgA polymerization is inhibited when repeating units that can self-assemble are deleted 31,
However, deleting self-assembling CsgB repeating units, CsgB r2 and CsgB r4, did not

affect CsgB polymerization in vitro (Fig. 4). The CsgB2"2 and CsgBA™ mutants also seeded
CsgA polymerization /in vitro (Fig. 4). Deleting CsgB r4 abolished nucleator activity /n vivo
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despite having no effect on /n vitro CsgB polymerization (Fig. 3). The CsgB2A™ mutant, like
CsgBAT>, was secreted away from the cell (Fig. 3). Synthetic peptides composed of CsgB r 4
self-assembled /n vitro (Fig. 4E). Taken together, these results underscore another difference
between CsgA and CsgB. CsgA polymerization is directed by amyloidogenic repeating units
located on either side of the predicted amyloid core domain (CsgA rl and r5). CsgB
nucleator function is directed by two repeating units located at the C-terminal portion of the
amyloid core. Only one of these repeating units self-assembles /in vitro (CsgB r4).
Interestingly, the repeating unit that directs CsgB polymerization in vitro, CsgB r5, does not
self-assemble into amyloid (Fig. 4). This property of CsgB r5 is not surprising given the
importance of membrane localization to the function of CsgB, and the sensitivity
membranes have to the toxic effect of amyloids in general. An amyloid-independent
mechanism to facilitating the initiation of an amyloid fold would ensures membrane
integrity is not compromised during polymerization. Future experiments will define the
mechanism by which CsgB r5 facilitates the folding of CsgB.

CsgB self-assembles in vivo

In a csgA mutant CsgB remains SDS-soluble at the cell surface where it can initiate the
polymerization of CsgA secreted from cells grown in close proximity26: 53, Bian and
Normark demonstrated that CsgB fibers can be formed at the cell surface when CsgB is
overexpressed 2%, These results suggest that CsgB expression is under transcriptional control
that keeps the protein from self-assembling /n vivo. We have shown that purified CsgB
rapidly self-assembles /n vitro (Fig. 1). When purified CsgB was added to ¢sgA mutants,
there was a modest increase of Congo red binding in the area where CsgB had been applied
(Fig. 2A). However, within this area fibers were not observed by EM and CsgB remained
SDS-soluble (data not shown). These results suggest that interactions with the membrane or
a membrane-localized protein may keep CsgB from polymerizing /in vivo. The chaperone-
like protein CsgF ensures the proper localization of curli biogenesis 3. CsgF is the most
likely candidate for interacting with CsgB, but a direct CsgB-CsgF interaction has not been
demonstrated experimentally. Determining the molecular details of the CsgB-membrane
interaction will increase our understanding of how £. coli keeps CsgB from polymerizing on
the cell surface.

Curli are among a class of microbial functional amyloids that promote the formation of
multicellular communities!3: 54: 55 56: 57 Dyring amyloid formation, soluble peptides can
assemble into structurally conserved oligomers before adopting the final amyloid fiber
conformation 48, Lipid membranes are particularly sensitive to the oligomeric intermediates
formed during amyloid polymerization 8. We speculate that dedicated amyloid nucleator
proteins like CsgB stimulate the transition of CsgA from the soluble monomeric state to the
final amyloid fiber, thus minimizing the chance for membrane-toxic oligomers to form that
might compromise the integrity of the outer membrane. To date, a dedicated amyloidogenic
nucleator of the extracellular Gram positive and yeast functional amyloids has not been
identified 56 59, Future experiments will define the nucleation events that initiate the
polymerization of this class of functional amyloids, but it is tempting to speculate that a
dedicated amyloidogenic nucleator is essential for Gram negative bacteria to assemble a
nontoxic, cell-associated amyloid fiber. The molecular basis of the CsgB-membrane
interaction will lead to novel insights into how Gram negative bacteria avoid the
accumulation of cytotoxic intermediates produced during amyloid fiber biogenesis.

The molecular events that initiate amyloid biogenesis /n7 vivo are not entirely understood.
Curli biogenesis represents an elegant functional amyloid biosynthetic pathway that
faithfully assembles an amyloid on the cell surface without causing appreciable cytotoxicity.
Our results support the template-mediated polymerization model of curli biogenesis, where
CsgB rapidly adopts an amyloid-like fold that initiates the folding of soluble CsgA as it
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comes in contact with the cell surface. This process is directed by the C-terminal repeating
units of CsgB. Further study of the nucleation event in curli biogenesis, from both /in vivo
and /n vitro perspectives, may provide alternative approaches for inhibiting disease
associated amyloid biogenesis.

Materials and methods

Bacterial Growth

For protein expression and general strain propagation bacteria were cultured in LB broth. To
induce curli production, bacteria were grown for 48 hours at 26° C on yeast extract
casamino acids (YESCA) plates 19. Curli production was monitored by using Congo red-
containing YESCA plates 10. When necessary growth media was supplemented with
antibiotics at the following concentrations: kanamycin 50 pg/ml or ampillicin, 100 pg/ml.

Bacterial Strains and Plasmids

MC4100 was the WT strain used 0. The other strains and plasmids used in this study can be
found in table S1. Primers used to construct the plasmids in this study can be found in table
S2. The repeating unit deletions and point mutants were constructed using synthesis by
overlapping ends PCR. PCR was performed using standard techniques and the primers listed
in table S3. To test the ability of the csgB mutants to complement the ¢sgB mutant strain the
mutated sequences were all subcloned into pLR2, a plasmid that contains the native csgBA
promoter, using Nlcol and BamHI restriction sites found at the 5" and 3” end respectively 36.
To express and purify cytoplasmic (i.e., lacking the N-terminal sec-signal sequence) WT
CsgB and the repeating unit deletions, PCR-amplified sequences including 6 histidine
residues at the C-terminus were subcloned into pET11d (Novagen, Darmstadt, Germany)
using Ncol and BamHI restriction sites. Our attempts to purify proteins using a denaturing
protocol described below were hindered by a contaminating protein of approximately 30
kDa. We identified this protein as SlyD, a protein enriched with histidine residues at the C-
terminus, by mass spectrophotometry analysis (Michigan Proteome Consortium). In order to
eliminate this contamination we P1 transduced the slyD::aph allele from the Keio collection
strain, JW3311, into our expression strain NEB 3016 61 62, \We named the resulting strain
NDH 471

CsgA and CsgB Protein purification

NDH 471 (NEB 3016 slyD::aph) cells harboring a pET11d vector containing polyhistidine-
tagged cytoplasmic versions of CsgA, CsgB, or the CsgB repeating unit deletions mutants
were grown at 37° C to 0.9 ODgqo. The cells were induced with 0.5 mM isopropyl-B-D-
thiogalactoside (IPTG) and induction proceeded at 37° C for an hour. Cells were collected
by centrifugation and the pellets were stored at —80° C. The cells were chemically lysed
using 8 M GndHCI buffered with 50 mM potassium phosphate buffer (KPi) pH7.2. A total
of 75 ml of lysis solution was used per pellet generated from a 500 ml culture. The lysate
was incubated at room temperature with magnetic stirring for 24 hours. The insoluble
portion of the lysate was removed by centrifuging at 10,500 x g for 15 minutes and the
resulting supernatant was sonicated 5 times, each time for 15 seconds. Sonication was
applied at 5 amplitudes. The samples were incubated for 2 minutes on ice in between bursts.
The supernatant was then centrifuged again at 10,500 x g for 15 min. HIS-Select ™ HF
NiNTA (Sigma Aldrich, Atlanta, GA) was added to the supernatant and this mixture was
incubated for 1 hour at room temperature with rocking. The polyhistidine-tagged proteins
were affinity purified by collecting the nickel beads as the mixture passed through a Kontes
column. The beads were washed with 50 mM KPi pH7.2 to eliminate the GndHCI and then
washed with 50 mM KPi containing 12.5 mM imidazole pH7.2 to elute contaminating
proteins that bound to the nickel beads. His-tagged proteins were eluted from the column
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using 125 mM imidazole in 50 mM KPi pH 7.2. Fractions were collected and analyzed for
the presence of protein by SDS-PAGE. Protein concentration was determined by the BCA
assay (Thermo Scientific, Rockford, IL). We were not able to purify CsgBA™. A significant
amount of CsgBA™ protein was found to be SDS insoluble even after the cells were
resuspended in 8 M GndHCI (data not shown).

Thioflavin-T (ThT) Assay

Proteins were mixed with 20 wM ThT in 96-well plates in duplicate and incubated at room
temperature. Every 10 minutes samples were excited at 438 nm and fluorescence emitted
495 nm with a 475 nm cutoff was measured using a Spectramax M2 plate reader (Molecular
Devices, Sunnyvale, CA). Samples were shaken for 5 seconds before each read. Due to the
differences in preparation—to-preparation protein yield, a representative ThT kinetic graph
taken from a series of at least three ThT assays is shown. The net RFUs generated by a
protein at a specific concentration after a 24 hour incubation from a given preparation were
consistent from protein preparation to protein preparation. ThT fluorescence was normalized
by averaging the duplicate samples and using (Fj — Fg)/(Fmax- Fo) were Fo was the ThT
background intensity (fluorescence arbitrary unit), F; was the ThT intensity of samples, and
Fmax Was the maximum ThT intensity of the reaction. Samples used to seed CsgA were
sonicated using a sonic dismembrator (Fisher Model 100; Fisher, Pittsburg, PA) for three
15-second bursts on ice.

BIAcore Binding Assay

A BlAcore3000 (GE Appliance) was used to analyze the seeding reaction. Mature CsgB or
CsgA fibers were sonicated (Sonicator XL2020, Misonix) on ice with 4 times of 15 second
burst at power two and 50 second pause and diluted with 10 mM sodium acetate buffer, pH5
by 10 fold. Sonicated fibers were then immobilized on a CM5 chip (GE Appliance) pre-
activated with 1:1 (v/v) mixture of 0.4 M of 1-ethyl-3-(3-dimethylpropyl)-carboiimide
(EDC) and 0.1 M N-hydroxysuccinimide (NHS) to reach the immobilization of 3000
resonance units. A blank flow cell was prepared in absence of seeds. This flow cell was used
as the negative control. Excessive reactive groups were deactivated with 1M ethanolamine-
HCI, pH 8.5. To test interactions between monomeric CsgA and the CsgA or CsgB seeds, 40
pl 0.25 M monomeric CsgA was injected over the sensor chip at a flow rate of 50 pl/
minute and the response was recorded in resonance units.

Overlay assay

Cells were grown under curli inducing conditions as previously described for 24 hours on
YESCA plates. Purified CsgB (10 ul) was pipetted onto the bacterial lawn and incubated at
26° C for an additional 24 hours. Congo red dye (10 mg/ml) was then applied to the
bacterial lawn-CsgB mixture for 10 minutes. The dye was decanted and the bacterial lawns
were carefully washed twice with 50 mM KPi buffer pH 7.2.

Transmission Electron Microscopy (TEM)

Samples (10 pL) were placed on glow discharged, Formvar-coated copper grids (Ernest F.
Fullman, Inc., Latham, NY) for 2 minutes, washed twice briefly (10 seconds) with deionized
water, and negatively stained with 2% uranyl acetate for 90 seconds. Samples were viewed
using a Phillips CM-100 transmission electron microscope at 60kv.

SDS/PAGE and Western Blotting

Bacteria whole cell lysates and agar plugs were prepared and probed for both CsgA and
CsgB by using previously described methods 34: 36,
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Peptide preparation
Peptides were chemically synthesized (Proteintech Group, Chicago, IL). Purity was greater
than 90% as measured by high pressure liquid chromatography, and size was confirmed by
mass spectroscopy (Proteintech Group, Chicago, IL). Lyophilized peptide (1 mg) was
dissolved in 8 M GndHCI (1ml) buffered by 50 mM KPi pH 7.2. The suspension was
incubated at room temperature for 1 hour with rocking. In order to remove the 8 M GndHCI
and collect the soluble peptide, the sample was passed through a Sephadex G10 (GE
Healthcare, Brentwood, TN) column that was balanced in 50 mM KPi pH 7.2. The BCA
assay was used to assess peptide concentration and polymerization was monitored by ThT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Biochemical and physiological propertiesof WT CsgB

(A) Coomassie stained SDS-PAGE of OD600 normalized cell lysates pre-induction (IPTG
—) or post-induction (IPTG +) lanes 1 through 3. Cells were resuspended in SDS loading
buffer (FA -) or pretreated with formic acid (FA+). CsgB was solubilized post purification
by incubation in 8 M guanidine HCI (Lane 4). (B) Representative ThT kinetic plot of 70 oM
(O), 35 uM (O), or 17.5 pM () purified CsgB and 27 wM purified CsgA (X). Relative
fluorescent units (RFUs) emitted at 495 nm were recorded every 10 min. after excitation at
438 nm. (C) TEM of 65 M CsgB incubated at room temperature for 24 hours. The scale
bar represents 500 nm. (D) Coomassie stained SDS-PAGE of 65 LM CsgB polymerized into
fibers, centrifuged and resuspended in SDS loading buffer with (+) or without (=) prior
formic acid (FA) treatment. (E) ThT kinetic plot of 27 pM CsgA (X), 27 .M CsgA and
+5% w/w WT CsgB seeds (@) and 27uM CsgA + 12% w/w WT CsgB seeds (H). (F)
Surface plasmon resonance (SPR) sensorgrams of interactions between monomeric CsgA
and CsgA seeds or CsgB seeds. 0.25uM fresh monomeric CsgA was flow over the CM5
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chip immobilized with 3uM CsgA seeds, 3.5M CsgB seeds or no seeds. The interaction
was recorded in resonance units.
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Figure 2. Exogenously added CsgB functions as a nucleator

(A) 10 ul of 37 uM purified CsgB was overlaid on ¢sgA and ¢sgB mutants that had been
grown for 24 hours, and then stained with Congo red dye after an additional 24-hour
incubation at 26°C. WT cells are shown as a positive staining control. (B) TEM of ¢csgB
cells that were incubated with 37 .M purified CsgB. The scale bar represents 500nm. (C)
CsgA western blot analysis of a whole cell (WC) lysate of the csgB cells in (A) that were
incubated in the absence of CsgB (Lanes 1 and 2) or presence of CsgB (lanes 3 and 4).
Samples were resuspended in SDS loading buffer with (+) or without (-) formic acid (FA)
pretreatment.
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Figure 3. Contribution of each repeating unit to CsgB function in vivo

(A) Amino acid sequence alignment of the CsgA and CsgB repeating units. Each repeating
unit contains two predicted p-sheets (arrows). (B) Congo red binding phenotype of MC4100
(WT), or csgB harboring a vector control plasmid (vector), a plasmid vector containing WT
csgB, csgBA™ (Ar1), csgBAZ (Ar2), csgBA (Ar3), csgBA™ (Ar4) or csgBA™ (Ar5). (C)
Western blot analysis of a csgB mutant strain harboring vector control (vector lanes 1 and
2), a plasmid vector containing WT ¢sgB (lanes 3 and 4), csgB4™ (Ar1 lanes 5 and 6),
csgBAZ (Ar2 lanes 7 and 8), csgBA"3 (Ar3 lanes 9 and 10), csgBA™ (Ar4 lanes 11 and 12)
or csgBA” (Ar5 lanes 13 and 14). Samples were resuspended in SDS loading buffer with
(+) or without (=) formic acid (FA) pretreatment. The top two panels are blots probed with
anti-CsgB antibody. The bottom panel is a blot probed with anti-CsgA antibody. Whole cells
(WC) samples are represented in the first and third panel, while samples containing whole
cells and the underlying agar are represented in the second panel. (D) TEM of ¢sgB mutants
harboring CsgBA™ (Ar1), CsgBA™2 (Ar2), CsgBA™ (Ar3), or CsgBA™ (Ar4) grown under
curli-inducing conditions. The scale bars represent 500 nm.
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Figure 4. In vitro characterization of the repeating unit deletions

(A) Coomassie stained SDS-PAGE of ODggp normalized cell lysates of cells harboring the
empty vector (EV) pET11d (EV lanes 1 and 2), WT CsgB (lanes 3 and 4), CsgBA™ (Ar1
lanes 5 and 6), CsgB22 (Ar2 lanes 7 and 8), CsgB2"3 (Ar3 lanes 9 and 10), CsgBA™ (Ar4
lanes 11 and 12), or CsgBA™ (Ar5 lanes 13 and 14) after 1 hour induction with 0.5 mM
IPTG. Samples were resuspended in SDS loading buffer with (+) or without (=) formic acid
(FA) pretreatment. (B) Representative ThT kinetic plot of purified WT CsgB (O), CsgBAr?
(Ar200), CsgBA™ (Ar3A), CsgBA™ (Ar4 X), and CsgBA™ (Ar5 ). The inset is a
representative bar graph of the RFUs for each protein after 12 hours of incubation at room
temperature with ThT. (C) TEM of purified CsgBA"2 (Ar2 top panel) or purified CsgBA™
(Ar4 bottom panel) after 24 hours of incubation at room temperature. The scale bars
represent 500nm. (D) Representative ThT kinetic plot monitoring the polymerization of 14
1M CsgA (X), 14 LM seeded with 9% w/w WT CsgB (@), seeded with 3.5% w/w WT CsgB
(O), seeded with 9% w/w CsgBA™2 (Ar2 M), seeded with 3.5% w/w CsgBA"2 (Ar2 0),
seeded with 8% w/w CsgBA™ (Ar4 A), or seeded with 3.5% w/w CsgBA™ (Ard A). (E)
Relative fluorescent units (RFUs) produced by synthetic peptides composed of the amino
acids in rl (145 M), r2 (102 pM), r3 (138 uM), r4 (176 wM), and r5 (167 M ) after
incubation at room temperature for 24 hours in the presence of ThT.
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