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Diverse proteins are known to be capable of forming amyloid aggregates, self-seeding fibrillar assemblies that may
be biologically functional or pathological. Well-known examples include neurodegenerative disease-associated
proteins that misfold as amyloid, fungal prion proteins that can transition to a self-propagating amyloid form and
certain bacterial proteins that fold as amyloid at the cell surface and promote biofilm formation. To further explore
the diversity of amyloidogenic proteins, generally applicable methods for identifying them are critical. Here we
describe a cell-based method for generating amyloid aggregates that relies on the natural ability of Escherichia coli
cells to elaborate amyloid fibrils at the cell surface. We use several different yeast prion proteins and the human
huntingtin protein to show that protein secretion via this specialized export pathway promotes acquisition of the
amyloid fold specifically for proteins that have an inherent amyloid-forming propensity. Furthermore, our findings
establish the potential of this E. coli-based system to facilitate the implementation of high-throughput screens for
identifying amyloidogenic proteins and modulators of amyloid aggregation.
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Diverse proteins from all domains of life are capable of
forming amyloid aggregates made up of highly ordered
B-sheet-rich fibrils (Chiti and Dobson 2006). These fibrils
share a characteristic cross-g spine in which the B strands
run perpendicular to the fibril axis (Toyama and Weissman
2011). Among protein aggregates, amyloid fibrils are
unusually stable, typically exhibiting SDS resistance. A
hallmark of amyloid aggregation is that it proceeds via
a self-seeding mechanism with a characteristic lag phase
that can be eliminated by the addition of preformed fibrils
(Chiti and Dobson 2006).

Among those proteins that are known to form amyloid
aggregates under physiological conditions are the culprits
in various devastating neurodegenerative diseases, in-
cluding Alzheimer’s, Parkinson’s, Huntington’s, and the
transmissible spongiform encephalopathies (TSEs) (Chiti
and Dobson 2006). In addition to these disease-associated
proteins that have a propensity to misfold as amyloid,
mammalian proteins that assemble into amyloid aggre-
gates to perform normal biological functions have been
described. For example, various endocrine hormones are
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stored as amyloid aggregates in secretory granules (Maji
et al. 2009).

Fungal prion proteins make up a particularly intriguing
class of amyloidogenic proteins (Wickner et al. 2007;
Tuite and Serio 2010; Liebman and Chernoff 2012). In
general, fungal prion proteins have the potential to adopt
alternative stable conformations, a so-called native fold
and a self-propagating amyloid fold, which is the basis for
prion formation. Often, but not in all cases, conversion
to the prion form phenocopies a partial or full loss-of-
function mutation. Although conversion to the prion
form is typically a rare event, once formed, prions are
stably transmitted from generation to generation and
“infectious” when transferred to naive strains. Thus,
fungal prions act as non-Mendelian protein-based hered-
itary elements that can confer new phenotypic traits on
the cells that harbor them.

In bacteria, all known amyloid-forming proteins aggre-
gate extracellularly, in most cases forming surface-
attached amyloid fibers (Blanco et al. 2011). In Escherichia
coli, these fibers, known as curli fibers, are composed of
two proteins, CsgA and CsgB, that are directed to the
outside of the cell by a dedicated export system (Blanco
et al. 2011). Here we demonstrate that the curli export
apparatus can be appropriated for the production of
extracellular amyloid fibers composed of heterologous
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amyloidogenic proteins derived from yeast and humans.
Our findings indicate that protein secretion through the
curli export pathway facilitates acquisition of the amy-
loid fold specifically for proteins that have an inherent
amyloid-forming propensity. The bacteria-based system
that we describe thus provides a simple and efficient
means to distinguish amyloidogenic proteins from those
that do not readily undergo conversion to an amyloid state.

Results

Experimental plan

Our goal was to establish a generalizable cell-based
system that would recapitulate aspects of widely used
in vitro assays for studying amyloid aggregation. Such in
vitro assays involve purifying the protein of interest and
subsequently monitoring its aggregation from a soluble
and fully or partially unfolded state (for example, see
Wang et al. 2007). We reasoned that a cell-based secretion
system could similarly enable the separation of the pro-
tein of interest from the bulk of cellular protein in a fully
or partially unfolded state that might facilitate acquisi-
tion of the amyloid fold. We therefore sought to determine
whether heterologous amyloid-forming proteins could be
directed for export via the E. coli curli system and, if so,
whether they would form extracellular amyloid fibrils.

Curli fibers are composed of two related amyloidogenic
proteins: the major subunit CsgA and the minor subunit
CsgB, which remains anchored in the outer membrane,
where it nucleates the polymerization of the fully se-
creted CsgA subunits (Chapman et al. 2002; Hammer
et al. 2007; Blanco et al. 2011). Both CsgA and CsgB are
translocated across the inner membrane into the peri-
plasm by the general Sec translocon system; subsequently,
they are directed through a curli-specific pore-like struc-
ture in the outer membrane that is formed by the CsgG
protein (Robinson et al. 2006). The specificity of this outer
membrane secretion process depends on a 22-amino-acid
signal sequence at the N terminus of the mature CsgA and
CsgB proteins (Robinson et al. 2006). Under native condi-
tions, curli biogenesis also depends on several accessory
proteins (Blanco et al. 2011). Nevertheless, despite the
complex requirements for curli biogenesis, previous work
indicates that CsgG overproduction in the absence of all
other curli factors enables the efficient secretion of CsgA,
which does not assemble into amyloid fibrils, however,
due to the absence of the nucleator CsgB (Chapman et al.
2002; Robinson et al. 2006). Thus, our strategy for assess-
ing the fate of heterologous amyloid-forming proteins
directed to the curli export channel was to fuse the CsgA
signal sequence to a set of target amyloidogenic proteins
and overproduce these fusion proteins along with CsgG in
a strain lacking CsgA and CsgB.

The prion-forming domain of yeast Sup35 protein
forms amyloid-like material when exported
from E. coli using the curli system

We initially tested the well-characterized yeast prion
protein Sup35 in this system. An essential translation
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release factor, Sup35 has a modular structure with an
N-terminal region (N) that contains the critical prion-
forming determinants, a highly charged middle region
(M), and a C-terminal domain (C) that carries out the
translation release function (Glover et al. 1997; Liebman
and Chernoff 2012). Together, the N and M regions can
function as a separable prion-forming module that is
transferable to heterologous proteins (Li and Lindquist
2000). Accordingly, we constructed a plasmid vector
designed to direct the arabinose-inducible synthesis of
Sup35 NM (hereafter NM) fused to the bipartite CsgA
signal sequence (CsgAg), consisting of a SecA-dependent
secretion signal (which is cleaved after passage through
the Sec translocon) and the CsgG targeting sequence
(which is retained at the N terminus of the mature
protein). As a control, we constructed an otherwise
identical plasmid directing the synthesis of the M domain
(which lacks the essential prion-forming determinants
and does not undergo conversion to an amyloid confor-
mation) (Glover et al. 1997) fused to the CsgA,.

We introduced each of these plasmids into a AcsgBAC
strain of E. coli containing a second plasmid that directs
the IPTG-inducible overproduction of CsgG. We first
plated cells containing either the NM plasmid or the M
plasmid onto inducing (i.e., arabinose + IPTG) medium
containing Congo red (CR), an amyloid-binding dye that
can be used to detect the presence of curli fibers on E. coli
cells (Hammar et al. 1995; Chapman et al. 2002). Like
curli-positive cells of wild-type E. coli, cells producing
CsgAg-NM formed colonies that stained bright red on
this medium, whereas cells producing CsgAs-M formed
pale colonies (Supplemental Fig. S1). Furthermore, sam-
ples of the CsgA,-NM cells that had been plated on
inducing medium revealed an abundance of fibrillar ag-
gregates when examined by transmission electron mi-
croscopy (EM), and the protein content of these fibrils was
confirmed by immuno-gold labeling (Fig. 1A). In contrast,
no such aggregates were observed in the case of the
CsgA-M cells. A control experiment indicated that the
CsgA,, directed the export of CsgAg-M and that the ab-
sence of CsgAg-M aggregates was not due to lower levels
of secreted protein (Supplemental Fig. S2). We also used
bright-field microscopy to show directly that the CsgA,,-
NM fibrils bind CR and manifest “apple-green” birefrin-
gence when examined between crossed polarizers (Fig. 1B),
a property that is diagnostic of amyloid material (Teng
and Eisenberg 2009).

Another diagnostic characteristic of amyloid aggre-
gates is their resistance to denaturation in the presence
of SDS (Bagriantsev et al. 2006). To determine whether
the aggregates produced by CsgA,-NM cells were SDS-
resistant, we scraped colonies (together with the fibrillar
aggregates) off inducing medium (without CR), resus-
pended the material in 2% SDS, and used a filter re-
tention assay (Alberti et al. 2009) to test for the presence
of SDS-stable NM aggregates (detectable with an anti-
NM antibody). This analysis revealed an abundance of
SDS-resistant aggregated material specifically with the
CsgAg-NM cells that was solubilized when the samples
were boiled (Fig. 1C).
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Figure 1. Amyloid-like aggregates formed by secreted CsgAge-
NM. (A) Electron micrographs of immunolabeled CsgA.-NM (left)
and CsgA-M (right) scraped cell samples. Fibrils were detected
only with the CsgAy-NM sample. (B) Micrographs of CsgAg-NM
scraped cell sample harvested from CR-containing agar. Extracel-
lular material binds CR (left) and displays apple-green birefrin-
gence when viewed between crossed polarizers (right). (C) CsgAgs-
NM, but not CsgAg-M, scraped cell samples contain SDS-resistant
aggregates that are solubilized upon boiling, as detected by filter
retention using an antibody that recognizes the M domain.

An additional key feature of amyloid is that aggregation
proceeds via a self-seeding mechanism with a character-
istic lag phase that can be eliminated by the addition of
preformed fibrils (Chiti and Dobson 2006). We therefore
tested the ability of the scraped cell suspensions to seed
the conversion of soluble NM protein to the amyloid-
aggregated (SDS-stable) form. To carry out this test, we
diluted the cell suspensions into extracts prepared from
E. coli cells containing soluble NM-GFP fusion protein
and used the filter retention assay to monitor the appear-
ance of SDS-stable NM aggregates over time. We showed
previously that these E. coli cell extracts support the
slow, spontaneous conversion of NM-GFP to the amyloid
form and that this conversion reaction is accelerated in
the presence of preassembled seed particles (Garrity et al.
2010). As expected based on these prior observations, we
detected the accumulation of a relatively small amount of
SDS-stable NM aggregates when we used the fibril-free
CsgAs-M cell suspension as seed (Fig. 2A). However, the
conversion reaction was significantly accelerated when
we used the CsgA.-NM suspension as seed (Fig. 2A). As
positive and negative controls, respectively, we used [PSI*]
and [psi~] yeast extracts as seed (i.e., extracts prepared
from yeast cells containing Sup35 in the prion and
nonprion forms, respectively). A scraped cell suspension
prepared from cells exporting native CsgA, which also
forms amyloid fibrils under our experimental conditions
(see below), served as an additional negative control
because cross-seeding is not expected to occur. Another
pair of control reactions indicated that no SDS-stable NM
aggregates accumulated when the seeding-competent
samples were diluted into extract prepared from E. coli
cells containing unfused GFP (empty extract).

Generating amyloid aggregates using E. coli cells

Material derived from extracellular NM aggregates
produced by E. coli can induce prion formation
when introduced into yeast cells

Having determined that cells exporting CsgAg,-NM pro-
duce material with all the hallmarks of amyloid, we
sought to find out whether this amyloid-like material
was infectious when introduced into yeast cells. To do
this, we took advantage of a well-established protocol for
introducing exogenous prion aggregates into yeast cells
and monitoring the conversion of Sup35 from the nonprion
[psi~] form to the prion [PSI'] form (Tanaka and Weissman
2006). Because [PSI*] cells are deficient in translation
termination and manifest a heritable nonsense suppres-
sion phenotype, they can readily be distinguished from
[psi7] cells on appropriate indicator medium. Impor-
tantly, the spontaneous conversion of Sup35 to the prion
form in yeast cells is strictly dependent on the presence of
a so-called [PSI'] inducibility (PIN) factor, which is itself
a prion (Derkatch et al. 1997, 2001; Osherovich and
Weissman 2001). Thus, the use of a [pin~] strain ensures
that only seeded conversion events are detected. Accord-
ingly, we tested scraped cell suspensions of our E. coli
strains (supplemented with plasmid DNA encoding a
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Figure 2. Amyloid-like aggregates of CsgAs-NM are seeding-
competent and infectious. (A) E. coli cell extracts containing
SDS-soluble NM-GFP were seeded with scraped cell samples (*)
(CsgAg-NM, CsgAg-M, or CsgA) or with yeast extracts (**)
prepared from a [PSI*] or [psi~] strain. Seed-only control samples
consisted of the CsgA-NM scraped cell sample or the [PSI*]
yeast extract diluted into E. coli cell extracts containing over-
produced GFP only. Cartoon depicts experimental protocol.
Samples from seeded reactions were removed at the indicated
time points and treated with 2% SDS, and the presence of SDS-
stable aggregates was assayed by filter retention. SDS-stable
aggregates that were retained were probed with an anti-GFP
antibody. (B) Infection of [pin~][psi~] yeast spheroplasts with
NM-GFP aggregates isolated by centrifugation from the seeding
reactions at the 30-min time point and either sonicated (post-
sonication) or not (presonication). Cartoon depicts experimental
protocol.
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yeast-selectable marker) for infectivity by using them to
transform yeast spheroplasts prepared from a suitably
marked [pin~| [psi~| yeast strain. [PSI*] transformants were
obtained when we used the CsgAs-NM cells (at a fre-
quency of 0.4%) but not when we used the CsgA.-M cells
(at a frequency of <0.05%) (Supplemental Table S1).

We suspected that this relatively low [psi~]-to-[PSI*]
conversion frequency was attributable to the fact that the
fibrillar material, which appeared as a dense meshwork of
long fibers (Supplemental Fig. S3), likely was inefficiently
taken up by the yeast cells and, once internalized, may
have provided relatively few free ends to nucleate the
polymerization of soluble Sup35. In fact, in vitro gener-
ated Sup35 aggregates are typically fragmented by soni-
cation to increase their infectivity (King and Diaz-Avalos
2004; Tanaka and Weissman 2006). However, because
sonication can also stimulate the assembly of soluble
NM into amyloid aggregates, we could not readily test
whether sonication increased the infectivity of the fibril-
lar material in the scraped cell suspensions due to the
presence of intact cells that could potentially release
soluble CsgA,,-NM. As an alternative strategy, we
assessed the infectivity of the material generated in the
seeding reactions of Figure 2A. To do this, we isolated the
high-molecular-weight aggregates from the seeding re-
actions (at the 30-min time point) by centrifugation and
tested them for infectivity before and after sonication
(Fig. 2B); that is, we used the isolated aggregates to
transform [pin~] [psi~| yeast spheroplasts, as described
above. In accord with our previous observations using
E. coli cell extracts containing soluble NM-GFP as sub-
strate for the conversion reaction (Garrity et al. 2010),
sonication dramatically increased the infectivity of the
aggregates. Furthermore, the seeded reactions exhibited
a marked increase in infectivity as compared with the
mock-seeded reactions. Thus, whereas the mock-seeded
reactions (containing the CsgA4-M suspension, the CsgA
suspension, or the [psi~] yeast extract as seed) resulted in
conversion frequencies of 9%-10%, the reactions seeded
with the CsgA,-NM suspension and the [PSI*] extract
resulted in conversion frequencies of 39% and 27%,
respectively. We conclude that E. coli cells exporting
CsgA.-NM produce amyloid-like material that is capable
of seeding the conversion of soluble NM to an infectious,
prion conformation.

The curli-based export system provides a general
method for detecting amyloid-forming potential

To evaluate the generality of our findings with CsgAs,-
NM, we tested three other yeast prion proteins (Rnql,
Cyc8, and New1) and four additional yeast proteins that
were identified bioinformatically as having candidate
prion domains (PrDs) (Alberti et al. 2009). The candidate
PrDs of two of these four proteins (Mss11 and Publ) were
shown to form amyloid aggregates in vitro and to behave
as prions in vivo, whereas the candidate PrDs of the other
two (Snf2 and Med2) did not form amyloid aggregates in
vitro or behave as prions in vivo (Alberti et al. 2009); thus,
Snf2 and Med2 served as negative controls. For each of the
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seven proteins, we fused the PrD (or candidate PrD in the
case of the negative controls) to the CsgAg and provided
a Hisg tag at the C terminus of the fusion protein. As for
CsgAs-NM, transmission EM of cell samples scraped
from inducing medium revealed extracellular fibrillar
aggregates for each of the confirmed PrDs (Fig. 3A) but
not for the negative controls. Furthermore, the aggregates
(detected with an antibody to the C-terminal His tag)
were SDS-resistant, as determined by the filter retention
assay, and were solubilized when the material was boiled
(Fig. 3B); as expected, the filter retention assay revealed
no SDS-resistant material in the case of the negative
control samples (Supplemental Fig. S4). We also tested
CsgA itself (with a C-terminal His tag) and similarly ob-
served fibril formation and the presence of SDS-resistant
aggregates (Supplemental Fig. S5), indicating that under
our experimental conditions, the local concentration of
exported CsgA is sufficiently high to allow polymeriza-
tion in the absence of the CsgB nucleator (Hammer et al.
2007).

To further evaluate the sensitivity of our curli-based
export system, we took advantage of a previously char-
acterized NM variant (NM®*) lacking four of the five
oligopeptide repeat sequences that are essential for prion
formation; previous analysis revealed that Sup35 NM®4
is unable to undergo spontaneous conversion to the prion
form in vivo and that purified NM®* assembles into
amyloid aggregates much more slowly than NM in vitro
(Liu and Lindquist 1999). We thus compared cells pro-
ducing CsgA.-NM, CsgA-NM®*, and CsgA.-M in order
to test the potential of the export system to distinguish
more or less amyloidogenic variants of a single protein.
We found that cells exporting CsgA-NM? produced
extracellular fibrils, but they were both thinner and far
less abundant than those produced by the CsgAg-NM
cells (Fig. 4A). Consistently, comparison of the scraped
cell samples revealed that the CsgA-NMR® sample
contained much less SDS-stable NM material than the
CsgA-NM sample (Fig. 4B). These observations were
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Figure 3. Amyloid-like aggregates formed by other secreted
yeast prion proteins. (A) Electron micrographs of scraped cell
samples containing various yeast prion proteins as CsgAgg
fusions. Fibrillar aggregates were detected for all samples. (B)
All samples contain SDS-resistant aggregates (as detected by
filter retention), which were solubilized upon boiling.
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Figure 4. Aggregation propensity of CsgAg-NM variants. Fibril
density within scraped cell samples (CsgAs-NM, CsgAg-M, or
CsgAy-NMR2) as detected by EM (A) and the amount of SDS-
resistant material as detected by filter retention (B) parallel
the known amyloidogenicity of these protein variants, as does
the colony color phenotype of the cells when plated on agar
containing CR.

paralleled by the colony colors as visualized on inducing
medium containing CR, with the CsgAy-NME cells
staining a pale shade of red (Fig. 4B) despite secreting an
amount of fusion protein similar to the CsgA-NM cells
(Supplemental Fig. S2). While colony color can effectively
be used to report on the amount of amyloid formed by
a particular protein (e.g., NM) and its variants, we note
that colony color cannot be used as a general surrogate for
the presence of amyloid-like material because CR binding
varies depending on the particular protein (Teng and
Eisenberg 2009). In fact, when we examined cells pro-
ducing each of the five other yeast prion proteins and
CsgA, we observed a range of colony colors, with the
CsgA-Publ cells staining as red as the CsgAy-NM cells,
and the CsgAq-Cyc8 cells staining only slightly darker
than the negative control cells (Supplemental Fig. S1).
Having demonstrated that six different amyloidogenic
yeast proteins form extracellular amyloid fibrils when
directed to the curli export apparatus, we examined a
disease-associated mammalian amyloid-forming protein,
exon 1 of the human huntingtin protein (Htt). We took
advantage of the fact that the amyloidogenicity of Htt
depends on the number of glutamines within the so-
called polyQ region (Scherzinger et al. 1997). Thus, we
fused both a pathogenic polyQ expansion variant of Htt
exon 1 (Htt72Q) and a nonpathogenic variant (Htt25Q) to
the CsgA,, and provided a Hisg tag at the C terminus.
Cells exporting CsgAgs-Htt72Q produced an abundance of
fibrils organized into fan-like structures (Fig. 5A), whereas
no fibrils were observed with Htt25Q (although the two
proteins were secreted at comparable levels) (Supplemen-
tal Fig. S6). This fibrillar material bound CR and exhibited
apple-green birefringence when examined between crossed
polarizers (Fig. 5B). Finally, the aggregates were SDS-stable;
strikingly, they remained SDS-stable even when the sam-
ples were boiled, a property that is characteristic of Htt
amyloid aggregates (Fig. 5C; Scherzinger et al. 1997).

Curli-based genetic screen enables identification
of an amyloidogenic protein from E. coli

Our findings suggest that amyloidogenic proteins readily
form extracellular amyloid fibrils when secreted via

Generating amyloid aggregates using E. coli cells

the curli export pathway. In principle, therefore, our
curli-based export system should provide a convenient
method for carrying out unbiased screens to identify
amyloidogenic proteins from genomic or cDNA librar-
ies. As a preliminary test of this possibility, we per-
formed a pilot screen using a pool of ~614 E. coli ORFs
(approximately one-seventh of the complete ORF li-
brary) (Saka et al. 2005). We designed universal primers
that enabled us to fuse the collection of ORFs to the
CsgAg, and to provide a Hisg tag at the C terminus. We
used the resulting library of plasmids directing the
arabinose-inducible synthesis of these fusion proteins
to transform AcsgBAC cells already containing the
CsgG plasmid and plated the transformants on induc-
ing medium supplemented with CR. We examined
~10,000 transformants and identified two particularly
bright-red colonies that resembled those formed by
cells exporting CsgA,-NM. DNA sequence analysis
revealed that both of these transformants contained
the same plasmid encoding fIiE. A component of the
flagellar basal body, FIiE is not known to form amyloid
under physiological conditions; however, previous
work indicates that FIiE readily forms amyloid fibrils
in vitro (Saijo-Hamano et al. 2004). Consistently, cells
exporting the CsgAg-FliE fusion protein revealed an
abundance of fibrillar aggregates when examined by
transmission EM (Supplemental Fig. S7). We conclude
that the curli-based export system can be exploited as
a means to screen genomic libraries for amyloidogenic
proteins (see the Discussion).
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Figure 5. Amyloid aggregates formed by secreted CsgAss-
Htt[exonl]. (A) Electron micrographs of CsgA¢-Htt72Q (left)
and CsgAg-Htt25Q (right) scraped cell samples. Fibrils were
detected only with the CsgAs-Htt72Q sample. (B) Micro-
graphs of CsgA-Htt72Q scraped cell sample harvested from
CR-containing agar. Extracellular material binds CR (left)
and displays apple-green birefringence when viewed between
crossed polarizers (right). (C) CsgAss-Htt72Q, but not CsgAgs-
Htt25Q), scraped cell samples contain SDS-resistant aggregates
(as detected by filter retention), which are not solubilized by
boiling.
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Discussion

Our results indicate that heterologous amyloid-forming
proteins from yeast, humans, and bacteria readily adopt
the amyloid fold when secreted via the E. coli curli export
apparatus. We tested six yeast proteins that are capable of
assembling as amyloid fibrils in vitro as well as two
nonamyloidogenic controls (Alberti et al. 2009) and found
that only the former generated extracellular amyloid
fibrils upon export. Furthermore, in the case of the well-
characterized yeast prion protein Sup35, we showed that
the protein accesses an infectious prion conformation. In
addition, we tested the human Htt protein and found that
a pathogenic polyQ expansion variant (Htt72Q) formed
amyloid fibrils when exported by the E. coli cells, whereas
a nonpathogenic variant (Htt25Q) did not. Finally, a pilot
screen performed with a partial E. coli ORF library es-
tablishes the feasibility of using this curli-based export
system as a platform to screen for amyloidogenic proteins
from genomic or cDNA libraries.

Secretion via the curli export pathway facilitates
acquisition of the amyloid fold

Our findings suggest that passage of an amyloidogenic
protein through the CsgG pore facilitates its assembly
into amyloid fibrils in the extracellular milieu. We spec-
ulate that passage of substrate proteins through the export
pore in a relatively unfolded conformation (Robinson et al.
2006; Nenninger et al. 2011) and their accumulation to
a relatively high local concentration in the extracellular
milieu facilitate their amyloid aggregation. Additionally,
the lipid environment at the cell surface may be a contrib-
uting factor; we note that lipids have been shown pre-
viously to facilitate conversion of recombinant PrP to an
infectious amyloid conformation (Wang et al. 2010).

Our results indicate further that the curli export pro-
cess facilitates amyloid conversion for proteins that
ordinarily access the amyloid conformation only under
restrictive conditions and/or rarely. In particular, the spon-
taneous conversion of Sup35 NM to the prion form in yeast
cells is strictly dependent on the presence of a PIN factor
and occurs only rarely (Derkatch et al. 1997, 2001;
Osherovich and Weissman 2001; Liebman and Chernoff
2012). In contrast, secretion through the curli export
apparatus circumvents the requirement for a PIN factor.

A cell-based method for evaluating amyloidogenicity

Our findings indicate that the curli export system can
serve as a general cell-based method for producing amy-
loid aggregates and distinguishing amyloidogenic pro-
teins from those that do not readily undergo conversion
to an amyloid state. This system, which we term C-DAG
(curli-dependent amyloid generator), provides a conve-
nient alternative to widely used in vitro assays for studying
amyloid aggregation. In particular, C-DAG provides an
efficient method for evaluating amyloid-forming poten-
tial without a need for protein purification.

In principle, C-DAG should facilitate the implementa-
tion of high-throughput screens for identifying amyloido-
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genic proteins and modulators of amyloid aggregation.
The results of the pilot screen that we performed using
a partial E. coli ORF library imply that plating the cells on
solid medium containing CR can identify amyloidogenic
proteins that bind CR efficiently. Furthermore, our find-
ings with both strong and weak CR binders suggest that
the use of the filter retention assay as a primary screen-
ing step should reliably identify a broader spectrum of
amyloidogenic proteins.

Several genome-wide screens have been carried out in
yeast in order to identify new prion proteins and prion
protein candidates. An essential Q/N-rich region found
in the originally identified yeast prion proteins was ex-
ploited in developing algorithms to identify additional
prion proteins (Michelitsch and Weissman 2000; Santoso
et al. 2000; Sondheimer and Lindquist 2000). More re-
cently, using a variant bioinformatic approach, Alberti et al.
(2009) identified some 200 proteins in Saccharomyces
cerevisiae with candidate Q/N-rich prion-forming do-
mains; among the 100 that were examined experimen-
tally, approximately one-fourth were found to contain a
bona fide prion-forming domain. Taking a strictly genetic
approach, Suzuki et al. (2012) performed a functional
genome-wide screen by identifying yeast ORFs that could
serve as PIN factors for a synthetic Sup35 variant; in-
triguingly, this screen uncovered a new prion that lacks
the Q/N-rich signature region. As an unbiased screening
platform, C-DAG may be particularly useful in uncover-
ing novel classes of prion-like or other amyloidogenic
proteins because the export process can enable bypass of
restrictive conditions for amyloid conversion (see above).

In addition to identifying amyloidogenic proteins,
C-DAG could facilitate the identification of modulators
of amyloid aggregation. Thus, for any particular amyloid-
forming protein that binds CR when assembled into
amyloid fibrils, the use of CR-containing medium would
facilitate the identification of mutations or small mole-
cules that hinder or accelerate the conversion process,
and the filter retention assay would provide a secondary
screening step. A similar approach has enabled the genetic
dissection of the curli system (Wang and Chapman 2008).
Although most screens for small molecule modulators of
amyloid aggregation depend on in vitro assembly reac-
tions, cell-based systems have also been developed for the
discovery of amyloid modulators, including a yeast-based
assay that detects the loss of the [PSI*] phenotype (Bach
et al. 2003) and two bacteria-based systems for studying
AR aggregation (Kim et al. 2006; Lee et al. 2009).

A potential means to interrogate the amylome

Over the past decade, diverse computational approaches
have been developed for predicting amyloid-forming pro-
pensity in order to define the amylome—the proteome
subset capable of forming amyloid-like fibrils (Goldschmidt
et al. 2010). These include both sequence-based ap-
proaches (Fernandez-Escamilla et al. 2004; Trovato et al.
2006; Tartaglia et al. 2008; Bryan et al. 2009; Maurer-
Stroh et al. 2010; O’Donnell et al. 2011) and structure-
based approaches (Thompson et al. 2006; Zhang et al.



2007; Goldschmidt et al. 2010), the latter of which are
designed to identify short amyloidogenic motifs based on
their steric zipper-forming potential (Sawaya et al. 2007).
In particular, the Eisenberg group (Goldschmidt et al.
2010) has used three-dimensional profiling to evaluate
short (six-residue) protein segments to identify high
fibrillation propensity (HP) segments. Importantly, recent
work indicates that despite the prevalence of HP seg-
ments (most proteins contain at least one), their ability to
induce protein fibrillation is highly context-dependent
(Goldschmidt et al. 2010). Specifically, such segments
must be surface-exposed with sufficient conformational
flexibility to drive fibrillation. Despite the progress that
has been made in predicting amyloid-forming propensity,
significant challenges remain, especially when no struc-
tural information is available. Additionally, different algo-
rithms appear to be differentially suited for the identifica-
tion of different classes of amyloid-forming proteins
(Toombs et al. 2012). Furthermore, experimental methods
that can be used for algorithm validation by rapidly
assessing amyloidogenicity on a genome-wide scale are
lacking. We suggest that C-DAG, which detects amyloid
fibril formation under a uniform and physiologically
relevant set of conditions, is particularly well suited for
generating comprehensive data sets against which to test
and refine computational models, thereby extending our
understanding of the nature of amyloid formation.

Materials and methods

Strains, plasmids, and cell growth

A complete list of strains and plasmids is provided in Supple-
mental Table S2. E. coli strain VS16 was constructed by replacing
the csgBAC genes of strain MC4100 with a kanamycin resis-
tance gene using a previously described protocol (Datsenko and
Wanner 2000). CsgG was produced under the control of the
IacUV5 promoter on plasmid pVS76. Export-directed fusion
proteins contained the first 42 residues of CsgA at the N
terminus and a Hisg tag at the C terminus and were produced
under the control of the arabinose-inducible Pgap promoter. For
fibril production, overnight cultures of VS16 transformed with
compatible plasmids directing the synthesis of CsgG and an
export-directed fusion protein were diluted to ODggg 0.01 in LB
supplemented with the appropriate antibiotics (100 pg/mL
carbenicillin, 25 pg/mL chloramphenicol). After 30 min of
growth at 37°C, 5 uL of the culture was spotted on LB agar
plates supplemented with the appropriate inducers (0.2% [w/v]
L-arabinose, 1 mM IPTG), antibiotics (100 pg/mL carbenicillin;
25 pg/mL chloramphenicol), and, where indicated, CR (5 pg/
mL). Plates were then incubated for 120 h at room temperature.

Scraped cell suspension preparation

To prepare unlysed cell suspensions, cells that had been spotted
on agar were scraped off the plates in PBS (phosphate-buffered
saline) and normalized to ODggp 1.0 in a volume of 100 pL. To
prepare lysed cell suspensions, BugBuster protein extraction
reagent (Novagen), rlysozyme (Novagen), and OmniCleave en-
donuclease (Epicentre) were added to the unlysed cell suspen-
sions to final concentrations of 0.5%, 300 U/mL, and 10 U/mL,
respectively, followed by incubation for 15 min at room temper-
ature with gentle rocking. SDS was then added to 2% (v/w).

Generating amyloid aggregates using E. coli cells

Boiled samples were incubated for 20 min at 98°C after the
addition of SDS.

Filter retention assay

The filter retention assay was performed as previously de-
scribed (Garrity et al. 2010). Lysed cell suspensions were filtered
through the membrane in a volume of 200 pL. The membrane
was probed with either anti-Sup35 (yS-20, Santa Cruz Bio-
technology) or anti-Hiss (clone His-2, Roche) to detect immo-
bilized protein. Note that the Sup35 antibody recognizes the M
domain.

Extract seeding assay

The extract seeding assay was performed as previously described
(Garrity et al. 2010) with the exception that samples used as
seeds were unlysed cell suspensions (if bacterial) or cell extracts
(if of yeast origin). Yeast extracts were prepared as previously
described (Garrity et al. 2010).

Yeast transformations

Protein transformations were performed essentially as previ-
ously described (Garrity et al. 2010) with the following modifi-
cations. To test the infectivity of unlysed cell suspensions,
tetracycline (10 pg/mL) was added to the selection plate to
inhibit bacterial growth. To prepare transformation samples
consisting of polymerized material from the seeding assay,
aliquots of the various seeded reactions from the 30-min time
point were centrifuged at 10,000g for 15 min at 4°C, washed in
500 pL of STC (1 M sorbitol, 10 mM Tris at pH 7.5, 10 mM
CaCl,), centrifuged again at 10,000g for 15 min at 4°C, and
resuspended in 500 wL of STC. Each resuspension was then split
into two samples. One sample was subjected to sonication
(Sonics Vibracell Microtip sonicator, 25% amplitude, pulsed
1 sec “on” and 3 sec “off” for a total of 10 sec of “on” time),
and both samples were then used to transform [pin~][psi~] yeast
cells.

EM and immunolabeling

Unlysed cell suspensions were adsorbed onto carbon or formvar/
carbon-coated nickel grids in PBS, washed by floating the grid on
10 uL of distilled water, blotted dry, negatively stained with 1%
uranyl acetate, blotted dry, and then viewed on a JEOL 1200EX
microscope at an accelerating voltage of 80 kV. To immunolabel
fibers (see Fig. 1A; Supplemental Fig. S5), sample-adsorbed nickel
grids were floated on blocking buffer consisting of 1% BSA
(bovine serum albumin) in PBS for 15 min. Samples containing
CsgAg-NM and CsgAg-M were then incubated with anti-Sup35
antibody (diluted 1:20), whereas the sample containing CsgA
was incubated with anti-Hiss antibody (diluted 1:100) for 2 h
in blocking buffer and rinsed in PBS. Samples exposed to anti-
Sup35 were incubated with donkey anti-goat 12-nm gold
secondary antibody (Jackson ImmunoResearch Laboratories)
for 1 h before rinsing in PBS, whereas the sample exposed to
anti-Hisg was incubated with Protein-A gold 10 nm (CMC-
UMC) for 1 h before rinsing in PBS. All grids were stained with
1% uranyl acetate. Images were taken with an AMT 2k CCD
camera.

CR birefringence

Unlysed cell suspensions prepared using cells grown on CR-
containing agar were spotted on a glass slide. Poly-L-lysine-
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coated coverslips were then placed on the samples, and the
samples were viewed between cross polarizers on a Nikon 80i
upright microscope with a Plan Apo 100X 1.4 NA objective.
Images were acquired using a Nikon Digital Sight DS-Fil color
camera and NIS-Elements acquisition software.

Library construction and screen

An expression library of csgAg fusions (with a C-terminal
Hisg tag) representing all of the ORFs from the E. coli ORF
library (Saka at al. 2005) was constructed using a previously
described method (Gibson et al. 2009). The library was
constructed in a pooled format, with each pool representing
approximately a seventh of the entire expression library. One
pool from the plasmid library was then transformed into
strain VS16 that already contained the csgG overexpression
plasmid pVS76 and plated on LB agar supplemented with
inducers (0.2% [w/v] L-arabinose, 1 mM IPTG), antibiotics
(100 pg/mL carbenicillin, 25 pg/mL chloramphenicol), and
CR (5 pg/mL). Plates were then incubated for 120 h at room
temperature.
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