1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

NATIG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Biochim Biophys Acta. 2014 August ; 1843(8): 1551-1558. doi:10.1016/j.bbamcr.2013.09.010.

Curli Biogenesis: Order out of Disorder

Margery L. Evans and Matthew R. Chapman
Department of Molecular, Cellular and Developmental Biology, University of Michigan, Ann Arbor,
830 North University, Ann Arbor, Ml 48109, USA

Abstract

Many bacteria assemble extracellular amyloid fibers on their cell surface. Secretion of proteins
across membranes and the assembly of complex macromolecular structures must be highly
coordinated to avoid the accumulation of potentially toxic intracellular protein aggregates.
Extracellular amyloid fiber assembly poses an even greater threat to cellular health due to the
highly aggregative nature of amyloids and the inherent toxicity of amyloid assembly
intermediates. Therefore, temporal and spatial control of amyloid protein secretion is paramount.
The biogenesis and assembly of the extracellular bacterial amyloid curli is an ideal system for
studying how bacteria cope with the many challenges of controlled and ordered amyloid assembly.
Here, we review the recent progress in the curli field that has made curli biogenesis one of the
best-understood functional amyloid assembly pathways.
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1. Curli are functional amyloids

Amyloids have been intensely studied for decades and are hallmarks of many human
illnesses including Alzheimer’s, Parkinson’s and Huntington’s diseases [1-3]. More
recently, a new class of amyloids—the so-called ‘functional” amyloids—has been described,
and new members of this class are rapidly being discovered. Functional amyloids are now
believed to be ubiquitous and they perform an enormous diversity of biological functions
[4-8]. Numerous functional amyloids are produced by a variety of microbes with the
majority of them playing roles in adhesion to surfaces and structural integrity during the
establishment and persistence of biofilm communities [9].

Curli, the first identified functional amyloid, are extracellular protein fibers produced by
many enteric bacteria including Escherichia coli and Salmonella species (Fig. 1A) [10-13].
Curli are the major proteinaceous component of E. coli biofilms and are important for
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surface colonization and interacting with host factors and the host immune system [10, 14—
21]. Curli production is easily scored in the lab by plating cells on agar plates containing the
amyloid binding dye Congo red [17, 22]. Like all amyloids, the major curli subunit CsgA is
capable of self-polymerizing in vitro into p-sheet-rich amyloid fibers that bind to the
amyloid specific dye Thioflavin T (ThT) and can be visualized using transmission electron
microscopy (TEM) [4, 23, 24]. In vitro assembled CsgA amyloid fibers are indistinguishable
from fibers formed in vivo [23].

The ability of curli to act as a strong scaffolding agent in biofilm formation stems from
properties inherent to all amyloids. Curli are highly stable 6-12 nm wide non-branching
fibers (Fig. 1A) that are resistant to degradation by proteases and denaturation by detergents

[4].

Pretreatment with a strong denaturant such as formic acid or hexafluoroisopropanol is
required to depolymerize curli fibers so that monomers of the major subunit protein, CsgA,
can be resolved on an SDS-PAGE gel [4]. CsgA amyloids, like other amyloids, are -sheet
rich and assemble into a highly stable cross- structure stabilized in large part by tight
“steric zipper” interactions between side-chains on adjacent p-sheets [4, 25-27]. The
amyloid characteristics of curli fibers are clearly important for their biological function and
afford many useful techniques for rapid in vivo and in vitro study of curli biogenesis, biofilm
formation and integrity, and amyloid assembly [28, 29].

2. Curli expression is highly coordinated

Curli gene expression is a highly regulated and coordinated event both on the cellular level
and within a biofilm community. Curli are the major protein component of E. coli biofilms
yet the production of curli within a biofilms is restricted to a distinct subpopulation [14, 30—
33]. Expression is controlled by several environmental signals and chemical gradients
including temperature, osmolarity and oxygen [34-36]. Within a rugose, or rough, colony
biofilm (Fig. 1B) curliated cells localize to the air-colony interface [30, 33]. This bimodal
population development can be triggered by oxidative stress, and in turn, rugose biofilms are
protected from oxidative damage resulting from exposure to hydrogen peroxide [30].
Bacteria within Salmonella enterica curli- and cellulose-dependent rugose colonies are also
protected from desiccation and are more resistant to sodium hypochlorite treatment (or
bleach) when compared to non-curliated colonies or planktonic cells, respectively [37].
Successful biofilm formation requires spatial and temporal regulation of curli assembly,
which relies on elaborate coordination of gene expression and protein production (Table 1).

The curli specific genes (csg) are found in two divergently transcribed operons, the
intergenic region of which is the 7! largest in E. coli and subject to extensive regulation [17,
38, 39]. The csgDEFG promoter is recognized as one of the most complexly regulated
promoters in E. coli [40]. Curli are primarily expressed during stationary phase and at low
temperature (below 30°C), although some clinical isolates can express curli at 37°C [10, 11,
35, 41]. Both curli promoters are regulated by the stationary phase alternative sigma factor
oS5, which is assisted by the thermo-sensitive protein Crl (Table 1) [10, 41, 42]. Stationary
phase expression of the csgDEFG promoter is likewise positively regulated by the stationary
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phase transcription factor MIrA (Table 1) [43, 44]. Curli expression is also internally
regulated by the first gene product of the csgDEFG operon:; CsgD (Table 1). CsgD is a
member of the FixJ/LuxR family of transcriptional regulators that coordinates the expression
of multiple biofilm components including curli and cellulose, while repressing expression of
flagellar genes [17, 45-47]. CsgD activity and stability is modulated by phosphorylation of
an N-terminal aspartic acid residue (DNA binding is decreased by in vitro phosphorylation)
[48]. Several additional transcriptional regulators modulate expression of the csgDEFG
promoter: the catabolite repressor/activator protein Cra, the cCAMP receptor protein CRP,
and the recently identified protein RcdA (Table 1) [43, 44, 49-51]. At least two known two-
component systems negatively regulate the csgDEFG operon (CpxA/R and RcsA/B) and
one positively (OmpR/EnvZ) (Table 1) [52-57]. The two global DNA organization protein
complexes IHF and H-NS impact curli gene expression inversely: IHF contributes to
promoter curli gene expression while H-NS represses curli expression in E. coli (Table 1)
[58-60]. Both positive and negative regulation involves simultaneous binding of regulatory
proteins as well as competitive binding between positive and negative regulators. For
instance, H-NS and IHF act in competition for binding upstream of the csgDEFG promoter
while CpxR and H-NS can bind simultaneously to negatively regulate the csgDEFG
promoter and OmpR and RstA can bind simultaneously with IHF to positively regulate the
csgD promoter [59]. Finally, the csgDEFG transcript is also subject to negative post-
transcriptional regulation by five small regulatory RNAs: OmrA, OmrB, McaS, GevB and
RprA (Table 1) [61-64]. The small RNAs ArcZ and SdsR also positively regulate csgD in S
enterica, but whether this is a direct effect has yet to be determined (Table 1) [65]. For a
more comprehensive review of the role of small RNAs in regulating the transition between
biofilm and sessile growth see Mika and Hengge, 2013 [66].

3. Building a curli fiber on the cell surface

3.1. CsgA amyloid assembly by design

A striking aspect of curli biogenesis is that, despite CsgA’s propensity to aggregate, amyloid
formation is so faithfully restricted to the cell surface. The major and minor curli subunits,
CsgA and CsgB, respectively, are encoded by the csgBAC operon [17, 38, 67]. CsgA is
secreted across the outer membrane as an unstructured soluble peptide (Fig. 2) [68]. Soluble
CsgA is then templated into an amyloid on the cell surface by the nucleator and minor curli
subunit CsgB (Fig. 2) [69, 70]. This mechanism of secretion is termed nucleation-
precipitation or Type VIII secretion [71]. A third, and less well understood, gene csgC is
located downstream of csgA. CsgC is a small periplasmic protein that is proposed to play a
role in subunit secretion [68, 72]. CsgC is a p-sheet rich protein with an immunoglobulin-
like fold and a conserved CxC motif that shares a high degree of structural similarity with
the N-terminus of the redox-active DsbD [72]. Whether the other curli proteins are redox
substrates of CsgC still unclear; the curli pore protein CsgG, however, is an attractive
substrate candidate as it is the only other curli protein that contains a solvent exposed
cysteine residue [72]. Additionally, the presence of CsgC renders the csgBA mutant more
sensitive to bile salts compared to the csgBAC mutant suggesting that CsgC may keep the
pore open or ungated [72]. Furthermore, an S. Enteritidis csgC mutant produces wider curli
fibers (~20nm) suggesting that CsgC may also function in CsgA folding and curli fiber
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structure [68]. The csgE, csgF and csgG genes encode the proteins that comprise the unique
outermembrane curli secretion apparatus (Fig. 2). CsgG assembles into a pore-like structure
in the outermembrane while CsgE and CsgF play chaperone-like functions assisting in
secretion and cell surface attachment of the curli fibers (Fig. 2) [73-75]. CsgD is a positive
regulator that promotes biofilm formation by positively regulating curli and cellulose
production (Table 1) [17, 45-47].

CsgA is the major subunit of the curli fiber and is secreted across the outermembrane as an
unstructured and soluble monomer (Fig. 2) [4, 17, 68, 76, 77]. The mature CsgA protein is
comprised of an N-terminal 22 amino acids (N-term22) required for outermembrane
secretion, and a C-terminal amyloid core domain (Fig. 3AB) [25, 26, 75]. The amyloid core
of CsgA is composed of five imperfect repeating units: R1 through R5 (Fig. 3AB) [23, 77].
Each repeating unit contains a Ser-X5-GIn-X-Gly-X-Gly-Asn-X-Ala-X3-GIn motif and
forms a 3-sheet-turn-p-sheet secondary structure with an overall B-helical, cross-p structure
(Fig. 3AB) [25, 26]. The arrangement of the repeating units in the cross- structure aligns
the GIn and Asn residues in each repeating unit in stacks that stabilize the amyloid fold (Fig.
2AB)[78]. It is also worth noting that the placement and stacking of the Gly and Ala
residues in the consensus sequence is highly conserved in Gammaproteobacteria and likely
play an important role in amyloid assembly [13].

Purified CsgA self-assembles into amyloid fibers that bind ThT and can be visualized by
transmission electron microscopy (TEM) in vitro. CsgA polymerization in vitro is very
robust: CsgA polymerizes into indistinguishable amyloid fibers over large pH (3.0-9.0) and
ionic (0-500mM NacCl) ranges [24]. CsgA polymerization is concentration dependent and
can be divided into three phases: a lag phase, an elongation phase and a stationary phase. At
CsgA concentrations between 5 and 30 pM, the lag phase is approximately 2 hours [23, 24].
During the lag and elongation phases, a CsgA folding intermediate that is conserved in most
amyloid-forming proteins can be detected with a conformation-specific antibody [23, 79].
Although purified CsgA readily forms amyloid in vitro, CsgA amyloid formation in vivo
requires the nucleator protein CsgB [69, 70]. CsgB nucleated polymerization of CsgA can be
recapitulated in vitro in a process called “seeding”. When added to soluble CsgA, preformed
CsgB or CsgA fibers (also referred to as seeds) accelerate the polymerization of CsgA by
eliminating the lag phase [78]. Interestingly, curli subunits from closely related species
exhibit a cross-seeding promiscuity. Curli subunits from E. coli and the closely related
bacteria Citrobacter koseri and Salmonella enterica are capable of cross-seeding both in
vivo and in vitro [80].

The molecular features of both CsgA and CsgB that contribute to amyloid formation and
nucleation have been thoroughly dissected. The repeating units of CsgA have distinct
characteristics that either promote or temper amyloid formation (Fig. 3AB) [78, 81].
Repeating units R1, R3, and R5 are amyloidogenic, while R2 and R4 are non-
amyloidogenic: synthetic peptides of R1, R3 and R5 rapidly assemble into amyloid fibers in
vitro while R2 and R4 do not [23, 82]. Furthermore, CsgA AR1 and AR5 do not assemble
into curli fibers in vivo and cannot be seeded by either CsgA or CsgB in vitro [82]. R1 and
R5 are therefore not only important for amyloid assembly, but are also the domains that
mediate CsgA-CsgA and CsgA-CsgB interactions. The Gln and Asn residues in R1 and R5
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(at positions 49, 54, 139 and 144) are critical for amyloid formation (Fig. 3A) [78]. Mutation
of the GIn and Asn in R1 and R5 results in a CsgA variant, aptly named CsgAsjowgo, that
polymerizes with a significantly extended (~100x longer) lag phase compare to WT CsgA
[23, 78]. While R1, R3 and R5 synthetic peptides all polymerize into amyloids in vitro, R3
polymerizes more slowly [82]. R1 and R5 are interchangeable with one another (R12341
and R52345 CsgA chimeras produce WT curli in vivo), while replacement of either R1 or
R5 with R3 (R32345 or R12343) results in little to no curli [82].

Certain residues in the CsgA repeating units appear to temper or slow CsgA aggregation into
amyloid [81]. Asp residues at positions 91 and 104 within R3 have been identified as
“gatekeeper” residues that reduce the amyloidogenicity of R3 (Fig. 3A) [81]. Mutations to
either of these Asp residues in such a way that the peptide more closely resembles R1 or R5
restore curli assembly of the R12343 chimera in vivo and polymerization in vitro [81].
Conversely, substitution of Asn136 and His149 within R5 for Asp, thus rendering R5 more
similar to R3, abolishes curli assembly in vivo [81]. The non-amyloidogenic repeating units
R2 and R4 also contain “gatekeeper” residues (Fig. 3A). Mutating Gly78/Asp80/Gly82 in
R2 and Gly123/Asp127 in R4 to the corresponding amino acids in R1 and R5, respectively,
restored curli assembly to the CsgA AR1 and AR5 truncations in vivo [81]. Mutation of all of
the “gatekeeper” residues in R2, R3 and R4 to the corresponding residues in R1 or R5 in
full-length CsgA results in a variant (CsgA™) that polymerizes without a lag phase in vitro
[81].

Furthermore, CsgA™ is capable of forming curli in vivo in a CsgB/CsgF-independent manner
and exhibits a toxic effect when overexpressed [81]. These “gatekeeper” residues enable a
level of intramolecular control over CsgA amyloid assembly that is important in avoiding
amyloid-associated cytotoxicity.

3.2. Amyloid assembly is nucleation-dependent in vivo

In addition to keeping CsgA polymerization in check with intramolecular “gatekeeping”
residues, curli assembly is also controlled by dividing the tasks of nucleation and
polymerization between two proteins, CsgB and CsgA, respectively. CsgB is dispensable for
polymerization of CsgA in vitro but is required for curli assembly on the cell surface in vivo
[4, 23, 69, 70, 82]. In the absence of the surface-associated CsgB, CsgA is secreted away
from the cell and remains SDS-soluble [69, 83, 84]. However, soluble CsgA either
supplemented exogenously or from a nearby csgB mutant donor cell can be engaged on the
surface of cells presenting CsgB in a process referred to as interbacterial complementation
(Fig. 4) [4, 69, 82]. Donor and recipient strains streaked on an agar plate as far apart as three
millimeters can still participate in interbacterial complementation, owing to the incredible
efficiency of the nucleation-precipitation mechanism of curli (Fig. 4) [69].

Like CsgA, CsgB is a glutamine and asparagine-rich protein comprised of a SEC secretion
signal sequence, an N-terminal domain and a core domain (Fig. 3C). CsgB shares 30%
sequence identity with CsgA and has an amyloid-like core similar to CsgA [70, 85]. Each of
the first four repeating units of CsgB contains an Ala-X3-GIn-X-Gly-X5-Asn-X-Ala-X3-Gln
motif similar to the repeat motif of CsgA. Repeating unit 5, however, lacks several of these
residues and instead contains four positively charged amino acids that are absent in the other
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CsgB repeating units: Lys133, Arg140, Arg147 and Arg151 (Fig. 3C). Deletion of repeating
unit 5 results in a truncated version of CsgB (CsgByrunc) that is no longer cell surface
associated [86]. Moreover, CsgBiync Self-assembles into amyloid fibers in vitro and can
seed the polymerization of CsgA consistent with the hypothesis that CsgB also assembles
into an amyloid core [70]. Repeating units 1-3 appear to be largely dispensable for in vitro
polymerization and localization, leaving R4 and R5 of primary importance for localization
and nucleation of CsgA [86]. However, it is also possible that some of the CsgB repeating
units function redundantly. These observations suggest a model where CsgB associates with
the cell membrane via the fifth repeating unit while R1-R4 assume an amyloid fold that can
template soluble CsgA into amyloid fibers. How CsgB is associated with the outermembrane
is still largely unknown; however, CsgB localization requires at least one component of the
curli secretion apparatus, CsgF [74].

3.3. Curli are secreted by a dedicated outermembrane secretion apparatus

The curli system possesses a unique outermembrane secretion apparatus comprised of at
least three proteins: CsgG, CsgE and CsgF (Fig. 2) [4, 17, 84]. CsgG is a lipoprotein that
spans the outermembrane and assembles into an oligomeric annular-shaped structure with an
inner diameter of approximately 2 nm [72, 75, 84]. High-resolution electron microscopy and
modeling studies predict that the transmembrane domain of CsgG is alpha-helical while the
periplasmic domain is predominantly random coil and p-sheet rich with a single a-helix
(Fig. 2) [72]. Overexpression of CsgG results in increased sensitivity to the small antibiotic
erythromycin (740Da) but not the larger vancomycin (1440Da) suggesting that CsgG has a
pore-like activity [75]. Overexpression of CsgE complements the erythromycin sensitivity
phenotype of a CsgG overexpressing strains [31, 73]. CsgE may therefore act, in part, by
gating CsgG to prevent the influx of environmental chemicals and molecules through the
pore.

The CsgG oligomers are not uniformly distributed around the cell but are instead spatially
restricted to discrete regions of the cell that co-localize with what appears to be the primary
curli fiber attachment site [31]. The mechanism of CsgG localization, however, and how the
curli secretion apparatus is spatially localized to discrete spots around the cell remains
unknown. Because subcellular localization is important for many biological functions,
including macromolecular organelle assembly in bacteria, it is not unreasonable to
hypothesize that spatial restriction of the curli secretion apparatus is also important for curli
assembly [87, 88]. Diffusion of protein subunits into the environment is a significant
challenge of the nucleation-precipitation/Type VIII secretion system [71, 89]. Localized
secretion of CsgA may lead to high local concentrations that promote efficient curli
formation on the cell surface. Interestingly, CsgA and CsgB are both required for stable
oligomerization of CsgG suggesting that either subunit secretion or active curli
polymerization on the cell surface somehow facilitates stable pore assembly [31].

Stable oligomerization of CsgG is dependent on both of the major and minor curli subunits,
CsgA and CsgB, as well as the accessory proteins CsgE and CsgF [31]. Conversely, CsgG is
required for the stability and secretion of CsgA, CsgB and CsgF across the outermembrane
[74, 84]. CsgG interacts with CsgE and CsgF as well as fusion proteins in which the N-
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term22 of CsgA has been fused to the N-terminus of a substrate protein [75]. CsgF is
extracellular and interacts with CsgG on the cell surface where it stabilizes and localizes
CsgB to cell-surface [74].

In the absence of CsgF, both CsgB and CsgA remain predominately SDS-soluble and are
secreted away from the cell [74]. Overexpression of CsgB in a csgF mutant restores the cell-
surface localization of CsgB but it does not restore WT cell-surface associated curli fibers
[74]. CsgF therefore may play a more important role in remodeling CsgB into an amyloid-
templating conformation rather than actually anchoring CsgA fibers.

Ensuring that curli amyloid assembly occurs at the correct time and place is a feat that is at
least in part achieved by molecular chaperones [73, 90]. Nenninger et al. described CsgF as
having chaperone-like activity: CsgF appears to assist in directing the assembly of CsgA
into an amyloid on the cell surface [74]. CsgE, on the other hand, functions earlier in the
curli biogenesis pathway by inhibiting premature amyloid formation within the periplasm,
but also by directing CsgA subunits to CsgG for secretion [73]. CsgE inhibits CsgA amyloid
formation and interacts with CsgA amyloid fibers in vitro [73, 91]. Two lines of evidence
using fusion protein constructs with the N-terminal domain of CsgA implicate the N-
terminal 22 amino acids of CsgA as the interacting domain with both CsgE and CsgG [73,
75]. First, the large periplasmic protein PhoA coimmunoprecipitated with CsgG when PhoA
was fused to the N-terminal 42 amino acids of CsgA (including the SEC secretion signal
sequence) [75]. Second, expression of CsgE specifically permits the secretion of the second
domain of PapD and CpxP only when C-terminally fused to the N-terminal 22 amino acids
of CsgA [73]. However, overexpression of CsgG results in unchecked secretion indicating
that secretion through CsgG doesn’t necessarily require CsgE [73, 75]. Together, these
results suggest a coordinated chaperone/delivery and secretion mechanism. CsgE putatively
has three functions: 1) bind to CsgG and gate the outer membrane secretion pore, 2) bind to
and inhibit amyloid formation of curli subunits within the periplasm, and 3) deliver these
subunits to CsgG for secretion.

4. The curli system can be exploited for studying other amyloids

Other bacteria may have also adapted the CsgG-like amyloid secretion pore. The
Caulobacter crescentus holdfast protein HfaA shares the amyloid-like characteristics of
being resistant to heat and SDS denaturation [92]. Like CsgA, the secretion and stability of
HfaA depends on an outermembrane lipoprotein, HfaB, which shares 31% identity and 42%
similarity with CsgG [93]. It is attractive to hypothesize that the curli secretion mechanism
is representative of a distinct class of apparatuses for secreting amyloid subunits across
membranes.

The unique curli secretion apparatus may be ideally suited for transporting generic unfolded
amyloid proteins across the outer membrane. CsgA is unstructured upon secretion and the
CsgG pore, only about 2 nm (or 20 A) wide, is not large enough to secrete CsgA in its
folded conformation, suggesting that CsgA is maintained in an unstructured and soluble
conformation prior to secretion [68, 75, 77]. The N-terminal 22 amino acids of the mature
CsgA not only direct its secretion across the outermembrane, but when fused to unrelated
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amyloid proteins, can also direct their secretion [29, 73, 75, 94]. E. coli expressing fusions
of unrelated amyloids with the N-terminal domain of CsgA produce Congo red binding
colonies on agar plates and SDS-insoluble fibers [29, 94]. Harnessing the curli secretion
system to assemble heterologous amyloids on the bacterial cell surface may pave the way
for new high throughput screening methods for modulators of amyloid assembly.

5. Folding intermediates can be probed using antibodies and small

molecules

The discovery of conformation specific antibodies has contributed immensely to our
understanding of amyloid assembly [79, 95, 96]. We now have the tools to detect
intermediate oligomeric and fibrillar species during the amyloid assembly process. The
conformation-specific antibody A11 was raised against an oligomeric intermediate of Af,
the amyloid protein associated with Alzheimer’s disease, and reacts with the oligomeric
intermediates of many other disease-associated amyloids [79]. CsgA is also transiently
recognized by Al1l invitro indicating that CsgA functional amyloid formation proceeds by
the same mechanism of assembly as disease-associated amyloids in vitro [23]. Antibodies
have also been raised that specifically recognize the amyloid fiber conformation and also
broadly react with unrelated amyloid fibers [95, 96]. Conformation specific antibodies have
motivated the development of a new class of antibodies, gammabodies (for grafted amyloid
motif antibodies), that not only react specifically with the fiber conformation, but also have
a high degree of specificity for protein sequence [97, 98]. Gammabodies have been
demonstrated to act in distinct mechanisms, depending on the grafted sequence, to inhibit
amyloid formation of several disease-associated amyloids [97]. Gammabodies have been
engineered against each repeating unit of CsgA and have been show to exhibit the same
sequence and conformation specificity as gammabodies designed to interact with disease-
associated amyloids [91, 98]. It has yet to be determined if similar inhibitory interactions are
possible between gammabodies and functional amyloids.

Peptidomimetic compounds are also attractive candidates for modulating protein-protein
interactions and amyloid formation. A screen of compounds originally designed to inhibit
the elaboration of E. coli P pili yielded a set of small molecules capable of inhibiting
amyloid formation of Ap [99, 100]. These compounds have since been subject to extensive
chemical modification and assayed for biological activity against several amyloid substrates
including curli [28, 91, 101]. This extensive library of 2-pyridone compounds, or curlicides,
exhibit varying degrees of CsgA amyloid inhibition and curli-dependent biofilm inhibition
[28, 91, 101]. Interestingly, the compound FNO75 inhibits both AB and CsgA amyloid
formation but accelerates amyloid formation of the Parkinson’s Disease-associated protein
a-synuclein [101]. FNO75 promotes the oligomerization of both CsgA and a-synuclein,
however, the a-synuclein oligomers are competent for amyloid formation (on-pathway)
while the CsgA oligomers are not (off-pathway) [101]. These provocative results suggest
that the 2-pyridone compounds may be used as tools for probing and distinguishing between
on- and off-pathway protein folding intermediates. Andersson et al. have now identified
other 2-pyridone compounds that are capable of accelerating CsgA polymerization [91].
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Further analysis of curli assembly in the presence of these curlicide and accelerator
compounds may be instrumental in dissecting early stages of function amyloid assembly.

6. Conclusions

The amyloid field has undergone a sea change since curli were characterized as an amyloid
and the functional amyloid field was born. Curli biology is ideal for studying protein
secretion and folding in the context of bacterial community behavior and, remarkably, can
be amended for studying of protein folding and misfolding in the context of many human
diseases. Elaborate mechanisms are in place to ensure that curli are assembled only at the
right time, at the right place and with remarkable efficiency to overcome large diffusion
rates inherent in a nucleation-precipitation model. It seems only natural that the unique
properties of curli fibers are accompanied by an equally unique biogenesis system.
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Figure 1.
Curli production contributes to E. coli biofilms. A. E. coli k-12 strain BW25113 grown on a

low salt agar plate at 26°C produce cell surface associated curli fibers that are visible by
transmission electron microscopy. Scale bar is 500nm. B. The uropathogenic E. coli strain
UTI89 develops a complex rugose colony morphology that is dependent on curli.
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Figure 2.
The curli biogenesis system possesses a unique outer membrane secretion apparatus. The

CsgG pore is composed of eight subunits (the front three have been removed to improve
clarity) with a 2nm wide central pore. Both CsgE and CsgF interact directly with the CsgG
pore. CsgE is periplasmic and required for directing soluble CsgA to the CsgG pore for
secretion while CsgF is surface exposed and contributes to the assembly of CsgB into a
surface associated, amyloid-templating conformation. Once outside the cell, CsgA interacts
with CsgB and assembles into an amyloid fiber.
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R5 SVNV‘I@VGFG@\IATAHQY

C-terminus

%

N-terminus

C CsgB
N-term 22 GYDLANSEYNFAVNELSKSSFN

fiber axis

R1, OAATIGQAGTNNSAQLROGGSK
R2 _LLAVVAQEGSSNRAKIDQTGDY
R3 . ,NLAYIDQAGSANDASISQGAYG

R4, NTAMIIQKGSGNKANITQYGTQ

R5 , KTAIVVOROSQOMAIRVTQR

Figure 3.
The molecular details of CsgA and CsgB. A. The mature CsgA protein is composed of an N-

terminal 22 amino acids and 5 amyloid repeating units, each with a 3-sheet-turn-p-sheet
(indicated by the red arrows). Ser, GIn and Asn residues (boxes) in each repeating unit align
in stacks that stabilize the amyloid conformation. The GIn residues at positions 49 and 139
and the Asn residues at positions 54 and 144 (circled) are essential for amyloid formation.
Repeating unites R2, R3 and R4 contain “gatekeeper” residues (*) that temper amyloid
formation. The conserved glycine and alanine residues are indicated in bold font. B. A
cartoon representation of the predicted structure of CsgA shows the five repeating units
assemble into a p-helical, cross-f structure (side view, left). The GIn, Asn and Ser residues
of R1 (upper right) are shown as sticks and the overhead view of CsgA (lower right) shows
the alignment of these residues within the predicted structure. C. The mature CsgB protein is
composed of an N-terminal 22 amino acids and 5 amyloid repeating units with similarly
conserved GlIn and Asn stacks (boxes). The conserved glycine and alanine residues in R1-R4
are indicated in bold font. Repeating unit 5 lacks one of the Asn repeats, but instead contains
four charged residues (indicated by +) that may be important for tethering CsgB to the cell
surface via R5.
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Figure 4.
Curli subunit sharing between adjacent cells, or interbacerial complementation, is made

possible by the nucleation-precipitation mechanism of curli fiber assembly. A csgB mutant
(or csgA+ donor strain) secretes soluble CsgA into the extracellular milieu. CsgA from a
csgB mutant can polymerize on a csgA mutant (or csgB+ acceptor) that is presenting CsgB
on the cell surface when grown in close proximity to one another on a plate. The left panel
shows a csgB mutant streaked near a csgA mutant, and on the edge of the CsgB-expressing
streak there is a Congo red staining region.
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