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Curli provide the template for understanding controlled amyloid
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The uncontrolled formation of amyloid fibers is the hallmark of
more than twenty human diseases. In contrast to disease-associated
amyloids, which are the products of protein misfolding, E. coli
assembles functional amyloid fibers called curli on its surface using
an elegant biogenesis machine. Composed of a major subunit,
CsgA, and a minor subunit, CsgB, curli play important roles in
host cell adhesion, long-term survival and other bacterial commu-
nity behaviors. Assembly of curli fibers is a template-directed
conversion process where membrane-tethered CsgB initiates CsgA
polymerization. The CsgA amyloid core is composed of five imper-
fect repeating units. In a series of in vivo and in vitro experiments,
we determined the sequence and structural determinants that guide
the initiation and propagation of CsgA polymers. The CsgA N- and
C-terminal repeating units govern its polymerization and respon-
siveness to CsgB. Specifically, conserved glutamine and asparagine
residues present in the CsgA N- and C-terminal repeating units are
required for CsgB-mediated nucleation and efficient self-assembly.

Bacterial Amyloid Nucleation was Controlled by N- and
C-terminal Repeats of CsgA

Amyloid propagation underlies diverse mammalian ailments such
as Alzheimer’s disease, systemic amyloidosis, bovine spongiform
encephalopathy (mad cow disease) and Creutzfeldt-Jacob disease.!
The product of protein misfolding, disease-associated amyloid
formation can be erratic and apparently uncontrolled. Certainly,
the physiological and physical constraints on disease-associated
amyloidogenesis are poorly described and understood. This is due,
in part, to the sporadic nature of in vivo amyloid model systems.
However, certain organisms have developed the ability to faith-
fully direct amyloid formation temporally and spatially.>* These
“functional amyloids” are not toxic to the organism that produces
them, but instead fulfill a variety of important physiological roles.>
Functional amyloids have been described in bacteria, fungi and
mammals.?>? Because functional amyloid formation can be a tightly
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controlled process, these biogenesis systems represent a unique
platform from which to better understand amyloidogenesis and the
cellular toxicity associated with it.

One of the better understood functional amyloids are curli,
bacterially produced extracellular fibers required for biofilm and
other community behaviors.> Curli fibers are composed of a major
subunit, CsgA, and minor subunit, CsgB. Curli assembly is initi-
ated by the CsgB nucleator protein, which is proposed to provide
an amyloid template to CsgA on the cell surface.® Curli formation
in E. coli requires a specific secretion machinery that directs curli
subunits to the cell surface and prevents their polymerization inside
the cell.>78

At the cell surface, CsgA is secreted as a soluble, unstructured
protein that is converted to an amyloid fiber in a CsgB-dependent
fashion.” In vitro, certain CsgB truncation mutants readily
assemble into amyloid, which suggested that CsgB might initiate
in vivo CsgA amyloid formation in a mechanism akin to seeding.®
Subsequent experiments proved that CsgB-derived amyloids could
promote CsgA polymerization in vitro (in a process called hetero-
nucleation).®10 Preformed CsgA amyloids also promote CsgA
polymerization (homonucleation/self-seeding), demonstrating CsgA
responds to self-seeding and CsgB nucleation.®!! To explore the
mechanistic details of CsgA polymerization into an amyloid, we
extensively analyzed the sequence determinants for curli assembly
using a powerful blend of genetic and biochemical approaches.!?

The CsgA amino acid sequence can be divided into three
domains, an N-terminal Sec signal sequence (cleaved after secretion
through the inner membrane), an N-terminal 22 residues involved in
secretion through the outer membrane and five imperfect repeating
units (R1, R2, R3, R4 and R5) that comprise the protease-resistant
amyloid core (Fig. 1A). We previously showed that peptides repre-
senting R1, R3 and RS are amyloidogenic in vitro.!! Peptides
corresponding to R1 and R5 were responsive to CsgA seeding and
CsgB nucleation (Fig. 1B).10 Moreover, deletion of R1, R5 or both
R1 and R5 resulted in a molecule that no longer polymerized in
vivo. A mutant CsgA molecule missing R1 and R5 (AR1&R5) was
completely incapable of being nucleated by CsgB or being seeded
by preformed CsgA fibers (Fig. 1B).!0 Interestingly, although the
seeding and nucleation competence was determined by Rl and
R5, the sequence similarity and identity between of R3 and R5 are
higher than those between R1 and R5 (Fig. 1C). It seems that the
nucleation/seeding specificity is not simply correlated to sequence
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Figure 1. R1 and R5 play important roles in guiding CsgB-responsiveness and CsgA seeding. (A) A schematic of the CsgA primary structure, including a
Sec signal sequence (which is cleaved after translocation across the cytoplasmic membrane), N-terminal 22 residues involved in secretion through the outer
membrane and five repeating units comprising a protease-resistant amyloid core. The regularly spaced Ser, Gln and Asn residues in each repeating unit
are enclosed in boxes. (B) A summary of the interactions between CsgA and CsgB (heteronucleation), or CsgA derivatives (seeding). A “+” means that the
interaction reduces the CsgA lag phase. A “-" means that the interaction has litle or no affect on the CsgA lag phase. CsgA seeding was measured as
previously described!! and CsgB heteronucleation was measured by the overlay assay.'® (C) Phylogram of consensus sequences (SerXsGInX,AsnXGln)
of five repeating units. The sequence similarity and identity between consensus sequence of R3 and R5 are higher than those between R1 and R5. (D) The
nucleation model of CsgA in vivo polymerization. Curli assembly is governed by surface-localized CsgB (heteronucleation) and by the growing fiber tip
(homonucleation). CsgG is the major component of the curli secretion apparatus that directs CsgA and CsgB across the outer membrane. After secretion

from the periplasm to extracellular space, R1 and R5 of CsgA can interact with CsgB or fiber tips, initiating curli formation.

similarity or identity. The molecular determinants of this specificity
will be an important next step to understand how nature evolved this
elegant amyloid propagation system.

From this analysis a simple model of curli assembly can be
proposed. After secretion across the outer membrane, the R1 and
R5 regions of CsgA would interact with either membrane-associated
CsgB, or CsgA fiber tips, which template a conformational change
in CsgA so that it now adopts an amyloid form (Fig. 1D).!° The
redundancy of seeding/nucleation responsive domains would make
curli assembly a highly efficient process.

Bacterial Nucleation Promiscuity Potentially Facilitates
Amyloid Propagation

It was reported that seeding effects are strongly influenced by
sequence similarity between seeds and soluble amyloid proteins.'?14
For yeast prions, cross-species transmission was determined by amino
acid sequence and conformations of prion proteins.!®> Prion conver-
sion, including mammal and yeast prions, requires a very high level
of identity of the interacting protein sequences.'®!” In contrast to
prion proteins, R1 and R5 constitute the critical seeding/nucleation
regions of CsgA, although they share only 39% sequence identity
between them. In addition, CsgB shares less than 30% sequence
identity to CsgA, and it can nucleate CsgA polymerization. The
somewhat relaxed requirement of sequence identity for cross-seeding
and nucleation in curli biogenesis may have important physiological
consequences. It was reported that amyloid-like structures are very
abundant in natural biofilms comprising different bacterial species.'8
Since the nucleated propagation occurs on the cell surface, bacterial
cross-species nucleated amyloidogenesis might happen. Salmonella

typhimurium csgA and csgB genes can complement Escherichia
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coli csgA and c¢sgB mutations in terms of positive Congo red
binding, indicating amyloid-like structure formed on the cell surface
(Fig. 2A).Y Like E. coli csgA, S. typhimurium CsgA formed
SDS-insoluble, fibrous structures in E. coli AcsgA cells with the
plasmid encoding S. #yphimurium CsgA as detected by western
analysis and electron microscopy (Fig 2B and data not shown).
Presumably, E. coli CsgB converts soluble S. gyphimurium CsgA to
the amyloid conformation. This cross-species nucleation promiscuity
supports the possibility that the CsgA-like molecules of one bacte-
rial species could interact with the CsgB-like molecules of another
bacterial species, facilitating the building of complicated matrixes
covering bacterial communities (Fig. 2C).

Remarkably Stringent Requirements of Specific Side-chain
Interactions for Curli Assembly

Many proteins, if not all, can assemble into amyloid-like fibers
in vitro, which has lead to the suggestion that amyloid forma-
tion is an inherent property of polypeptides.! Clearly, though, the
chemical nature of particular side chains in the polypeptide can
influence fiber assembly.! However, the specific role of side-chain
interactions during amyloid formation remains poorly described.
We addressed this question by dissecting the internally conserved
residues in the CsgA repeating units which are predicted to form
cross-beta structure (Fig. 3A).2% The consensus sequence (Ser-Xs-
Gln-X,-Asn-X,-Gln) is found in each CsgA imperfect repeating unit
(Fig. 3B). The high degree of the conservation of these polar residues
suggests their potential important role in curli assembly. To explore
the specific roles of side chains in curli assembly, we analyzed the
contribution of conserved polar residues such as Ser, Gln and Asn
residues and all the aromatic residues by Ala substitutions (Fig. 3B).
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Figure 2. Salmonella typhimurium CsgA responds to Escherichia coli CsgB in E. coli AcsgA cells and assembles into curli. (A) The YESCA plates supplemented
with Congo red dye with E. coli AcsgA cells transformed with vector control or plasmids encoding E. coli CsgA or S. typhimurium CsgA. Cells were grown for
48 hrs at 26°C. (B) The Western blot of E. coli AcsgA cells transformed with vector control (lanes 3 and 4) or plasmids encoding E. coli CsgA (lanes 1 and
2) or S. typhimurium CsgA (lanes 5 and 6). Samples were treated with (+) or without [ formic acid (FA) to depolymerize the polymers. The blot was probed
with anti-CsgA antibody. (C) Schematic shows cross nucleation and polymerization occurring between different bacterial species in the same environment.
CsgA molecules secreted from species | (indicated in blue) interact with CsgB of Species Il (indicated in red), undergo a conformation change and assemble
into hybrid fibers (indicated in orange). Species | and Il can assemble their own fibers (indicated in blue and red, respectively).
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Figure 3. Ciritical side chains in curli assembly. (A) The predicted structure
of CsgA in curli structure. The structure was constructed by Dr. Craig Smith
based on previous work from the Kay lab.2% (B and C) The regularly spaced
Ser, Gln and Asn residues in repeating units are enclosed in four boxes and
their roles in curli assembly were analyzed by Ala substitutions. The criti-
cal residues Q49, N54, Q139 and N144 were highlighted in yellow (for
Gln residues) and green (for Asn residues) in the primary structure of CsgA
(B) and in the predicted 3D structure of five repeating units (C).

We identified four critical residues, Gln and Asn residues at positions
49, 54, 139 and 144 (Fig. 3B and C).2! Ala substitutions of these
four residues resulted in a complete loss to CsgB nucleation and an
extremely long lag time before fiber formation is initiated, suggesting
these four polar side chains contribute to CsgB nucleation response
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and self-polymerization.?! Surprisingly, Gln residues at position 49
and 139 cannot even be replaced by Asn residues without interfering
with curli assembly.?! CsgAQ4N s defective in CsgB nucleation
response and self-assembly compared to wild-type CsgA.>! Our
findings suggest interaction of CsgA to itself and to CsgB is tightly
controlled by very specific side-chain contacts. In addition, we found
wild-type CsgA fibers still was able to seed the CsgA mutant with
all four critical polar side chains abolished, suggesting CsgA fiber
seeding and CsgB nucleation have distinguishable mechanisms.?! Tt
is plausible that fiber mediated seeding is not dependent on polar
side chains, whereas the CsgB nucleation requires the participation
of polar side chains. All aromatic residues of CsgA do not positively
contribute curli assembly.?!

Maintenance of native globular structures depends on specific
side-chain contacts. Our work demonstrates that the formation
of amyloid structure of CsgA also depends on specific side-chain
interactions. These side-chain interactions between CsgA-CsgA and
CsgA-CsgB allow bacterial amyloid propagation to occur at the
correct time and correct location.
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