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The curli nucleator protein, CsgB, contains
an amyloidogenic domain that directs
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Curli are functional amyloid fibers assembled by enteric bacteria
such as Escherichia coli and Salmonella spp. In E. coli, the polymer-
ization of the major curli fiber subunit protein CsgA into an amyloid
fiber depends on the minor curli subunit protein, CsgB. The outer
membrane-localized CsgB protein shares ~30% sequence identity
with the amyloid-forming protein CsgA, suggesting that CsgB
might also have amyloidogenic properties. Here, we characterized
the biochemical properties of CsgB and the molecular basis for
CsgB-mediated nucleation of CsgA. Deletion analysis revealed that
a CsgB molecule missing 19 amino acids from its C terminus
(CsgBtrunc) Was not outer membrane-associated, but secreted away
from the cell. CsgBunc Was overexpressed and purified from the
extracellular milieu of cells as an SDS-soluble, nonaggregated
protein. Soluble CsgBiunc assembled into fibers that bound to the
amyloid-specific dyes Congo red and thioflavin-T. CsgBtrunc fibers
were able to seed soluble CsgA polymerization in vitro. CsgBrunc
displayed modest nucleator activity in vivo, as demonstrated by its
ability to convert extracellular CsgA into an amyloid fiber. Unlike
WT CsgB, CsgBtrunc Was only able to act as a nucleator when cells
were genetically manipulated to secrete higher concentrations of
CsgA. This work represents a unique demonstration of functional
amyloid nucleation and it suggests an elegant model for how E. coli
guides efficient amyloid fiber formation on the cell surface.
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E nteric bacteria such as Escherichia coli and Salmonella spp.
produce amyloid fibers called curli that are the major
proteinaceous component of a complex extracellular matrix. The
extracellular matrix participates in many aspects of E. coli and
Salmonella spp. physiology and pathogenicity. For example, curli
and the extracellular matrix convey resistance to desiccation and
long-term survival, host cell adhesion and invasion, and immune
system activation (1-7). Curli are also critical determinants of
biofilm formation, where they most likely mediate the initial step
of surface attachment (6, 8, 9). Curliated bacteria colonize
chemically diverse surfaces such as plant tissues, stainless steel,
and glass (10-12).

Curli are assembled by a unique and highly regulated extra-
cellular nucleation/precipitation pathway. At least six proteins,
encoded by the divergently transcribed csgBA and csgDEFG
operons (csg, curli-specific genes), are dedicated to curli forma-
tion in E. coli (8, 13). The major curli subunit protein, CsgA, is
nucleated into a fiber by the minor fiber subunit, CsgB (14, 15).
As a result, both subunits are incorporated into the fiber (16).
Polymerization is thought to occur after secretion of the subunits
to the extracellular space, because CsgA and CsgB do not have
to be expressed from the same cell to assemble curli. In a process
called interbacterial complementation, CsgA secreted from a
AcsgB donor cell can be assembled into a fiber on the surface of
a CsgB-producing acceptor cell (8, 15, 17). Once polymerized,
curli fibers exhibit the biochemical and structural properties of
amyloids (17).
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Amyloid fiber formation is traditionally associated with hu-
man neurodegenerative conditions including Alzheimer’s, Par-
kinson’s, and the prion diseases (18). The proteins associated the
eukaryotic amyloid diseases’ transition from natively soluble
conformations into SDS-insoluble, nonbranching, B-sheet fibers.
This conformational change is preceded by a lag phase during
which cytotoxic intermediates are formed (19, 20).

Curli represent a novel twist to the conventional view of
amyloidogenesis because typical disease-associated amyloid for-
mation is considered an off-pathway protein folding event,
whereas curli are the product of a highly regulated and directed
process. However, the fundamental similarities between curli-
and disease-associated amyloid biogenesis suggest that amyloid-
fiber polymerization in general occurs via a conserved protein-
folding process. Thus, understanding how functional amyloids,
such as curli, mediate efficient amyloid nucleation on the cell
surface will provide insight into disease-associated amyloido-
genesis and cytotoxicity.

Like disease-associated amyloids, curli are nonbranching,
B-sheet-rich fibers that are resistant to protease digestion and
denaturation by 1% SDS (17, 21-24). Amyloid fibers, including
curli, are propagated by the addition of soluble precursors to the
growing fiber tip in a process called seeding (25-27). For
example, the polymerization of purified CsgA in vitro is char-
acterized by a 1- to 2-h lag phase that precedes rapid fiber
elongation (27). The lag phase can be significantly shortened by
the addition of preformed CsgA fibers (27). The CsgA fiber
seeds are predicted to provide a specific template that guides
fiber elongation and allows polymerization to proceed with a
shorter lag phase. Amyloid seeding is usually observed between
proteins and fibers with identical or nearly identical amino acid
sequences (28).

Although CsgA polymerization can be ameliorated by fiber
seeds in vitro, assembly of CsgA polymers on the bacterial cell
surface depends on the CsgB nucleator protein. The molecular
and structural mechanisms of CsgB-mediated nucleation are not
known. We hypothesize that CsgB may be an amyloidogenic
protein that provides a seed or template to CsgA that promotes
curli formation. Consistent with this hypothesis, CsgA and CsgB
are ~30% identical at the amino acid level, and in silico
molecular modeling predicts that they adopt a similar cross
B-strand structure (16, 24). Both CsgB and CsgA contain a
conserved 5-fold sequence homology within their amino acid
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sequences (8, 15, 16, 24). In CsgA, these regions of homology,
called repeating units, have recently been demonstrated to be
amyloidogenic (27).

To determine the molecular mechanism of curli fiber nucle-
ation, we have biochemically and genetically characterized CsgB.
We demonstrate CsgB-mediated nucleation in vitro and show
that CsgB is itself an amyloidogenic protein, providing insight
into how these functional amyloid fibers are assembled.

Results

CsgBirunc Forms Amyloid-Like Fibers in Vitro. The similarity in amino
acid content and the in silico structural predictions of CsgA and
CsgB suggest that these proteins may share biochemical prop-
erties (Fig. 14). Numbering from the indicated serine residues,
the first four repeating units from CsgA and CsgB contain at
least five identical amino acids: a glutamine at position 7, a
glycine at position 9, an asparagine at position 12, an alanine at
position 14, and another glutamine at position 18 (Fig. 14).
Thus, the consensus sequence of the B-strand-loop-B-strand
structure for each CsgA repeating unit would be Ser X5 Gln X;
Gly X; Gly Asn X; Ala X3 Gln, whereas the consensus sequence
of the first four repeating units of CsgB are Xs Gln X; Gly X»
Asn X; Ala X3 Gln (Fig. 14). Although sequence alignments
comparing CsgA with CsgB reveal a high degree of amino acid
conservation between the first four repeating units, the fifth
repeating unit (amino acids 133-151) of CsgB is less conserved
(Fig. 1A4). The fifth repeating unit of CsgB does not complete the
medial glycine, asparagine, or alanine stacks conserved in all five
CsgA repeating units or in the first four repeating units of CsgB.
Furthermore, 4 of the 19 amino acids in the C-terminal domain
of CsgB are positively charged amino acids, a higher percent of
charged amino acids than any of the other repeating units found
within either protein (Fig. 14). Because the imperfect repeating
units of CsgA are amyloidogenic and the first four repeating
units of CsgB share a high degree of conservation to CsgA, we
hypothesized that the first four repeating units of CsgB may also
be amyloidogenic.

To test the hypothesis that the first four repeating units of CsgB
contained amyloid-like properties, a csgB allele missing the C-
terminal repeating unit (called csgByunc; containing a C-terminal
deletion of amino acids from 133-151) was cloned into the expres-
sion vector, pNH2. WT c¢sgB and c¢sgBy... were expressed in the
Acsg strain LSR12 that contained a plasmid-encoding CsgG, the
proposed curli outer membrane secretion protein (29, 30). Western
blot analysis revealed that WT CsgB was cell-associated, but
CsgBirunc Was secreted away from the cells in a CsgG-dependent
manner (Fig. 1B). Both WT CsgB and CsgBunc Wwere SDS-soluble
when expressed in the absence of CsgA (Fig. 1B). However, WT
csgB expression was considerably reduced compared with ¢sgBunc,
and repeated attempts to purify WT CsgB were unsuccessful.
Because outer membrane-associated WT CsgB was not amendable
to purification, we focused on characterizing the biochemical
properties of CsgBirunc.

CsgBirune Was affinity-purified from cell-free supernatants.
Immediately after purification, CsgBrunc Was SDS-soluble and
migrated to its predicted molecular weight in an SDS/PAGE gel
(supporting information (SI) Fig. 6A4). However, after incuba-
tion at room temperature for 24 h, a precipitate appeared in
CsgBirunc-containing samples, and CsgBirunc N0 longer migrated
into an SDS/PAGE gel, indicating that CsgByunc had assembled
into SDS-insoluble aggregates. CsgBirunc migrated into an SDS/
PAGE gel when the aggregates were pretreated with 90% formic
acid (Fig. 1C).

The ultrastructure of CsgBrunc aggregates was investigated by
transmission electron microscopy (TEM) and with the amyloid-
specific dyes thioflavin T and Congo red (31-34). TEM analysis
of purified CsgBrunc revealed the presence of highly ordered,
amyloid-like fibers (Fig. 24). When freshly purified CsgBirunc

Hammer et al.

A CsgA
Ri[s|leL N 1 Y[QY[c|G[eN|s[alL AL[QT DA RN
Rz2|s|pL T 1 Tlo|H|c|cleln|clalp v clale s b D
R3|s|s 1 D L T|q|Rr|G|F|e|N|s|A|T L DlawN G Kk N
R4|S|EMT Vv k|o|F|c|G|a|N|c|ala v Dl|T A s N
R5[S|s v N Vv T|qv|6|F|GN|N[A]T A H|Q]Y
CsgB
R1 QA A | | c[qJa[e]lT N[N[s[A]laL R[Q]G G S K
R2L LAV VA|QE|es s|N|R|Alk 1| DlalT D ¥
R3NLAY I D|alalels a|n|D|Als 1 slalca ¥ G
RANTAM | I|Q/K|6/S GNKAIN I TlalYGTQ
REKTAI VVQRQ@SQMA I RV T|Q|R
* % * %
133 151

B No WT CoaB C
CsgB  CsgB S9Pyne

PMC1 - - - + - + - + - +
cSCcCCSsSscCCSsSs FA - +
12345 6 78910 1.2

17kDa-0
7atl s '
— s * 11kDa-
- * %
11kDa-

Fig. 1. Biochemical characterization of CsgB and CsgBirunc. (A) The imperfect
repeating units in CsgA and CsgB (R1-R5) are predicted to form g-strand-loop-
B-strand structures. Amino acids comprising the B-strand are located below
the arrows, and amino acids predicted to comprise the loops are italicized.
Bolded letters represent amino acids conserved in CsgB and CsgA at each
position relative to the start of each repeating unit. Boxed letters represent
amino acids conserved throughout the repeating units in both proteins.
Positively charged amino acids in the fifth repeating unit of CsgB are marked
with asterisks. (B) Western blot analysis of WT CsgB (*) and CsgBirunc (**)
expressed in the Acsg strain LSR12. The csgB constructs were coexpressed with
the isopropyl B-pD-thiogalactoside-inducible csgG containing plasmid pMC1 or
the corresponding empty vector, pTrc99A. Cultures were grown in LB to an
ODggo of 0.9 and induced with 250 uM isopropyl B-p-thiogalactoside. Postin-
duction cell suspensions were normalized by ODgoo and separated by centrif-
ugation into cell (C) and supernatant fractions (S). The blot was probed by
using aCsgB peptide antisera. Lane 1 contains LSR12/pTrc99A/pNH3 cells, and
lane 2 contains corresponding supernatant; lanes 3 (C) and 5 (S) contain
LSR12/pTrc99A/pNH4; lanes 4 (C) and 6 (S) contain LSR12/pMC1/pNH4; lanes 7
(C) and 9 (S) contain LSR12/pTrc99A/pNH2; and lanes 8 (C) and 10 (S) contain
LSR12/pMC1/pNH2. (C) Western blot of purified CsgBirunc probed with aCsgB
peptide antibody. Two samples containing equal concentrations of purified
soluble CsgBiunc Were incubated at room temperature overnight before
centrifugation for 1 minin an Eppendorf microcentrifuge (Eppendorf-5 Prime,
Boulder, CO). The supernatant was decanted and the pellet was resuspended
in 2x SDS loading buffer (lane 1) or pretreated with 90% formic acid (FA) and
dried before resuspension in 2x SDS loading buffer (lane 2).

was mixed with the amyloid-specific dye, thioflavin T fluores-
cence increased in a concentration-dependent manner after an
~100-min lag phase (Fig. 2B). Amyloid formation was also
assessed by using the diazo dye Congo red, which, in the presence
of an amyloid fiber, produces a unique spectral pattern called a
“red shift” (35). CsgBirunc aggregates mixed with Congo red had
a maximum absorbance at 501 nm. The maximum absorbance of
freshly purified CsgBrunc Was 485 nm, whereas the maximum
absorbance of the nonamyloid protein BSA mixed with Congo
red was 491 nm (SI Fig. 6B).

The structural changes that occur during CsgBirunc polymer-
ization were measured by using circular dichroism (CD). The CD
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Amyloid-like properties of CsgBiunc aggregates. (A) TEM analysis of soluble CsgBtrunc incubated at room temperature overnight reveals fibrous

aggregates. (Scale bars: 500 nm.) (B) Freshly purified CsgBirunc Was mixed with the amyloid-specific dye thioflavin T and incubated at room temperature for 600
min at the following concentrations: 43 uM (open diamonds), 33 uM (open circles), 22 uM (filled diamonds), 16 uM (filled circles), 11 uM (open triangles), 8 uM
(“x"s), 5 uM (filled triangles), 0 uM (solid line). Relative florescence emitted at 495 nm was measured every 10 min after excitation at 438 nm. (C) Far-UV spectral
analysis of 22 uM CsgByrunc immediately after purification (open circles), after incubation for 24 h (open squares) at room temperature, or after incubation at
room temperature for 15 days (filled squares). The potassium-phosphate-buffer (KPi)-only control is represented by a solid black line.

spectra of freshly purified CsgBirunc displayed a trough at 198 nm,
which is characteristic of proteins that adopt a random coil
structure (Fig. 2C, open circles). After incubation of CsgBunc at
room temperature for 24 h, the CD spectrum revealed a trough
at 212 nm (Fig. 2C, open squares). Upon prolonged incubation,
the CD analysis of CsgBiunc revealed a trough at 218 nm,
indicative of a B-sheet-rich conformation (Fig. 2C, filled
squares). Collectively, the CsgByunc aggregates are SDS insolu-
ble, B-sheet-rich fibers that interact with the amyloid specific
dyes thioflavin T and Congo red. These biochemical features are
consistent with the hypothesis that CsgBirync forms amyloid-like
aggregates.

CsgBiunc Can Nucleate CsgA in Vitro. The biochemical analysis
of CsgBrunc demonstrated that the first four repeating units of
CsgB contained an amyloidogenic domain. We next asked
if CsgBiune fibers provided a nucleation surface for CsgA
polymerization. CsgA’s transition into an amyloid fiber in vitro
is characterized by distinguishable lag, growth, and stationary
phases. The lag phase can be shortened by the addition of
preformed CsgA fibers (27). When mixed with thioflavin T, the
relative florescence units of a 30-uM solution of freshly purified
CsgA increased after a 100-min lag phase (Fig. 34, filled circles).
The lag phase of CsgA polymerization was dramatically short-
ened when 10% wt/wt or 6% wt/wt CsgBirunc aggregates were
added to the reaction (Fig. 34 open squares and circles, respec-
tively). As a control for nonspecific seeding of CsgA, we used
amyloid fibers derived from the islet amyloid polypeptide protein
(36). The lag phase of CsgA was not reduced when 17% wt/wt
of islet amyloid polypeptide seeds were added (SI Fig. 7),
suggesting that CsgA seeding is a phenomena specific to the
proteins that compose the curli fiber, CsgB and CsgA. TEM
analysis of the aggregates produced when CsgA was seeded by
CsgBirunc revealed fibers with a similar structure to those pro-
duced by CsgA self-polymerization (compare Fig. 3B with Fig.
3C). These results suggest that CsgBunc promotes the conver-
sion of soluble CsgA into an insoluble fiber in a specific manner,
a process defined as nucleation.

CsgBirunc Is Secreted from the Cell and Is Sufficient for Nucleation in
Vivo. To determine whether CsgByunc had retained nucleator
activity in vivo, csgBuune Was expressed under the control of the
csgBA promoter in plasmid pNH1. Colonies of E. coli producing
curli fibers stain red when grown on Congo red indicator plates.

12496 | www.pnas.org/cgi/doi/10.1073/pnas.0703310104

A csgB mutant strain harboring pNH1 (csgBgunc), pPLR8 (WT
csgB), or pLR2 (empty vector) was streaked on Congo red
indicator plates and incubated at 26°C. After 48 h of growth on
Congo red indicator plates, WT and csgB/pLRS8 cells stained red,
whereas csgB/pNH1 (csgBiune) cells were light red (Fig. 44
compare areas 1, 3, and 4). Western blotting was used to localize
CsgBirunc expressed by cells grown under curli-inducing condi-
tions. WT CsgB was detected in whole cell (WC) samples by
Western blot analysis, whereas CsgBunc Was not (Fig. 4B Upper
compare WC lanes 2, 5, and 6). However, CsgByunc Was detected
in samples in which the underlying agar was collected along with
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Fig. 3. CsgBiunc can nucleate CsgA in vitro. (A) Thioflavin T kinetic plot
monitoring the polymerization of 30 M CsgA (filled circles) and 30 uM CsgA in
the presence of 10% wt/wt (open squares) or 6% wt/wt (open circles) CsgBtrunc
aggregates. (B) TEM of 30 uM CsgA. (C) TEM of the fibers produced by polymer-
ization of 30 uM CsgA seeded by 10% CsgBtrunc. (Scale bars: 500 nm.)
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Fig. 4. In vivo nucleation properties of CsgBirunc. (A) Congo red-containing yeast extract casamino acids (YESCA) plates comparing the Congo red binding
phenotypes of csgB and csgBF harboring an empty vector control (pLR2), WT csgB on a plasmid (pLR8), or csgBiunc (PNH1). Cells: area 1, WT/pLR2; area 2,
csgB/pLR2; area 3, csgB/pLR8; area 4, csgB/pNH1; area 5, csgBF/pNH1; area 6, csgBF/pNH1; area 7, csgBF/pLR8; area 8, csgBF/pLR2. All strains contain pTrc99A except
area 6, which contains pCsgF. (B Upper) WC lysate samples probed with aCsgB peptide antiserum reveal WT CsgB (*) and CsgBtrunc (**). Samples were treated
with (+) or without (—) formic acid (FA). (B Lower) WCs and the underlying agar (plugs) were collected from YESCA plates and probed for CsgB. (C Upper) Western
blots of WCs probed with aCsgA antiserum. (C Lower) Western blots of WCs and underlying agar (plug) samples probing for CsgA. The WT cells in lanes 1 and
2 contain empty vectors pLR2 and pTrc99A. All other strains in A and B also contain the empty vector pTrc99A in addition to either pLR2 (pEmpty) or pNH1
(pcsgBtrunc)-

the WCs (Fig. 4B Lower agar plug lanes 2, 5, and 6). Therefore,  indicator plates, produced SDS insoluble CsgBirunc and CsgA,
CsgBirunc 18 not cell-associated, confirming our previous finding  and assembled curli-like fibers, indicating that the first four
in Fig. 1B that, unlike WT CsgB, CsgBirun is secreted away from  repeating units of CsgB are sufficient for nucleator activity.

the cell as an SDS-soluble protein. Although CsgByunc clearly mediates CsgA nucleation in vivo, it
The localization defect of CsgBirune might account for its  does so less efficiently than WT CsgB.
inability to nucleate CsgA into a fiber in vivo. Because the local We further investigated the Congo red binding phenotype of

concentration of CsgA would be predicted to be highest closeto  the ¢sgBF/pNH1 (csgBiune) strain as it compared with WT by
g;irzc(::gﬁﬁg?cse, :(I;led i}seg]?g;;; 1; :gctr}?;:d élsvv%y fron;V S)illlcsi H}llta?utehz mechanically scraping the cells off the Congo red YESCA plate
decreased chalflce of interacting with CSggAmlEEo increase the aft(?r 48 h of growth. When scr.aped off the plate, WT cells were
probability that CsgByrune would interact with CsgA, we used two izagl;;‘ Inglee(Izs rgd C‘)’k;r (;F;ééd%inakre(aml)- 512 zgraz;t Ttﬁz
genetically modified csgB strains that secrete more CsgA. The ngnfibpr- rod ‘ign frunc ng / NHlp (csgB & ) a c d. light
first strain overexpressed CsgG, proposed to be a central com- bo eFP 05 Cl,l cng gsg Th P i Cfsfh ‘”‘”lct pﬁea ih \%’T
ponent of the curlin secretion apparatus (29). Overexpression of rown (Fig. 5C area 3). . e portion ol the plate where the
cells had grown was white/very light red (Fig. 5D area 1). The

CsgG has been demonstrated to increase the secretion of CsgA ; .
(30). When grown under curli-expressing conditions on Congo cell-associated fibers produced by the WT cells bound the Congo

red indicator plates, csgB cells containing pNH1 (csgBiunc) and red dye leaving little dye in the agar plate. Surprisingly, the
PMC1 (csgG) stained darker red than csgB cells containing
pNH1 (¢sgByunc) or pMC1 (csgG) alone (SI Fig. 8). The second
strain we used was a csgF mutant. A ¢sgF mutant secretes more A
CsgA, although the precise role of this protein is still unresolved
(17). A csgBF mutant was transformed with pNH1 (¢sgBuunc)-
CsgBirunc Was able to partially restore Congo red-binding to a
csgBF strain (Fig. 44 area 5). Congo red binding depended on
the expression of CsgByrunc as the csgBF/pLR2 (empty vector)
remained white on Congo red indicator plates (Fig. 44 area 8).

Congo red binding was also dependent on CsgA; csgFBA/pNH1 o
did not bind Congo red (data not shown).
Another measure of fiber formation is the SDS solubility of B .

both CsgA and CsgB. CsgA and CsgB that have assembled into
an amyloid fiber are resistant to depolymerization by SDS and
need to be treated with formic acid to liberate the monomers
(22). At 48 h, CsgA became SDS-insoluble in csgBF/pNHI1
(¢sgBuune) cells (Fig. 4C Upper; compare WC lanes 9 and 10).
CsgBirunc Was also SDS-insoluble at 48 h when expressed in csgBF
cells (Fig. 4B Upper; compare WC lanes 9 and 10). However, a S ;
substantial amount of both CsgBun. and CsgA were SDS- FfPNm (ngBtmg}q
soluble when the underlying agar was collected along with the ) "
cells (Fig. 4 B Lower and C Lower agar plugs lanes 9 and 10)_ In Fig. 5. Characterization of fibers nucleated by CsgBirunc in vivo. (A) TEM of
contrast, CsgB and CsgA were completely SDS-insoluble in WT  ¢sgB/pLR8. (B) TEM of csgBF/pNH1. (Scale bars: 500 nm.) (C) Cells were me-
cells (Fig. 4 B Lower and C Lower; compare agar plug lanes 1 and chanically scraped off of a Congo red-containing YESCA plate by using dis-
2)' TEM was used to visualize the fibers produced in CSgB/pLR8 posable inoculating loops to comp’fzr’e’z the Congo red-binding phenotyp‘e‘zs’c')f
WT cs B) and cseBF/pNH1 (cs B ) The cseBF/pNHI1 (Cs _ WT/pLR2 (empty vector; labeled "“1"), csgBF/pNH1 (csgBtrunc; labeled “2"),
( 8 CSEEL P 8B runc E5L/P \esg csgFBA/pNH1 (csgBirunc; labeled *“3"), or csgFBA/pLR2 (empty vector; labeled
BW"C) cells consistently produced fibers that were more diffuse ""4"). (D) The Congo red-containing YESCA plate used to cultivate cells in Fig.
and extended further away from the cell than csgB/pLR8 (WT 4C after cells have been removed. In D, the numbers indicate the region of the
CSgB) cells (Compare Fig- 5 A and B)- To summarize, the Congo red plate where the following strains had grown: 1, WT/pLR2; 2,
csgBF/pNH1 (csgBuunc) cells stained light red on Congo red  csgBF/pNH1; 3, csgFBA/pNH1; and 4, csgFBA/pLR2.
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portion of the Congo red agar plate where the csgBF/pNH1
(csgBuyunc) grew appeared bright red, outlining the areas of
cellular growth (Fig. 5D area 2). These data suggest a portion of
the fibers produced by the csgBF/pNH1cells were localized to the
agar plate.

Discussion

Nucleus formation is proposed to be the rate-limiting step during
amyloid fiber formation (37). Despite years of research on the
eukaryotic amyloids, curli are the only known amyloid pathway
to have a dedicated nucleator protein in vivo. Mounting evidence
suggests that amyloid precursors are cytotoxic, whereas the
fibers are an innocuous final product of the misfolding event
(38-46). Functional amyloidosis may have evolved specialized
mechanisms to eliminate the build up of the cytotoxic interme-
diates. For example, PMEL17, a mammalian functional amyloid,
self aggregates so quickly that no toxic intermediates are hy-
pothesized to form (47). Using a dedicated nucleator may be an
alternative strategy to decrease exposure to cytotoxic interme-
diates. In the curli system, CsgA polymerization in vitro contains
a lag phase that can be shortened by CsgByunc, consistent with
the idea that CsgByrunc facilitates the direct conversion of CsgA
to a mature amyloid fiber.

Curli assembly on the cell surface of E. coli is a highly regulated
and elegant process. In a simple model of curli formation, the major
curli subunit CsgA is secreted from the cell as a soluble, unpoly-
merized protein. CsgA would remain unpolymerized unless it
contacts a CsgB-expressing cell. In a process called nucleation,
CsgB mediates the conversion of CsgA from a soluble protein to an
insoluble fiber. This conversion marks the first step of curli bio-
genesis. Once fiber formation is initiated, CsgA can then use the
growing fiber tip as a template for additional polymerization in a
process called seeding. We propose CsgB-mediated “nucleation”
and fiber mediated “seeding” of CsgA polymerization to be mech-
anistically similar processes.

A refined model of extracellular nucleation/precipitation is
suggested based on our work. The mature CsgB protein contains
five imperfect repeating units that share similarities with the five
repeating units in CsgA, and which have been shown to be
amyloidogenic (24, 27). We found that a C-terminal CsgB
truncation mutant lacking the fifth repeating unit (CsgBirunc) no
longer associates with the outer membrane and is secreted into
the cellular milieu (Figs. 1B, 4B, and 5D). CsgB;unc contains an
amyloidogenic domain (Fig. 2), which is sufficient to nucleate
soluble CsgA in vitro (Fig. 34). However, CsgBiune does not
complement a csgB mutant in vivo, possibly because CsgBirunc is
not optimally positioned on the cell surface to act on newly
secreted CsgA molecules. This defect is overcome when Csg-
Birunc 18 expressed in csgB genetic backgrounds manipulated to
secrete increased levels of CsgA (Fig. 4, SI Fig. 8). Thus,
CsgBirunc is sufficient to perform nucleation in a csgB back-
ground when presented with increased levels of CsgA.

Our model predicts that the fifth repeating unit of CsgB may
not be essential for nucleation, but might be required for
outer-membrane association such that it is optimally localized to
nucleate CsgA monomers as they are secreted. However, in vitro
polymerization studies with full-length CsgB protein may reveal
that the C-terminal repeating unit contributes, either negatively
or positively, to the kinetics of fiber formation and is not simply
an outer membrane anchor. Therefore, it remains to be seen
whether the C terminus of CsgB similarly modulates fiber
formation directly, or is merely a localization factor that indi-
rectly aids the nucleation process (i.e., retaining CsgB near the
highest concentrations of CsgA). However, these two functions
of the CsgB C terminus are not necessarily mutually exclusive,
and this would not be the first example of a functional amyloid
having a repeating unit(s) that serves two functions. Studies
investigating the effect of deleting repeating units from the C
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terminus of the yeast prion protein Sup35 showed that some
repeating units contribute directly to fiber growth, some con-
tribute to the inheritance phenotype, and some contribute to
both (48, 49). In our curli model, the C-terminal repeating unit
of CsgB anchors the protein to the outer membrane, the
optimum locale for interaction with CsgA monomers.

An inherent problem in functional amyloid systems is main-
taining control of a self-propagating reaction such that it does
not occur at the wrong time or in the wrong place. We propose
that the curli system has achieved control by separating the
nucleation and elongation properties into two distinct proteins
(CsgB and CsgA, respectively) and then dictating when and
where those proteins interact. The separation of nucleation and
polymerization may be a general mechanism to harness func-
tional amyloid formation. This mechanism makes curli an ideal
system to study the initial stages of amyloid fiber formation from
both an in vivo and in vitro perspective.

Materials and Methods

Bacterial Growth. To induce curli production, bacteria were grown
at 26°C on YESCA plates (17). Curli production was monitored
by using Congo red-YESCA plates (17). Antibiotics were added
to the growth media in the following concentrations: kanamycin,
50 wpg/ml; chloramphenicol, 25 pg/ml; or ampicillin, 100 wg/ml.

Bacterial Strains and Plasmids. Strains and plasmids used in this
study are found in SI Table 1. Primer sequences used in this study
can be found in SI Table 2. Plasmid pNH1, containing ¢sgBunc
under the control of the csgBA promoter, was constructed by
amplifying csgBune using the CsgByyne CF and CsgBirunc CR
primers, digesting the PCR product with Ncol and BamHI, and
ligating into pLR2. Plasmid pNH2 contains a C-terminally
his-tagged version of csgByunc. The csgByunc insert was amplified
by using the CsgBFor and CsgBuncRhis primers and was ligated
into the Ndel and EcoRI sites of the IPTG-inducible plasmid
pMC3. WT csgB was his-tagged and cloned into pMC3 by using
the WTCsgBFor and WTCsgBRhis primers resulting in plasmid
pNH4. The pNH3 empty vector plasmid was constructed by
gel-purifying the Ncol-BamHI double digestion product of
pNH2. The digestion product was blunt ended, ligated, and
transformed into LSR12. The csgFFBA mutant was constructed in
the MHR 592 background, and the csgBA operon was deleted by
using the Lambda Red system and the following primers:
CsgBAREDP1 and CsgAREDP2 (50). Strain LSR12 is the
flp-mediated deletion of the curli operon in LSR6.

CsgA Purification. CsgA was purified as previously described (27).

Thioflavin T Assay. Thioflavin T assays were performed as previ-
ously described (27). To create CsgBirunc Seeds, freshly purified
CsgBirunc Was incubated at room temperature for at least 24 h
with shaking. Before use, seed samples were sonicated by using
a sonic dismembrator (Fisher Model 100; Fisher, Pittsburgh, PA)
for three 15-second bursts on ice.

CD Spectroscopy. CsgBiunc samples were assayed in a Jasco
(Tokyo, Japan) J-810 spectropolarimeter from 190 to 250 nm in
a quartz cell with a 1-mm path length at 25°C.

Electron Microscopy. A Philips (Amsterdam, The Netherlands)
CM12 Scanning Transmission Electron Microscope was used to
visualize the fiber aggregates. Samples were absorbed onto
formvar-coated copper grids (Ernest F. Fullam, Latham, NY)
for 2 min, washed with deionized water, and negatively stained
with 2% uranyl acetate for 90 seconds.

SDS/PAGE and Western Blotting. Bacteria WC lysates were prepared
and probed for both CsgB and CsgA by using previously described
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methods (29). Blots were probed for CsgB first, developed, and then
stripped by using 100 mM 2-mercaptoethanol, 2% SDS, and 62.5
mM Tris-HCI, pH 6.7 before reprobing for CsgA.
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