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Chapter |

Introduction

[This chapter is a modified version of Hammer, N.D., Wang, X., McGuffie, B.A.,
and Chapman M.R. accepted for publication to the Journal of Alzheimer’s

Disease May, 2008]

Amyloids: Friend or Foe?

Amyloidogenesis is recognized as being the underlying cause of
neurodegenerative diseases such as Alzheimer’s, Huntington’s and Parkinson’s
disease. Amyloid fibrils have biochemical and biophysical properties that
distinguish them from other biological polymers. Amyloid fibers are incredibly
stable, detergent insoluble, p—sheet rich structures that many proteins can form
[1]. Amyloid fibers associated with neurodegenerative diseases are considered
the product of a protein-misfolding event. The pathology of neurodegenerative
diseases defined amyloid polymerization as an aberrant process where
misfolded proteins aggregate and cause disease. However, there are a number
of examples where organisms can utilize either the amyloid fiber itself or
intermediates formed during the amyloid polymerization process to fulfill specific
biological functions [2-9]. Unlike disease-associated amyloidogenic proteins,

functional amyloid assembly is a regulated process that minimizes the cellular



toxicity associated with disease-associated amyloids. There are, though,
examples where organisms utilize the toxicity of the amyloid fold to carry out a
function. Understanding mechanisms that promote functional amyloidogenesis
will provide an unprecedented glimpse into amyloidogenic systems in general
and will lead to new ideas for preventing disease-associated amyloidogenesis.
Guided by this perspective we compare and contrast amyloid-g (Ap)
amyloidogenesis as it relates to Alzheimer’s disease to several systems where
functional amyloidogenesis occurs presenting ideas about how these functional

amyloid systems prevent the build up of amyloid associated toxicity.

Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common neurodegenerative
disease. More than 4 million people are afflicted with this neurodegenerative
disease in the United States alone (http://www.ahaf.org). The clinical and
neuropathological characteristics were first reported in 1906 by Alois Alzheimer.
The abnormal deposits, described as both plaques and tangles, were found in
the postmortem diseased brain and were later called amyloid plaques [10]. The
plaques were found to be composed of long, unbranched 4-10 nanometer wide
fibers when viewed with an electron microscope (Fig.1.1A) [11, 12]. These
structures were discovered to be proteinaceous in nature and contained a
uniquely stable cross-beta sheet quaternary structure. Fibers with similar
structural characteristics have now been described in other neurodegenerative

disorders including Parkinson’s disease and Huntington’s disease [13, 14].



The Ap polypeptide was purified from AD associated plaques and was
determined to be the major protein component of amyloid plaques [15, 16]. Af is
formed when the amyloid precursor protein (APP) is sequentially cleaved by p-
and y-secretases [17]. It is proposed that APP plays important physiological roles
in cell adhesion, neurite outgrowth, synaptogenesis and synapse remodeling
[18], however, the function of the A polypeptide is currently unknown. There are
two major cleavage products, Ap40 and Ap42 [19]. The primary sequences of
AB40 and AB42 only differ in that AB42 has 2 additional C-terminal residues, lle*’
and Ala*2. Mutations in presenilins, a central component of y-secretase, account
for most cases of familial AD. These mutations increase the production of Ag42
in both transfected cells and transgenic mice [20]. In sporadic AD cases the
apolipoprotein E (APOE) ¢4 allele is the genetic risk factor most often linked to
disease onset [21]. In cultured neuronal cells APOE4 enhances Ap production by
modulating APP processing [22]. In addition, it was reported that APOE4 also
modulates the degradation and clearance of deposited Ap [23-26].

Several lines of evidence link APP and misfolded A to AD (for review see
[27-29]). However, the molecular mechanism behind AB misfolding and how this
leads to AD remains unclear. Hardy and Selkoe proposed the “amyloid cascade
hypothesis” in which the central event in AD development is an imbalance
between Ap production and clearance [30]. The biochemical species of A that
induces pathogenesis is still a hotly debated topic. Experimental evidence

suggest two models: (1) the final amyloid fiber product causes neuronal damage



or (2) neuronal cells are exposed to a toxic intermediates formed as Ap
polymerizes into the amyloid fiber.

In vitro self assembly of Ap polypeptides is characterized by nucleation-
dependent polymerization kinetics (Fig. 1.1B blue line) [31, 32]. Before mature
fiber aggregates are detectable, there is a time period where the Ap polypetide
polymerization appears to be stagnant. However, during this lag phase trace
amounts of dimer, trimer, and eventually, nucleus (oligomer) are formed (Fig.
1.1C) [33-35]. Nucleus formation is the rate-limiting step of fibril assembly. Once
a nucleus has formed, monomer addition to the growing fiber becomes
thermodynamically favorable and occurs quickly (Fig. 1.1B and C) [32]. As with
any dynamic polymerization process where different folding intermediates are
present at any one time, Ap monomer, oligomer, protofibrils (short fibrillar
aggregates) and fibrils have been observed using different techniques including
atomic force microscopy [35, 36]. Amyloid formation inhibitors such as Congo red
and curcumin potentially reduce neurotoxicity by stabilizing the monomeric state
of Ap, thus reducing the amount of oligomer intermediates formed [33, 34, 37,
38]. Therefore neurotoxicity seems to be linked to aggregation of monomers to
higher ordered structures [39-41].

Amyloid laden plaques are often found in post-mortem AD brains, which
led to the suggestion that mature insoluble fiber aggregates are the causative
agent for AD. However, statistical analyses have found only a weak correlation
between the number of amyloid aggregates and the severity of AD [42, 43]. In

addition, high molecular weight Ag42 aggregates do not correlate with toxicity in



the Caenorhabiditis elegans AD model [44]. The formation of high molecular
weight protein aggregates may be a mechanism to protect cells from cytoxicity by
sequestering the toxic intermediates present formed during A misregulation [45,
46]. A wide range of nonfibrillar A forms including dimer, trimer, oligomer,
spherical aggregates and protofibrils have been reported to be cytotoxic and
support this idea [36, 47-54]. Different Ap forms, including the small diffusible Ap
oligomer, high molecular weight oligomer, and fibers affect cortical neurons
differently [55]. Collectively, this data suggest nonfibrillar intermediates trigger
neuropathologies. Therefore, the development of nuerodegeneration could be
induced by a complicated combination of several toxic A conformers including
the fibers themselves.

Despite evidence that prefibrillar aggregates may be the causative agents
AD toxicity, many researchers have reported that mature AR fibers are toxic to
cultured neuronal cells [48, 55-58]. How can this apparently conflicting data be
reconciled? Recent study has demonstrated that the amyloid fiber is not a static
structure. For instance, amyloid fibers formed from an SH3 domain showed very
dynamic properties, in which molecules can be recycled by a dissociation and re-
association mechanism within the fibril population [59]. Therefore amyloid fibrils
could provide a reservoir for toxic soluble oligomers, which could trigger the
pathology [29]. Under different experimental conditions amyloid fibrils may have
different potentials to liberate soluble oligomers, which may be cytotoxic to the
cultured neurons. Nevertheless, the ability to effectively develop therapeutics that

will deter AD development is difficult due to the lack of experimental evidence



defining a toxic species. Moreover, the molecular mechanism behind the initial
misfolding events that convert soluble A into an amyloid fiber in vivo has not
been forthcoming. Perhaps exploring systems where amyloid formation occurs

as a natural functional process will provide answers to these questions.

Amyloid as a functional fold

Functional Bacterial Amyloids
Curli

The first example of a functional amyloid fiber was demonstrated in the
common laboratory bacterium Escherichia coli. E. coli and other Gram-negative
enteric bacteria produce a functional amyloid fiber called curli (Fig. 1.2A). These
fibers mediate many important physiological functions for the cell. Curli fibers are
the major proteinacious component of the extracellular matrix produced by
bacteria during growth in biofilms. Curli also induce a potent host inflammatory
response, initiate binding to host cells, and increase the ability of the bacteria to
persist within the environment and the host [60-66]. The genetic and biochemical
tools afforded by E. coli have provided an in depth look at how bacteria control
the assembly of amyloid fibers [2].

Biosynthesis of curli fibers is dependent on two divergently transcribed
operons, csgDEFG and csgBA, both of which are under the control of a complex
regulatory network [67-70]. The csgBA operon encodes the minor and major curli

subunit proteins, CsgB and CsgA, respectively. The stability and secretion of



both CsgA and CsgB is dependent on the outer-membrane localized CsgG
protein [2, 71-73]. The functions of CsgF and CsgE have not been elucidated, but
it is clear that CsgE plays an important role in the stability of both CsgB and
CsgA, while CsgF is required for efficient curli biogenesis [2].

CsgA and CsgB are the crux of curli fibers. When incorporated into curli
fibers, both CsgA and CsgB are detergent insoluble. Cells that do not express
CsgB secrete CsgA into the extracellular milieu as a soluble, unpolymerized
protein (Fig. 1.2B). Therefore, in vivo both CsgA and CsgB are required for curli
biogenesis. However, CsgA and CsgB do not have to be expressed by the same
cell for curli assembly to occur. In a process called interbacterial
complementation, CsgA secreted from a csgB mutant, or donating cell, can be
polymerized by CsgB produced on the surface of a csgA mutant or accepting cell
(Fig. 1.2B and C) [2, 71, 72, 74].The ability of CsgB to convert CsgA into an
insoluble fiber led it to be designated the curli nucleator protein.

CsgA and CsgB are 30% identical and 51% similar at the amino acid level,
and each protein has a domain composed of five glutamine-asparagine rich
oligopeptide repeats (Fig. 1.2D) [74-76]. Each glutamine-asparagine rich
repeating unit is composed of roughly 20 amino acids and is predicted to form
consecutive B—strand loop —strand motifs that stack perpendicular to the axis of
fiber growth (Fig. 1.2D). Peptides composed of the first, third and fifth
oligopeptide repeats of CsgA are amyloidogenic [77]. Mature CsgA protein has

been purified, and can self-assemble into curli-like amyloid fibers [2]. In vitro,



purified CsgA can form amyloid in the absence of CsgB, whereas in vivo, CsgA
amyloid formation is CsgB-dependent.

CsgA and A in vitro polymerization share common features. First, in vitro
polymerization of both proteins contains three distinct phases: a lag phase, a
growth phase, and a stationary phase (Fig.1.1B blue line). Second, in a process
called seeding, the lag phase associated with the polymerization of CsgA and A
can be abrogated by the addition of preformed fibers composed of CsgA and A
respectively (Fig. 1.1B red line) [31, 77]. Lastly, a conformation specific antibody
recognizes a folding intermediate formed during the lag phase of each protein’s
self assembly process [77, 78]. These polymerization features are characteristic
of an assembly mechanism that is dependent on nucleus formation. Nucleus
formation is the rate limiting step and must occur before the protein can begin
self-assembly into an amyloid fiber (Fig. 1.1C). While the role of nucleus
formation as it relates to AR polymerization and AD has yet to be elucidated, the
curli system is unique in that CsgB’s function is to serve as a nucleus for CsgA in
Vivo.

A truncated version of CsgB containing the repeating units most similar to
those found in CsgA (R1-R4) was recently purified and also demonstrated the
ability to self-assemble into an amyloid fiber (Fig. 1.2D) [71]. Similar to CsgA and
AB polymerization, the polymerization of the truncated CsgB resembled nucleus
dependent kinetics displaying a lag phase followed by a polymerization phase,
followed by a stationary phase. Fibers composed of the truncated version of

CsgB abrogate the CsgA’s polymerization lag phase, thus recapitulating in vivo



curli biogenesis [71]. These results demonstrate that CsgB acts as a template for
CsgA polymerization.

The culmination of the experimental evidence suggests E. coli has
evolved an elegant strategy to control amyloid fiber biogenesis. Curli biogenesis
begins when CsgB is secreted and anchored to the outer membrane where it
acts as a template for newly secreted CsgA. In a process called nucleation CsgB
converts soluble monomeric CsgA into a B—sheet-rich, detergent insoluble
protein. Then, in a process called seeding, the growing fiber tip can act as a
folding template for additional soluble CsgA monomers. By strictly regulating the
csg operons and by separating the nucleation process and seeding process into
two separate proteins, the cell ensures amyloid fiber biogenesis occurs at the
right place and at the right time. This strategy decreases exposure to potentially
cytotoxic folding intermediates by promoting mature amyloid fiber formation.
Therefore, understanding the molecular basis of curli nucleation and
polymerization may provide new insights into how the toxicity of disease-

associated amyloids can be reduced.

Chaplins

The chaplins are extracellular structures produced by the Gram-positive
bacterium Streptomyces coelicolor. In vivo, these amyloid fibers reduce the
surface tension at the media/air interface and allow for the development of aerial
hyphea [3, 79]. Without the chaplins development of aerial hyphea is impaired [3,

79]. Chaplin biogenesis is dependent upon the translational products of the



chpA-H operon. Like AB and CsgA, the chaplins are 3—rich insoluble fibers that
bind the amyloid specific dye thioflavin T in vitro [3].

Like curli, chaplin amyloid biogenesis is temporally and positionally
coordinated. Chaplin expression is dependent on the bldN developmental sigma
factor, ensuring that fiber formation occurs at the proper time [79]. Furthermore,
chaplin amyloid formation is localized to the extracellular space, which may limit

exposure to cytotoxic intermediates[3, 79].

Microcin E492 and the Harpins

Two examples of bacteria utilizing the cytotoxic properties of amyloid to
deter the growth of neighboring cells have been identified. Microcin E492 (also
called Mcc), produced by Klebsiella pneumoniae, is a potent antibacterial
bacteriocin. Mcc is most active during logarithmic growth, losing most of its
cytotoxic properties in stationary phase [80, 81]. Bieler and colleagues found that
Mcc polymerizes into amyloid fibrils biochemically identical to AR and CsgA
fibers. Remarkably, the polymerization of Mcc into a mature amyloid fiber
coincides with a loss of Mcc antibacterial activity [82]. Thus, a pre-fiber
intermediate is proposed to be the cytotoxic species of Mcc [82]. It is also
interesting to note that lower concentrations of Mcc are able to induce apoptosis
in some human cell lines although the mechanism of Mcc induced apoptosis is
currently unknown [83].

The harpins are a second class of bacterial proteins that capitalize on the

cytotoxic features of amyloid biogenesis. Produced by plant pathogens, harpins
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are type-lll secreted proteins that induce the hypersensitive response in plants
[84]. The hypersensitive response is a plant defense mechanism that slows
intracellular pathogen growth by eliciting plant cell death. The hypersensitive
response is similar to apoptosis in animal cells [85-87]. Oh et al. discovered that
HpaG, a harpin produced by Xanthomonas axonopodis pv. glycines 8ra, self
assembles into amyloid-like fibers. Unlike Mcc, injection of HpaG protofibrils and
mature amyloid fibers into plant cells is toxic and results in cell death. Oh et al.
also demonstrated that a harpin from E. amylovora, HrpN, and a harpin from
Pseudomonas syringae pv. syringae, HrpZ, form amyloid fibers [84]. Both of
these harpins elicit the hypersensitive response. A harpin unable to induce the
hypersensitive response, XopA from Xanthomonas campestris pv. vesicatoria,
did not form amyloid fibers [84]. However, a gain-of-function mutant form of XopA
(F48L/M52L) which does induce the hypersensitive response polymerizes into an
amyloid fiber, correlating the ability to induce the hypersensitive response to the
ability to form amyloid [84]. The harpins are an example of a functional amyloid

fiber that is designed to be lethal.

Potential Bacterial Amyloids

Two recently discovered bacterial structures may be composed of amyloid
fibers. M. tuberculosis produces a structure that resembles E. coli curli fibers.
Like curli and other amyloid fibers, the M. tuberculosis pili (MTP) are stable and
non-branching fibers [88]. Also like curli, MTP bind host extracellular matrix

proteins [88]. Moreover, individuals infected with M. tuberculosis have antibodies
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that react to MTP, while serum from uninfected healthy individuals do not [88].
Structural and biochemical tests including circular dichroism, the ability to bind
the amyloid specific dyes Congo red and thioflavin T, and resistance to
proteinase K treatment will determine if these pili are in fact amyloid.

The second potential bacterial structure that might be an amyloid is the
bacterial endospore. When confronted with environments limited for nutrients
some species of bacteria such as Bacillus and Clostridium initiate the formation
of an endospore, a unique structure that is highly resistant to heat, radiation, pH
extremes, and toxic chemicals. High resolution atomic force microcopy has
revealed that the spore coat of Bacillus atrophaeus is composed of fibrils similar
to amyloid [89]. The inner and outer spore coats are composed of over 50
proteins and it is currently unknown which proteins form the fibril species
observed and how this structure is assembled [90]. Thus further biochemical
characterization of the proteins that form the spore coat, and their
amyloidogenicity has not been elucidated. But it makes sense that sporulating

bacteria would use the incredibly stable amyloid fiber as protective coat.

Eukaryotic functional amyloids

The Yeast Prion Proteins: Eukaryotic Functional Amyloid Domains

The [PSI'], [UREZ3], and [PIN"] phenotypes of the yeast Saccharomyces

cerevisiae are defined by non-Mendelian inheritance. These phenotypes are

transmitted to daughter cells via a conformationally altered amyloid version of the
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yeast proteins Sup35p, Ure2p, and Rnq1p, respectively [91-96]. Sup35p, Ure2p
and Rnq1p all undergo a conversion to an aggregative state that can incorporate
soluble protein into an insoluble amyloid aggregate [93, 97-106]. These proteins
all contain a glutamine/asparagine (Q/N) rich domain and this domain is essential
for the propagation of the [PS/I'] and [URE3] prions[97, 100, 103, 105, 107]. In
both [PSI'] and [URES3] this conversion leads to the loss of wild type Sup35p and
Ure2p function. The ability to confer a phenotype by converting normally soluble
wild type protein into an infectious amyloid aggregate defines these proteins as

prions.

[URE3] / Ure2p

Ure2p represses the genetic network needed to utilize poor nitrogen
sources [108]. When yeast are provided with good nitrogen sources such as
ammonia or glutamine, Ure2p binds to the positive transcriptional regulators
GIn3p and Gat1p and prevents their translocation into the nucleus [109-114].
Yeast carrying the [URES3] prion have little Ure2p activity, and no phenotypic
advantages have been demonstrated to correlate with the [URES3] prion. In
addition, Nakayashiki et al. noted that 70 natural isolates of yeast do not carry
[UREZ], suggesting that the Ure2p prion state is not advantageous in a natural
setting [115]. However, recent work by Shewmaker et al. demonstrated that
Ure2p missing the Q/N domain had substantially reduced stability and activity
[116]. Ure2p missing the Q/N domain had reduced steady state levels compared

to the wild type protein suggesting the Q/N domain can act to increase Ure2p
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stability. These data along with the prevalence of the Q/N domain in the yeast
proteome, suggest that the Q/N domain, a domain known to promote
amyloidogenesis, may also function as a modular protein-stabilizing domain that

also initiates protein-protein interactions.

[PSI] / Sup35p

The Sup35p protein is an essential component of the translation
termination machinery. In [psi-] yeast, Sup35p recognizes stop codons and
terminates protein synthesis [117]. In [PSI'] cells wild type Sup35p is
sequestered in self-assembled amyloid aggregates. Aggregated Sup35p is
unable to participate in translational termination, resulting in translational read-
through at wild type stop codons and C-terminally elongated proteins. As with
[UREZ3], the [PSI"] phenotype is propagated through the community as dividing
cells transmit the [PSI"] phenotype to daughter cells [118, 119]. Novel work done
by True and Lindquist demonstrated that the [PS/I"] prion is advantageous under
several growth conditions and may provide an alternative mechanism for
phenotypic plasticity during environmental insult by altering the yeast proteome
[120]. In addition, the Q/N domain itself has been estimated to be conserved for
several hundred million years [121-123]. This suggests a strong selection to
retain this amyloidogenic domain despite the possible detrimental effects of
decreased translational termination fidelity or amyloid associated toxicity.
Because some natural isolates of S. cerevisiae do not carry [PSI'], it has been

proposed that the [PS/'] phenotype is not under selective pressure [115].
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However, these studies are ongoing and the evolutionary impact of the [PSI']

phenotype is difficult to assess.

[PIN'] / Rnq1p

The [PIN"] phenotype is defined by the ability to induce the [PSI]
phenotype. The Rng1p protein was discovered to induce [PSI'] [103].
Interestingly, the only known function of the Rnq1p protein is to induce the [PS/"]
phenotype de novo. In addition to Rng1p, Ure2p and New1p can also can induce
[PSI'] when over-expressed [92, 124]. Having a protein dedicated to the
induction [PSI'] suggests that [PS/'] maybe advantageous in growth conditions
where rnq1 is expressed. The study determining the prevalence of prions in
natural yeast isolates found that the [PIN"] prion is present in some yeast found

within the environment [115].

Regulation and coordination of yeast amyloid formation

Like AB and CsgA, Sup35p and Ure2p self assemble into amyloid fibers in
vitro [106, 125, 126]. Also like CsgA and A, the self assembly process displays
a distinct lag phase that can be eliminated by the addition of preformed fibers
composed of the respective protein [77, 106, 125, 126]. Moreover, like AR and
CsgA a conformational specific antibody reacts to an intermediate formed during
Sup35 polymerization [106, 127]. The curli proteins, CsgB and CsgA, are also
similar to the yeast prion proteins, Sup35p, Ure2p, and Rnq1p, in that they all

contain the Q/N rich domains [124, 128]. In fact, the GNNQQNY peptide found
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within the Q/N rich domain of Sup35p forms biochemical distinct amyloid fibers
[129]. This peptide has been used to examine the cross-beta structure of
amyloids at high resolution using X-ray crystallography [130]. Also like CsgA and
CsgB, oligopeptide repeats are found within the Q/N domain of Sup35p that aid
the propagation and amyloidogenecity of the [PSI"] phenotype [128, 131]. The
Q/N domain of Rnq1p also contains several imperfect oligopeptide repeat
sequences that are important for the propagation of [PIN] [132]. In addition to
Sup35p, Ure2p, and Rnq1p, 104 other polypeptides in the S. cerevisiae
proteome contain Q/N rich domains [133]. However, their ability to form amyloid
has not been demonstrated.

The conversion to the prion state for each of [PSI’], [URE3] and [PIN"]
occurs at a low rate [96, 134]. Even though the conversion rate to the prion state
is low, yeast employ molecular chaperones called heat shock proteins to limit
exposure to any toxic intermediates formed during prion propagation. Heat shock
proteins, such as heat shock protein 104 (Hsp104), play an essential role in
modulating the prion state. Propagation of [PS/'], [URE3], and [PIN"] all require
Hsp104p as deletion of Hsp104 ‘cures’ (i.e. the prion phenotype no longer
propagates to daughter cells) cells from [PSI'] ,JURE3] and [PIN']. However,
overexpression of Hsp104p also cures [PS/'] and overexpression of Ydj1p, a
member of the Hsp40 family of proteins, cures cells of the [URES3] prion [103,
135, 136]. Shorter and Lindquist reconciled these seemingly contradictory
findings by demonstrating that in vitro low concentrations Hsp104 catalyzed the

formation of intermediates critical for Sup35p and Ure2p fiber formation, while
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high concentrations of Hsp104 completely abrogated the ability of both proteins
to form an amyloid [106, 127]. These data suggest that Hsp104 may sequester
toxic intermediates as well as decrease the time cells are exposed to such
intermediates. These findings also suggests that another mechanism heat shock
proteins employ to limit exposure to toxic folding intermediates is to speed the

formation of an amyloid fiber to the fiber final product.

Filamentous Fungi Het-S Amyloid

Vegetative cell fusions occur within and between individual cells of the
filamentous fungi Podospora anserina. These fusion events lead to cytoplasmic
mixing and the production of a vegetative heterokaryon or multinucleated cells.
The het locus controls the viability of the fused fungi, whereby heterokaryons that
differ at the het locus are destroyed. This process is called heterokaryon
incompatibility (For review see [137]). The het locus has two alleles, het-s and
het-S. Het-S is the soluble protein product of the het-S loci while the protein
product of the het-s loci, Het-s, has the ability to convert to an aggregated prion
state. When fusion between a het-S cell and a het-s cell occurs the aggregated
Het-s interacts with soluble Het-S and this interaction induces the incompatibility
reaction. This leads to death of the heterokaryon and prevents any fusion from
occurring between the two cells [4]. Maddelein et al. demonstrated that the
heterokaryon incompatibility reaction is induced when cells are transformed with
amyloid fibers composed of recombinant Het-s. The incompatibility reaction is not

induced when a soluble version of Het-s was transformed into cells. This result
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provided direct experimental evidence that strengthened the protein only prion
hypothesis [138]. The molecular mechanisms of Het-s-induced cell death are

currently unknown.

CPEB

CPEBs are highly conserved RNA-binding proteins localized at neuronal
synapses that stabilize messenger RNA molecules [139]. CPEBs have been
found to be important for memory retention due to their ability to activate dormant
messenger RNA transcripts near neuronal synapses. These activated messages
can then be translated into proteins that stabilize neuronal synapses or help
create synaptic connections necessary for long term memory [140]. The CPEB
protein of the sea hare, Aplaysia californica (ApCPEB), contains a Q/N rich
domain. Si et al. demonstrated that ApCPEB acts as a prion in yeast and that the
aggregative amyloid state of CPEB is the functional, RNA-binding, form of the
protein [141]. Thus, ApCPEB is functionally active when polymerized into amyloid
aggregates, whereas, the wild type functions of Ure2p and Sup35p are impaired
when the proteins are aggregated. It has yet to be elucidated if CPEB folds into
an amyloid in neuronal cells, but the ability of the protein to do so in yeast

suggests it has the capability to do so in other cell types.

Pmel17

Melanocytes and retinal pigment epithelium are specialized cell types

responsible for the production of melanin, a tyrosine based polymer that protects
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the mammalian eyes and epidermis from ultra-violet damage and other
environmental insults. These cells types synthesize melanin within specialized
membrane enclosed vesicles called melanosomes [142-144]. Melanosome
maturation and polymerization of melanin are dependent on insoluble fibers
composed of the PMEL17 protein [8, 145-148]. Fowler and colleagues
demonstrated that fibers composed of PMEL17 contain the biochemical
hallmarks of amyloid [6]. PMEL17 amyloid fibers function by kinetically enhancing
the polymerization of melanin, presumably by acting as a scaffold for reactive
melanin precursors [6]. Mammalian cells have evolved several mechanisms to
reduce exposure to toxic folding intermediates produced by PMEL17 amyloid
polymerization: (1) polymerizing the amyloid fiber in a membrane enclosed
vesicle sequestering folding intermediates from the cytoplasm, (2) regulating the
start of polymerization via proteolysis, and (3) using reaction kinetics that skew

towards the stability of the mature amyloid fiber [6, 7].

Concluding Remarks

Despite over twenty years of AD research the nature of the toxic species
of AB has yet to be conclusively identified and little is known about how AR
polypeptide aggregation begins in vivo. Insights into these two critical
phenomena will undoubtedly lead to advances in AD treatments. The functional
amyloids may hold the key to understanding the molecular mechanisms of
amyloid fiber toxicity and initiation of amyloid fiber polymerization because they

are naturally occurring directed polymerization processes. Not only are the
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amyloid fiber end products in both AD and the functional amyloid systems
biochemically similar, but a common intermediate has been identified for CsgA,
Sup35p, and AR polymerization. This suggests that amyloid biogenesis occurs
via a conserved mechanism. Interestingly, most of the directed amyloid synthesis
pathways discussed herein polymerize to higher order aggregates/fibers in vivo
and these fibers have physiological nontoxic roles in most cases. A folding
intermediate of Mcc amyloid fibers is cytotoxic but not the mature amyloid fiber
itself. Thus, it seems likely that the functional amyloids lend credence to the
hypothesis that the fiber end product may not be toxic. The role of the chaperone
Hsp104 in yeast prion propagation also supports this idea. At high concentrations
the chaperone abrogates amyloid fiber polymerization, but at low concentrations
Hsp104 kinetically accelerates fiber formation. These results demonstrate two
mechanisms cells use to sequester the build up of toxic intermediates.
Chaperones either bind the aberrant toxic intermediate which allows the protein
the opportunity to refold or the chaperone forces the protein to fold into an
amyloid fiber.

These functional amyloid synthesis pathways will continue to provide
novel insights regarding amyloid biogenesis. The functional amyloid systems
may even address pivotal questions that remain for Alzheimer’s disease
progression such as, how does amyloid biogenesis begin in vivo, what is the
most cytotoxic species produced during amyloid biogenesis, and what are the

defining features of proteins that preclude the ability to fold into the amyloid
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conformation. The answers to these questions will in turn provide novel
therapeutic strategies for treating disease-associated amyloidosis such as AD.

The goal of this dissertation is to demonstrate that CsgB is an
amyloidogenic protein and that mediates the conversion of soluble CsgA into an
amyloid fiber via a template mediated mechanism. The second chapter
demonstrates that a truncated version of CsgB polymerizes into an amyloid fiber
that accelerates CsgA polyermization. In Chapter Ill, | devise a new purification
protocol that allows for the purification and biochemical characterization of wild
type CsgB. The wild type version of CsgB also polymerizes into an amyloid fiber,
but at a much faster rate than CsgA or the truncated CsgB studied in Chapter II.
The importance of the repeating units and conserved glutamine and asparagine
residues found within the repeating untits is examined using mutagenesis in the
third chapter. Finally, inhibitors of fiber polyermization are discussed in the

conclusion.

Figure Legends

Figure 1.1. Properties of amyloid polymerization. (A) Negatively stained
electron micrograph of polymerized A fibers. The scale bar represents 500
nanometers. (B) A graphic representation of amyloid fiber polymerization
displaying nucleus dependent kinetics (blue line). Preformed amyloid fibers can
act as seeds to speed the kinetics of fiber polymerization (red line). This process
eliminates the lag phase associated with nucleus formation. (C) Model of amyloid

fiber polymerization. A build up of monomer occurs which leads to the formation
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of multimers and finally the amyloid fiber end product. Large arrows represent
processes that are energetically favorable while small arrows represent

energetically unfavorable processes.

Figure 1.2. Interaction between the curli subunit proteins CsgA and CsgB.
(A) Negative stain electron micrograph of wild type cells producing curli. Scale
bar represents 200 nanometers. (B) Model of Interbacterial Complementation. A
donor cells secretes soluble CsgA that acts as a substrate for CsgB on an
acceptor cells where curli biogenesis takes place. (C) A Congo red indicator plate
demonstrating interbacterial complementation. The donor cells and the acceptor
cells appear white until the two strains intersect. Once the two cell types intersect
Congo red binding occurs demonstrating curli fiber polymerization as taken
place. The arrow represents the direction in which the acceptor cells were
streaked onto the plate. (D) The oligopeptide repeating units that compose the
CsgA and CsgB proteins. The three dimensional structures of CsgA and CsgB
are predicted to be composed of five imperfect -strand-loop-g-strand
oligopeptide repeats (R1-R5). Amino acids comprising the 3-strand are located
below the arrows, and amino acids predicted to comprise the loops are denoted
with italicized blue letters. 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.
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Chapter Il
The curli nucleator protein, CsgB, contains an amyloidogenic domain that

directs CsgA polymerization

[This chapter is a modified version of Hammer, N.D., Schmidt, J.C., and
Chapman M.R. accepted for publication to the Proceedings of the National

Academy of Sciences July, 2007]

Abstract

Curli are functional amyloid fibers assembled by enteric bacteria such as
Escherichia coli and Salmonella spp. In E. coli, the polymerization of the major
curli fiber subunit protein CsgA into an amyloid fiber is dependent on the minor
curli subunit protein, CsgB. The outer membrane-localized CsgB protein shares
nearly 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 (CsgBiunc) Wwas not outer membrane-associated,
but secreted away from the cell. CsgBiunc Wwas overexpressed and purified from
the extracellular milieu of cells as a SDS-soluble, non-aggregated protein.

Soluble CsgBiunc assembled into fibers that bound to the amyloid specific dyes
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Congo red and thioflavin-T. CsgBtnunc fibers were able to seed soluble CsgA
polymerization in vitro. CsgBiunc displayed modest nucleator activity in vivo, as
demonstrated by its ability to convert extracellular CsgA into an amyloid fiber.
Unlike WT CsgB, CsgBuunc Was only able to act as a nucleator when cells were
genetically manipulated to secrete higher concentrations of CsgA. This work
represents the first demonstration of functional amyloid nucleation and it
suggests an elegant model for how E. coli guides efficient amyloid fiber formation

on the cell surface.

Introduction

Enteric bacteria such as Escherichia coli and Salmonella spp. produce
amyloid fibers called curli that are the major proteinacious 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 extracellular
nucleation/precipitation pathway. At least six proteins, encoded by the divergently
transcribed csgBA and csgDEFG operons (csg, curli specific genes), are dedicated

to curli formation in E. coli [8, 13]. The major curli subunit protein, CsgA is nucleated
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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, as CsgA and CsgB do not have to be
expressed from the same cell in order 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 an CsgB-producing acceptor cell [8, 15, 17].
Once polymerized, curli fibers exhibit the biochemical and structural properties of
amyloids [17].

Amyloid fiber formation is traditionally associated with human
neurodegenerative conditions including Alzheimer’s, Parkinson’s, and the prion
diseases [18]. The proteins associated the eukaryotic amyloid diseases transition
from natively soluble conformations into SDS insoluble, non-branching, 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 formation 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

amyloidogenesis and cytotoxicity.
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Like disease-associated amyloids, curli are non-branching, p-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 characterized by a 1-2
hour lag phase that precedes rapid fiber elongation (33). 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 is dependent on the
CsgB nucleator protein. The molecular and structural mechanisms of CsgB-
mediated nucleation are not known; although 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 nearly 30%
identical at the amino acid level and in silico molecular modeling predicts that
they adopt a similar cross -strand structure [16, 24]. Both CsgB and CsgA
contain a conserved five-fold sequence homology within their amino acid
sequences [8, 15, 16, 24]. In CsgA these regions of homology, called repeating

units, have recently been demonstrated to be amyloidogenic [27].
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In order to determine the molecular mechanism of curli fiber nucleation,
we have biochemically and genetically characterized CsgB. For the first time, 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

CsgBiunc 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 properties (Fig. 2.1A). 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 seven, a
glycine at position nine, an asparagine at position twelve, an alanine at position
fourteen, and another glutamine at position eighteen (Fig. 2.1A). Thus, the
consensus sequence of the B-strand-loop-B-strand structure for each CsgA
repeating unit would be Ser Xs GIn X1 Gly X1 Gly Asn X4 Ala X3 GIn, while the
consensus sequence of the first four repeating units of CsgB are Xs Gln X4 Gly
X2 Asn X4 Ala X3 GIn (Fig. 2.1A). Although sequence alignments comparing
CsgA to 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. 2.1A). 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, four of
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the nineteen 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. 2.1A). 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 csgBirunc; containing a C-terminal deletion of amino acids from 133-151)
was cloned into the expression vector, pNH2. WT c¢sgB and ¢sgBiryn: 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 CsgBiunc Was secreted
away from the cells in a CsgG dependent manner (Fig. 2.1B). Both WT CsgB
and CsgByunc were SDS soluble when expressed in the absence of CsgA (Fig.
2.1B). However, WT csgB expression was considerably reduced compared to
¢SsgBiunc: and repeated attempts to purifiy WT CsgB were unsuccessful. Because
outer membrane-associated WT CsgB was not amendable to purification, we
focused on characterizing the biochemical properties of CsgBirunc.

CsgBiunc was affinity purified from cell free supernatants. Immediately after
purification, CsgBunc Was SDS soluble and migrated to its predicted molecular
weight in an SDS-PAGE gel (Fig. 2.1C). However, after incubation at room

temperature for 24 hours a precipitate appeared in CsgByunc-containing samples,
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and CsgBiunc NO longer migrated into an SDS-PAGE gel, indicating that CsgBirunc
had assembled into SDS-insoluble aggregates. CsgBiunc migrated into an SDS-
PAGE gel when the aggregates were pre-treated with 90% formic acid (FA) (Fig.
2.1D).

The ultrastructure of CsgBiunc 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 CsgBynunc revealed
the presence of highly ordered, amyloid-like fibers (Fig. 2.2A). When freshly
purified CsgBuwunc Was mixed with the amyloid-specific dye, thioflavin T
fluorescence increased in a concentration dependent manner after an
approximately 100 minute lag phase (Fig. 2.2B). Amyloid formation was also
assessed using the diazo dye Congo red, which produces a unique spectral
pattern in the presence of an amyloid fiber called a ‘red shift’ [35]. CsgBirunc
aggregates mixed with Congo red had a maximum absorbance at 501
nanometers (nm). The maximum absorbance of freshly purified CsgBiunc Was
485 nm while the maximum absorbance of the non-amyloid protein bovine serum
albumin mixed with Congo red was 491 nm (Fig. 2.2C).

The structural changes that occur during CsgByunc polymerization were
measured using circular dichroism (CD). The CD spectra of freshly purified
CsgBiunc displayed a trough at 198 nm, which is characteristic of proteins that
adopt a random coil structure (Fig. 2.2D open circles). Following incubation of
CsgBirunc at room temperature for 24 hours the CD spectrum revealed a trough at

212 nm (Fig. 2.2D open squares). Upon prolonged incubation, the CD analysis of
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CsgBiunc revealed a trough at 218 nm, indicative of a $-sheet rich conformation
(Fig. 2.2D closed squares). Collectively, the CsgBiunc aggregates are: SDS
insoluble, 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 CsgByunc forms amyloid-like aggregates.

CsgBirunc can Nucleate CsgA in vitro. The biochemical analysis of CsgBirunc
demonstrated that the first four repeating units of CsgB contained an
amyloidogenic domain. We next asked if CsgBiunc 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 fluorescence units of a 30 uM solution of
freshly purified CsgA increased after a 100 minute lag phase (Fig. 2.3A closed
circles). The lag phase of CsgA polymerization was dramatically shortened when
10% w/w or 6% w/w CsgBiunc aggregates were added to the reaction (Fig. 2.3A
open squares and circles, respectively). As a control for non-specific seeding of
CsgA, we used amyloid fibers derived from the IAPP protein [36]. The lag phase
of CsgA was not reduced when 17% w/w of IAPP seeds were added (Fig. 2.3B),
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 CsgBiunc revealed fibers with a similar
structure to those produced by CsgA self-polymerization (Compare Fig. 2.3C to

Fig. 2.3D). These results suggest that CsgByunc promotes the conversion of
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soluble CsgA into an insoluble fiber in a specific manner, a process defined as

nucleation.

CsgBiwunc is secreted from the cell and is sufficient for nucleation in vivo. To
determine if CsgBuwunc had retained nucleator activity in vivo, csgBiunc 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.
The csgB deletion strain harboring pNH1 (¢sgBirunc), pPLR8 (WT csgB), or pLR2
(empty vector) were streaked on Congo red indicator plates and incubated at 26°
C. After 48 hours of growth on Congo red indicator plates WT and csgB/pLR8
cells stained red, while csgB/pNH1 (csgBiunc) cells were light red (Fig. 2.4A
compare #1, #3 and #4). Western blotting was used to localize CsgBirunc
expressed by cells grown under curli-inducing conditions. WT CsgB was
detected in whole cell samples by western analysis, while CsgBuync was not (Fig.
2.4B compare top panel whole cell lanes 2, 5 and 6). However, CsgBinc was
detected in samples in which the underlying agar was collected along with the
whole cells (Fig. 2.4B compare bottom panel agar plug lanes 2, 5 and 6).
Therefore, CsgBuunc is Not cell associated, confirming our previous finding in Fig.
2.1B that, unlike WT CsgB, CsgBirncis secreted away from the cell as an SDS-
soluble protein.

The localization defect of CsgBirunc might account for its inability to
nucleate CsgA into a fiber in vivo. Since the local concentration of CsgA would

be predicted to be highest close to the cell surface, and CsgByunc is secreted
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away from cells into the extracellular space, we reasoned that CsgBirunc would
have a decreased chance of interacting with CsgA. To increase the probability
that CsgBuwunc Would interact with CsgA, we utilized two genetically modified csgB
strains that secrete more CsgA. The first strain overexpressed CsgG, proposed
to be a central component of the curlin secretion apparatus [29]. Overexpression
of CsgG has been demonstrated to increase the secretion of CsgA [30]. When
grown under curli expressing conditions on Congo red indicator plates, csgB cells
containing pNH1 (¢sgBinunc) and pMC1 (csgG) stained darker red than csgB cells
containing pNH1 (csgBiunc) or pMC1 (csgG) alone (Fig. 2.4A). The second strain
we utilized was a csgF mutant. A csgF mutant secretes more CsgA, although the
precise role of this protein is still unresolved [17]. A csgBF mutant was
transformed with pNH1 (¢sgBirunc). CsgBwunc Was able to partially restore Congo
red-binding to a csgBF strain (Fig. 2.4B #5). Congo red binding was dependent
on the expression of CsgBiunc as the csgBF/pLR2 (empty vector) remained white
on Congo red indicator plates (Fig. 2.4B #8). Congo red binding was also
dependent on CsgA as a csgFBA/pNH1 did not bind Congo red (data not
shown).

Another measure of fiber formation is the SDS solubility of 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 (FA) in order to
liberate the monomers [22]. At 48 hours CsgA became SDS insoluble in csgBF
IpPNH1 (csgBiunc) cells (Fig. 2.4D; compare top panel whole cell lanes 9 and 10).

CsgBiunc Was also SDS insoluble at 48 hours when expressed in csgBF cells
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(Fig. 2.4C; compare top panel whole cell lanes 9 and 10). However, a substantial
amount of both CsgBiunc and CsgA were SDS soluble when the underlying agar
was collected along with the cells (Fig. 2.4C and 4D bottom panel agar plugs
lanes 9 and 10). In contrast, CsgB and CsgA were completely SDS insoluble in
WT cells (Fig. 2.4C and Fig. 2.4D compare bottom panel agar plug lanes 1 and
2). TEM was used to visualize the fibers produced in csgB/pLR8 (WT csgB) and
csgBF/pNH1 (csgBirunc). The csgBF/pNH1 (csgBiunc) cells consistently produced
fibers that were more diffuse and extended further away from the cell than
csgB/pLR8 (WT csgB) cells (compare Fig. 2.5A and 2.5B). To summarize, the
csgBF/pNH1 (csgBiwunc) cells stained light red on Congo red indicator plates,
produced SDS insoluble CsgBiunc and CsgA, and assembled curli-like fibers,
indicating that the first four repeating units of CsgB are sufficient for nucleator
activity. Although CsgByunc Clearly mediates CsgA nucleation in vivo, it does so
less efficiently than WT CsgB.

We further investigated the Congo red binding phenotype of the
csgBF/pNH1 (csgBiunc) strain as it compared to WT by mechanically scraping the
cells off the Congo red YESCA plate after 48 hours of growth. When scraped off
the plate, WT cells were stained a deep red color (Fig. 2.5C #1). In contrast, the
csgBF/pNH1 (csgBinunc) appeared pink (Fig. 2.5C #2). The non-fiber producing
cSgFBA/pNH1 (csgBiunc) appeared light brown (Fig. 2.5C #3). The portion of the
plate where the WT cells had grown was white/very light red (Fig. 2.5D #1). The
cell-associated fibers produced by the WT cells bound the Congo red dye leaving

little dye in the agar plate. Surprisingly, the portion of the Congo red agar plate
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where the csgBF/pNH1 (csgBiunc) grew appeared bright red, outlining the areas
of cellular growth (Fig. 2.5D #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, while
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 the cytotoxic intermediates. For example, PMEL17, a mammalian
functional amyloid, self aggregates so quickly that no toxic intermediates are
hypothesized to form [47]. Utilizing a dedicated nucleator may be an alternative
strategy to decrease exposure to cytotoxic intermediates. In the curli system,
CsgA polymerization in vitro contains a lag phase that can be shortened by
CsgBirunce, consistent with the idea that CsgBiwunc 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, unpolymerized 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
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to an insoluble fiber. This marks the first step of curli fiber biogenesis. 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
mechanistically 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 (CsgBiunc) N0 longer associates
with the outer membrane and is secreted into the cellular milieu (Fig. 2.1B, Fig.
2.4C, and Fig. 2.5D). CsgBiunc contains an amyloidogenic domain (Fig. 2.2),
which is sufficient to nucleate soluble CsgA in vitro (Fig. 2.3A). However,
CsgBirunc 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 CsgBiunc is expressed in csgB genetic
backgrounds manipulated to secrete increased levels of CsgA (Fig. 2.4). Thus,
CsgBiunc is sufficient to perform nucleation in a csgB background 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
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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
indirectly 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-terminus of the
yeast prion protein Sup35 showed that some repeating units contribute directly to
fiber growth, some contribute 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 maintaining 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 functional amyloid formation. This makes curli an ideal
system to study the initial stages of amyloid fiber formation from both an in vivo

and in vitro perspective.
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Experimental Procedures

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

ug/ml.

Bacterial strains and plasmids. Strains used in this study are found in Table 2.1.
Plasmids used in this study are found in Table 2.2. Primer sequences used in
this study can be found in Table 2.3. Plasmid pNH1, containing ¢sgBiunc under
the control of the csgBA promoter was constructed by amplifying ¢sgBiunc using
the NDH7 and NDHS8 primers, digesting the PCR product with Ncol and BamH,
and ligation into pLR2. Plasmid pNH2 contains a C-terminally his-tagged version
of ¢sgBirunc- The ¢sgBinunc insert was amplified using the NDH9 and NDH10
primers, and was ligated into the Ndel and EcoRl sites of the IPTG inducible
plasmid pMC3. WT csgB was his-tagged and cloned into pMC3 using the NDH11
and NDH12 primers resulting in plasmid pNH4. The pNH3 empty vector plasmid
was constructed by gel purifying the Ncol - BamH| double digestion product of
pNH2. The digestion product was blunt ended, ligated, and transformed into
LSR12. The csgFBA mutant was constructed in the MHR 592 background and

the csgBA operon was deleted using the Lambda Red system and the following
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primers: NDH14 and NDH15 [50]. Strain LSR12 is the flp-mediated deletion of

the curli operon in LSR6.

CsgBinunc purification. An overnight culture of LSR12 containing pMC1 (pcsgG)
and pNH2 (pcsgBirunc), was subcultured 1:40 in 2 L of Luria-Burtani (LB) broth
supplemented with chloramphenicol and ampicillin and grown to an ODegg of 0.6.
An additional 1 L of room temperature LB was added to the culture which was
then grown to ODggg 0.9. IPTG was added to a final concentration of 250 yM and
was incubated for 45 minutes at 37° C. The culture was centrifuged for 15
minutes at 7,500 x g at 4° C. The supernatant was filtered though a 0.22 ym PES
bottle-top filter (Corning, Acton, MA) before loading onto a HIS-Select™ HF
NiNTA (Sigma Aldrich, Atlanta, GA) column. The column was washed with 10
volumes of 10 mM potassium phosphate buffer (KPi) pH 7.2, and eluted with 10
mM KPi 100 mM imidazole pH 7.2. Protein-containing fractions (as measured
byOD2gp) were combined, desalted using Sephadex G-25 Fine (Amersham
Biosiences, Uppsala, Sweden), and buffer exchanged into 50 mM KPi pH 7.2.
OD2go was used to determine fractions containing CsgByunc. Protein-containing
fractions were combined, filtered through a 0.2 pm filter (Corning Incorporated,
Lowell, Massachusettes), and analyzed by SDS-PAGE. The final protein

concentration was determined by the BCA assay (Pierce, Rockford, lllinois).

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

52



IAPP preperation. Lyophilized IAPP peptides were disaggregated by
resuspension in a 1:1 mixture of 100 % HFIP and 100 % TFA as in Chen S and
Wetzel R. Protein Sci. 2001 and O Nuallain, B., and Wetzel, R. PNAS. 2002 (51,
52). This suspension was incubated at RT for two hours and vortexed every 30
min. The solvent mixture was then evaporated in a desiccator. Ice cold 2 mM
KOH was used to dissolve the peptide (62.5 uM) and neutralize any residual
acid. Residual aggregates and contaminations within the solution were removed
by centrifugation at 70,000 x g for 1 hour at 4° C (Sorvall Discovery 90, SW55ti-
Rotor). After centrifugation the top 80 % of the solution was transferred into a
fresh tube on ice. Ice cold 5 x buffer (250 mM KPi pH 7.2, 0.25 % NaN3) was
added to the peptide solution to adjust the final buffer concentration to 50 mM
KPi pH 7.2 and 0.05 % NaN3. The final protein concentration was determined

using the BCA assay.

Thioflavin T assay. Thioflavin T assays were done as previously described (27).
To create CsgBiunc seeds, freshly purified CsgBirunc Was incubated at room

temperature for at least 24 hours with shaking. Prior to use, seed samples were
sonicated using a sonic dismembrator (Fisher Model 100, Fisher, Pittsburg, PA)

for three 15-second bursts on ice.
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Circular Dichroism (CD) spectroscopy. CsgBiunc Samples were assayed in a
Jasco J-810 spectropolarimeter from 190 nm to 250 nm in a quartz cell with 1-

mm path length at 25° C.

Electron microscopy. Philips CM12 Scanning Transmission Electron Microscope
was used to visualize the fiber aggregates. Samples were absorbed onto formvar
coated copper grids (Ernest F. Fullam, Inc, Latham, NY) for 2 min, washed with

deionized water, and negatively stained with 2% uranyl acetate for 90 seconds.

Congo red binding assay. Freshly purified CsgBiunc (0.3 mg/ml) was incubated at
room temperature overnight, mixed with 67 ug/ml Congo red, incubated at room
temperature for ten minutes before absorbance was measured from 400 nm to
700 nm using a DU800 spectrophotometer (Beckman Coulter, Fullerton,
California). Bovine serum albumin (Pierce, Rockford, lllinois) was diluted to a

concentration to a concentration of 0.3 mg/ml in 50 mM KPi pH7.2.

SDS-PAGE and western blotting. Bacteria whole cell lysates were prepared and
probed for both CsgB and CsgA using previously described methods (29). Blots
were probed for CsgB first, developed, and then stripped using 100 mM
betamercaptoethanol, 2% SDS, and 62.5 mM Tric-HCI, pH6.7 before reprobing

for CsgA.

Figure Legends
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Figure 2.1. Biochemical characterization of CsgB and CsgBunc- (A) The
imperfect repeating units in CsgA and CsgB (R1-R5) are predicted to form -
strand-loop-p-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 analysis of WT CsgB (*) and CsgBiunc (**) expressed in the Acsg
strain LSR12. The csgB constructs were co-expressed with the IPTG inducible
¢sgG containing plasmid pMC1 or the corresponding empty vector, pTrc99A.
Cultures were grown in LB to an ODgg of 0.9 and induced with 250 uM IPTG.
Post-induction cell suspensions were normalized by ODgoo and separated by
centrifugation into cell (C) and supernatant fractions (S). The blot was probed
using aCsgB peptide antisera. Lane 1 contains LSR12/pTrc99A/pNH3 cells and
lane 2 contains corresponding supernatant; lanes 3 (C) and 5 (S)
LSR12/pTrc99A/pNH4; lanes 4 (C) and 6 (S) LSR12/pMC1/pNH4; lanes 7 (C)
and 9 (S) LSR12/pTrc99A/pNH2; and lanes 8 (C) and 10 (S)
LSR12/pMC1/pNH2. (C) Coomassie stained SDS-PAGE of CsgBtunc containing
fractions after purification. Lane one represents total CsgBiunc eluted from the
Nickel NTA column before desalting with the Sephadex G-25 Fine column. Lanes
2 through 12 represent 1 ml fractions containing CsgBinc collected after elution

in 50 mM KPi from the Sephadex G-25 Fine column. Lane 13 represents an
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equal volume mixture of the buffer exchanged, fractions 11 through 16. (D)
Western blot of purified CsgByunc probed with aCsgB peptide antibody. Two
samples containing equal concentrations of purified soluble CsgByrunc Were
incubated at room temperature overnight prior to centrifugation for 1 minute in an
Eppendorf microcentrifuge. 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).

Figure 2.2. Amyloid-like properties of CsgB:unc aggregates. (A) TEM analysis
of soluble CsgBuunc incubated at room temperature overnight reveals fibrous
aggregates. Scale bars equal 500 nm. (B) Freshly purified CsgBirunc Wwas mixed
with the amyloid-specific dye, thioflavin T, and incubated at room temperature for
600 minutes at the following concentrations: 43 uM (open diamonds), 33 uM
(open circles), 22 uyM (closed diamonds), 16 uM (closed circles), 11 uM (open
triangles), 8 uM (x), 5 uM (Closed triangles), 0 uM (solid line). Relative
fluorescence emitted at 495 nm was measured every ten minutes after excitation
at 438 nm. (C) Congo red absorbance spectra of purified CsgByunc (Open circles)
and CgsBiunc that had been incubated for 24 hrs at room temperature following
purification (closed circles). An equivalent concentration of bovine serum albumin
(BSA) protein mixed with Congo red (open squares). (D) Far UV spectral
analysis of 22 yM CsgBiunc immediately after purification (open circles), after

incubation for 24 hours (open squares) at room temperature, or after incubation
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at room temperature for 15 days (closed squares). The KPi buffer only control is

represented by a solid black line.

Figure 2.3. CsgBunc can nucleate CsgA in vitro. (A) Thioflavin T kinetic plot
monitoring the polymerization of 30 yM CsgA (closed circles) and 30 uM CsgA in
the presence of 10% w/w (open squares) or 6% w/w (open circles) CsgBirunc
aggregates. (B) Thioflavin T kinetic plot of 18 uM CsgA (closed circles) and 18
uM CsgA incubated in the presence of 8.8% w/w CsgA seeds (open circles) or
17.2% wiw |APP seeds (open squares). (C) TEM of 30 uM CsgA. (D) TEM of the
fibers produced by polymerization of 30 uM CsgA seeded by 10% CsgBirunc.

Scale bars equal 500 nm.

Figure 2.4. In vivo nucleation properties of CsgBrunc- (A) Congo red-
containing YESCA plates comparing the Congo red binding phenotypes of csgB
cells harboring the plasmids pNH1 (¢sgBiunc), PMC1, the multiple copy vector
containing ¢sgG, or the corresponding empty vector, pTrc99A. (B) Congo red-
containing 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 ¢sgBirunc (PNH1). Cells in (B): 1 WT/pLR2, 2 csgB/ pLR2, 3 csgB/
pLR8, 4 csgB/pNH1, 5 csgBF/pNH1, 6 csgBF/pNH1, 7 csgBF/pLR8, 8
csgBF/pLR2. All strains contain pTrc99A except, #6 which contain pCsgF. (C, top
panel) Whole cell lysate (WC) samples probed with aCsgB peptide antiserum

reveal WT CsgB (*) and CsgBiunc (**). Samples were treated with (+) or without (-
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) formic acid (FA). (C, bottom panel) Whole cells and the underlying agar (plugs)
were collected from YESCA plates and probed for CsgB. (D, top panel) Western
blots of whole cells (WC) using a.CsgA antiserum. (D, bottom panel) Western
blots of whole cells 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 (pCsgBirunc)-

Figure 2.5. Characterization of fibers nucleated by CsgBirunc in vivo. (A)
TEM of csgB/pLR8. (B) TEM of csgBF/pNH1. Scale bars represent 500 nm. (C)
Cells were mechanically scraped off of a Congo red-containing YESCA plate
using disposable inoculating loops to compare the Congo red binding
phenotypes of (1) WT/pLR2 (empty vector), (2) csgBF/pNH1 (csgBirunc) and (3)
cSgFBA/pNH1 (¢csgBinunc) or (4) csgFBA/pLR2 (empty vector). (D) The Congo red-
containing YESCA plate used to cultivate cells in Fig. 2. 5C after cells have been
removed. In panel (D), the numbers indicate the region of the Congo red plate
where the following strains had grown: 1 WT/pLR2, 2 csgBF/pNH1, 3

csgFBA/pNH1 and 4 csgFBA/pLR2.
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Figure 2.5. Characterization of fibers nucleated by CsgBirunc in vivo.
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Strains Relevant characteristics References

MC4100 and
derivatives:
F- araD139 A(argF-lac) U169
MC4100 rpsL150(strR) relA1 fibB5301 deoC1 51
ptsF25 rbsB
MHR261 csgB 15
MHR442 csgBF 17
MHR592 csgF 17
LSR10 ACSgA 17
LSR13 AcsgBA This study
NDH108 csgF AcsgBA This study
C600 and derivatives:
C600 F- thr leu thi lac tonA 52
LSR6 Acsg::KanR 17
LSR12 AcSgDEFG AcsgBA This study

Table 2.1. Strains used in this study.
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Plasmids Relevant characteristics References
pTrc99A Expression vector Pharmacia
pMC1 ¢sgG cloned into pTrc99A 17
pMC3 His-tagged csgA cloned into the IPTG 17
inducible plasmid pHL3
pCsgF His-tagged cgsF cloned into pTrc99A This study
pNH2 His-tagged csgBiunc.cloned into pMC3 This study
pNH3 Empty expression vector This study
pNH4 His tagged csgB cloned into pMC3 This study
pLR2 Empty vector containing the csgBA 29
promoter
pLR8 csgB cloned into pLR2 This study
pNH1 €S9Birunc cloned into pLR2 This study

Table 2.2. Plasmids used in this study.
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Primer Sequence

NDH7 5-GCGCCATGGGGAAAAACAAATTGTTATTTATG-3

NDH8 5-GCGGGATCCTTATTGAGTACCATACTGTGTAATATT-3’

NDH9 5-GCGCATATGAAAAACAAATTGTTATTTATGATG-3’

NDH10 5-GCGGAATTCTTAGTGATGGTGATGGTGATGTTGAGTACCATACTGT
GTAATATT-3’

NDH11 5- GCGGAGCTCATATGAAAAACAAATTGTTATTTATGATG -3’

NDH12 5- GCGCTGCAGAATTCTTAGTGATGGTGATGGTGATGA CGT
TGTGTC ACGCG -3’

NDH14 5-ATTTCTTAAATGTACGACCAGGTCCAGGGTGACAACATGAAAAACGT
GTGTAGGCTGGAGCTGCTTC-3’

NDH 14 5-GGCTTGCGCCCTGTTTCTGTAATACAAATGATGTATTAGTACTGCATA

TGAATATCCTCCTT AG-3’

Table 2.3 Primers used in this study.
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Chapter lll

Defining the molecular basis of curli amyloid nucleation

Abstract

Curli fibers are functional amyloid fibers produced by enteric bacteria. The major
curli fiber subunit, CsgA, self assembles into an amyloid fiber in vitro. However,
the minor curli subunit protein, CsgB, is required for CsgA polymerization in
vivo. Both CsgA and CsgB are composed of five f—sheet-loop-f—sheet-loop-
repeating units that feature conserved glutamine and asparagine residues.
Because of this similarity, we hypothesize that CsgB drives the polymerization of
CsgA into an amyloid in vivo via a template-mediated mechanism. This would
suggest that CsgB also has the capability to polymerize into an amyloid fiber. In
this work, we purified full-length WT CsgB, and found that WT CsgB self-
polymerized into an amyloid fiber in vitro. Additionally, preformed CsgB fibers
seeded CsgA polymerization into an amyloid fiber. To define the molecular basis
of CsgB nucleation we generated repeating unit deletion mutants. N-terminally
truncated CsgB mutants were able convert CsgA into a detergent insoluble fiber
in vivo, however these mutants were unable to complement a ¢sgB strain for
formation of a pellicle biofilm. CsgB mutants missing either the 4th or 5th
repeating units were not localized to the outer membrane like WT CsgB, but

were secreted into the extracellular milieu. Due to this mislocalization, these C-
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terminal CsgB deletion mutants were unable to support in vivo polymerization of
CsgA. However, all of the repeating unit deletion mutants were capable of self-
assembly in vitro. Finally, we found that the conserved glutamines and
asparagines in the second and fourth repeating units: Q73, N78, Q117, and
N122, were required for CsgB function in vivo. Our results demonstrate the
modular nature of CsgB and illustrate that in vivo nucleator activities are more
sensitive to mutation than the ability of CsgB to polymerize into an amyloid fiber

in vitro.

Introduction

Amyloid fibers are a common pathology of many neurodegenerative
diseases such as Alzheimer’s disease and Parkinson’s disease [1]. These
diseases have classically been referred to as protein misfolding diseases
because amyloidogenesis results from an aberrant aggregation process where a
normally soluble protein self assembles into a highly ordered, structurally stable
fiber. Biochemically, amyloid fibers are defined by unique tinctorial properties,
resistance to proteases and detergents, and a (3-sheet rich secondary structure
[2]. Typically there are three phases to in vitro amyloid polymerization: a lag
phase, a phase of rapid fiber growth, and a stationary phase [3-8]. Rapid fiber
growth is dependent on the formation of a nucleus [9]. A common feature of
nucleus dependent polymerization reactions is that preformed fibers can act to
seed the polymerization of soluble monomers. It is proposed that preformed

fibers provide a template for monomer polymerization, and this interaction
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mediates the exit from the lag phase. Although amyloid nucleation and
polymerization have been extensively studied in vitro, robust in vivo models that
distinguish these processes have not been developed.

Curli fibers are extracellular amyloid fibers produced by E. coli and other
enteric bacteria [10, 11]. The discovery of these fibers produced a paradigm
shift in the amyloid field, because curli assembly is the result of a dedicated
biogenesis pathway and not the result of a misfolding event. Curli fibers are part
of the extracellular matrix that are required for biofilm formation and for
mediating host-bacterial interactions [12-16]. Curli fibers are composed of two
proteins CsgA, the major subunit, and CsgB, the minor subunit [17-19]. Purified
CsgA polymerizes into an amyloid fiber in vitro, but CsgB is required for the
formation of curli fibers in vivo [6, 20]. In the absence of CsgB, CsgA is secreted
away from the cell as a soluble protein [17, 21]. In a process referred to as
interbacterial complementation, CsgB expressed on the surface of a csgA
mutant grown in close proximity to CsgA secreting csgB mutants can convert
the soluble CsgA into an ordered amyloid fiber [10, 17]. The CsgB expressed on
the surface of csgA mutants can also nucleate exogenously added purified
CsgA [22, 23]. CsgB becomes incorporated into the fiber after initiating the
polymerization of CsgA, yet the sequences or domains of CsgB that guide
nucleation have yet to be elucidated.

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

motifs repeated in succession [17, 24]. We call these motifs repeating units. The
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CsgA and CsgB repeating units contain a high degree of glutamines and
asparagines. The amino acids sequence of CsgA and CsgB are 51% similar
[18]. This similarity and the in silico structural predictions led us to hypothesize
that CsgB, like CsgA, may also adopt an amyloid like fold and that this feature of
CsgB is the mechanism used to template CsgA polymerization. We previously
purified a truncated version of CsgB missing the fifth repeating unit. The
truncated CsgB mutant self assembled into $-sheet rich amyloid fibers that could
template CsgA polymerization in vitro. Truncated CsgB was not able to
complement a csgB mutant due to a mislocalization defect, but could polymerize
CsgA in vivo if cells were genetically altered to secrete an increased amount of
CsgA [25].

We report here that full length, WT CsgB polymerizes faster than CsgA
and the truncated CsgB we previously characterized. Purified CsgB was able to
template CsgA polymerization in vitro and when applied to csgB mutants. We
also assessed the contribution of each CsgB repeating unit to nucleator function
in vivo and to CsgB polymerization in vitro. We found that the fourth repeating
unit of CsgB is required for cell association suggesting that both the fourth and
fifth repeating units function to anchor CsgB to the cell. Synthetic peptides
composed of the amino acids found in repeating units 1, 2, or 4 of CsgB can
form amyloid in vitro. Mutating conserved glutamines and asparagines found in
these repeating units impair CsgB function in vivo. Our results suggest a model
where CsgB quickly adopts a p-sheet rich amyloid fold that templates the

conversion of CsgA into an amyloid fiber at the cell surface.
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Results

Purified CsgB forms amyloid fibers that can seed CsgA polymerization.
Previously, we purified a mutated CsgB molecule that lacked the C-terminal
repeating unit by harvesting the supernatant of cells expressing the truncated
protein. Attempts to purify full-length CsgB from the extracellular milieu in a
similar fashion were thwarted by relatively low expression levels [25].
Expression of full length, mature CsgB (sec-signal sequence minus) was
induced in the cytoplasm of cells. After induction, cells contained significant
amounts of SDS insoluble CsgB protein (Fig. 3.1A lane 2 and 3). Soluble CsgB
was recovered by affinity purification after pellets of induced cells were
resuspended in 8 M guanidine hydrochloride (GndHCI) pH 7.2 (Fig. 3.1A lane
4).

CsgB polymerization was monitored using the amyloid specific dye
thioflavin-T (ThT). CsgB rapidly increased the ThT fluorescent signal after a
short lag phase (Fig. 3.1B). The increase in ThT fluorescence was concentration
dependent (Fig. 3.1B). Both CsgA and CsgB polymerization curves contained a
lag phase, a fast phase, and a stationary phase (Fig. 3.1B). However, the CsgB
lag phase was shorter than the CsgA lag phase at equivalent concentrations of
protein (Fig. 3.1B). Electron microscopy (EM) analysis of fractions containing
CsgB revealed an ordered fibrous structure, similar to what has been observed

for CsgA (Fig. 3.1C) [6]. The fibrous CsgB aggregates were not soluble in SDS
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and pretreatment with formic acid was required to visualize monomeric protein
on an SDS PAGE gel (Fig. 3.1D lane 2).

To test whether CsgB fibers could template CsgA polymerization in vitro,
we measured the polymerization of soluble CsgA in the presence of preformed
CsgB fibers. In the absence of CsgB, CsgA polymerization had a lag phase of
about two hours. When 5% w/w preformed CsgB fibers were added to the
reaction mix a 1-hour lag phase was observed. CsgA polymerization proceeded
without an apparent lag phase when the amount of CsgB seeds was increased
to 12% (Fig. 3.1E). Taken together, these results suggested that WT CsgB
rapidly polymerizes into an amyloid fiber that templates CsgA polymerization.

The ability of CsgB to template CsgA under more physiologically relevant
conditions was tested by adding purified, soluble CsgB to csgA and csgB mutant
cells grown on YESCA plates. We used a similar assay to measure the ability of
cell-presented CsgB to stimulate the polymerization of purified and exogenously
added CsgA [22, 23]. Purified CsgB was overlaid on the surface of csgA or csgB
cells grown under curli-inducing conditions, followed by overnight incubation as
described in the materials and methods. The cells were then stained with Congo
red as described [22, 23]. In comparison to the csgA mutant cells, the csgB
mutants incubated with CsgB had a pronounced Congo red staining phenotype
where the purified CsgB had been added (Fig. 3.1F). The purified CsgB
complemented a csgB mutant for Congo red binding when the purified protein
was added to the cells exogenously. To confirm fiber formation, we prepared

electron micrographs of the csgB mutant incubated with CsgB and found that
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fibers were visible when CsgB was incubated with the csgB mutants (Fig. 3.1G).
The presence of fibers and the increased Congo red staining when CsgB was
added to the csgB mutant is consistent with the hypothesis that purified CsgB is
able to stimulate CsgA polymerization on the cell surface. To determine if CsgA
secreted from the csgB mutants had formed detergent insoluble fibers, the csgB
cells that were incubated in the presence of purified CsgB were harvested and
resuspended in the presence or absence of formic acid. More CsgA was
detected when csgB mutants that were incubated in the presence of CsgB were
collected than when no protein was added to the cells (Fig. 3.1H). An increased
amount of CsgA was seen if the csgB mutant cells incubated in the presence of
CsgB were pretreated with formic acid (Fig. 3.1H). These data confirm that the
fibers produced when exogenous CsgB is added to csgB mutants are detergent
insoluble. Collectively, these results suggest purified CsgB adopts an amyloid

conformation that can template CsgA polymerization.

In vivo contribution of the repeating units to CsgB function. CsgB contains a
glutamine-asparagine rich domain that can be divided into five repeat
sequences called r1, r2, r3, r4, and r5 (Fig. 3.2A) [18, 20]. Each repeating unit is
predicted to contain two B-sheets. The repeating unit structure of CsgA and
CsgB contain a high degree similarity (Fig. 3.2A). In order to determine the
contribution of each repeating units to CsgB function in vivo we constructed
inframe deletions of each repeating unit. When csgB mutants harboring

deletions of CsgB r1, r2, or r3 (CsgB*"*") were grown under curli-inducing
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conditions on Congo red-containing agar plates, the mutants bound as much
Congo red as WT cells and a csgB mutant complemented with WT csgB (Fig.
3.2B). Both CsgB*" and CsgB*" could be detected by western blot and an
increased amount of CsgB*™ and CsgB*™ monomer were seen when the whole
cells samples were pretreated with FA (Fig. 3.2C top panel). The CgsB*?
protein was not detected by western, because the CsgB antibody used for the
western blot was raised using a peptide fragment found within r2 [26]. However,
like the CsgB*™ and CsgB*” constructs, CsgA could only be detected when the
CsgB*? samples were pretreated with FA (Fig. 3.2C bottom panel). These
results suggest that the CsgB*"!, CsgB*, and CsgB* constructs function to
convert soluble CsgA into an SDS insoluble fiber. To confirm the presence of
fibers, we prepared EM samples of csgB mutants harboring each deletion.
Consistent with the Congo red and western blot data, fibers were seen when
csgB mutants harboring the CsgB*", CsgB*”, and CsgB*" constructs were
viewed by EM and the fibers were morphologically similar to WT fibers (Fig.
3.2D).

Unlike the N-terminal deletions, both the r4 and r5 deletion constructs
were unable to complement a csgB mutant for Congo red binding (Fig. 3.2B). To
test for the stability of CsgB*™ and CsgB*", cell lysates were probed with a-
CsgB serum and no cell-associated CsgB™ or CsgB*™ protein could be
detected (Fig. 3.2C top panel). However, when whole cells and the underlying
agar were collected, bands corresponding to the CsgB*“ and CsgB” constructs

were observed (Fig. 3.2C middle panel). This indicated that both ngBAr4 and
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CsgB”™ were not cell associated, but were instead secreted into the underlying
agar. These results are consistent with what we published for CsgB™ (CsgBirunc)
[25]. Soluble CsgA was only detected when the underlying agar was collected
along with the csgB cells harboring ngBAr4 or CsgB*"” (data not shown). Thus
the CsgB*™ and CsgB*™ constructs do not alter CsgA stability. No fibers could
be detected when csgB cells expressing csgB*™ were observed by EM (Fig.
3.2D). Likewise, fibers were not detected when csgB cells expressing csgB*™
were examined by EM [25]. These results suggest the C-terminal portion of
CsgB is required for nucleator function in vivo.

The Congo red binding phenotype, assessing CsgA solubility, and
visualizing mutants by EM help us determine if fibers are present, but these
assays do not address if these mutant fibers are functional. Curli fibers promote
biofilm development in enteric bacteria such as E. coli. To test the ability of the
fibers produced by the CsgB*", CsgB*?, and CsgB"” constructs to form biofilms,
cells were grown under curli-inducing conditions and the ability of each strain to
form a pellicle was assessed. None of the deletion constructs were able to
complement a csgB mutant for pellicle formation (Fig. 3.2E). The N-terminal
deletion constructs CsgB*", CsgB*?, and CsgB*®, promoted the conversion of
CsgA into an SDS insoluble fiber, however the fibers produced by these mutant
constructs were not functional. All five repeating units of CsgB were required to

form functional curli fibers.
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The repeating unit deletion mutants form amyloid in vitro. A possible explanation
for the in vivo defect of the CsgB*™ construct was that the fourth repeating unit is
required for interaction with CsgA. To determine if CsgB*™ could act as a
template for CsgA polymerization and to characterize the in vitro characteristics
of the other repeating unit mutants, we constructed expression plasmids for
each of the CsgB repeating unit deletion mutants. All the repeating unit
deletions, with the exception of CsgB*™*, formed SDS insoluble cytoplasmic
aggregates after induction (Fig. 3.3A). To purify soluble protein for each mutant
we lysed the cells in 8 M GndHCI as described in the Materials and Methods.
The CsgB*?, CsgB“?, CsgB*™, and CsgB*™ mutants could be purified as SDS
soluble proteins (data not shown). We were unable to purify CsgB*" (materials
and methods).

We monitored the in vitro polymerization of CsgB“, CsgB*”, CsgB*™,
and CsgB*® using the ThT assay. We previously reported that the
polymerization curve of truncated CsgB™ contained a two-hour lag phase and a

ArS

similar lag phase was observed here (Fig. 3.3B). The lag phase for CsgB™" was
longer than that of WT, CsgB*?, CsgB*, and CsgB"™. This suggests CsgB
repeating unit r5 promotes CsgB-CsgB interactions in vitro.

The normalized CsgB*? ThT polymerization profile demonstrated that
CsgB? polymerized as quickly as WT CsgB (Fig. 3.3B). However, the relative
fluorescent units (RFUs) recorded for CsgB*” after twelve hours of

polymerization was lower than WT CsgB at the same time point (Fig. 3.3B

inset). In fact, CsgB*? consistently induced less ThT fluorescence than WT,
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suggesting that CsgB*” adopts an altered amyloid conformation. We observed
the fibers produced by CsgB** after incubation at room temperature by EM, and
found were no gross morphological differences between CsgB**fibers and WT
CsgB fibers (Fig. 3.1C and Fig. 3.3C top panel). We tested the ability of the
CsgB*?fibers to seed CsgA polymerization. Indicative of a low CsgA
concentration (14 uM) a five-hour lag phase was seen. At this lower
concentration of CsgA, only 3.5% (w/w) seed of WT CsgB was needed to
eliminate the lag phase (Fig. 3.3D). A short lag phase of roughly 30 minutes was
seen when 3.5% (w/w) CsgB*?fiber was added to the reaction mix, but no lag
phase was observed when the amount of seed was increased to 9% (w/w)
CsgB*?fiber (Fig. 3.3D). CsgB*?was able to seed CsgA polymerization and this
result is consistent with the in vivo results that demonstrated that CsgB*™
complemented a csgB mutant (Fig. 3.2).

The CsgB** mutant was defective in vivo, but had a ThT fluorescence
profile similar to WT CsgB (Fig. 3.3B). Fractions containing ngBAr4 were
incubated overnight and viewed by EM to assess aggregate morphology.
CsgB*™ fibers appeared similar to WT CsgB fibers (Fig. 3.3C bottom panel). To
determine if the in vivo defect of CsgB*™ could be attributed to an inability of
CsgB*™ to seed CsgA polymerization in vitro CsgB*™ fibers were added to a
CsgA polymerization reaction. A short lag phase of about 30 minutes was
observed when 3.5% (w/w) CsgB™ fibers were added to CsgA, but when the
amount of preformed fiber was increased to 8% (w/w), CsgA polymerization

proceeded without an apparent lag phase (Fig. 3.3D). These results revealed
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that CsgB“™ formed amyloid fibers in vitro and that these CsgB*™ fibers could
template CsgA polymerization. Therefore, the mislocalization of this mutant in
vivo plays a dominant role in the inability of CsgB“™ to complement a csgB

mutant.

The conserved glutamine and asparagines residues in the amyloidogenic
repeating units of CsgB drive nucleator function in vivo. The repeating units of
both CsgA and CsgB contain conserved glutamine and asparagine residues [17,
18, 22, 25]. A site-directed mutagenesis screen was performed on CsgA to
determine which conserved glutamines and asparagines were required for CsgA
polymerization (Fig. 3.2A). Polymerization of CsgA was most impaired when the
glutamines found at the end of the first f-sheet and the asparagines found at the
beginning of the second pB-sheet in r1 and r5 were mutated to alanines [22].
Synthetic peptides composed of the amino acids in CsgA r1 or r5 also have
increased ThT fluorescence over time and amyloid fibers were visualized by EM
[22, 23]. CsgB has conserved glutamines and asparagines at the same
positions in r1, r2, r3, and r4 (Fig. 3.2A). We wanted to assess the contribution
of the glutamines and asparagines in the amyloidogenic repeating units of CsgB
to nucleator function in vivo.

Since CsgA r1 and CsgA r5 were found to be required for CsgA
polymerization and peptides composed of CsgA r1 or CsgA r5 are responsive to
ThT we reasoned we could narrow our mutagenesis to the repeating units of

CsgB that fluoresce ThT after a 24-hour incubation. Peptides composed of
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amino acids in CsgB r1, r2, or r4 displayed higher ThT fluorescence after a 24-
hour incubation (Fig. 3.4A). This result suggests that r1, r2, and r4 all contribute
to the overall amyloidogenicity of CsgB. Using the ThT data to guide our
mutagenesis, the glutamines that conclude the first f-sheet and the asparagines
that mark the beginning of the second p-sheet in r1 (Q51 N56), r2 (Q73 N78),
and r4 (Q117 N122) were mutated to alanines. These mutants are referred to
rimut, r2mut, and r4mut respectively (Fig. 3.2A). We tested the ability of each of
the mutants to complement a csgB mutant for Congo red binding. Cells
expressing the rimut had a modest decrease in Congo red staining, while r2mut
expressing cells had a dramatic decrease in Congo red staining compared to
csgB harboring WT csgB (Fig. 3.4B). No Congo red staining was detected when
csgB cells harboring r4mut were grown on Congo red-containing agar plates
(Fig. 3.4B). Like WT CsgB, CsgB r1mut could be detected when whole cells
were analyzed by western blot (Fig. 3.4C top panel). CsgA was predominantly
SDS insoluble in whole cell samples of csgB mutants containing r1mut (Fig.
3.4C bottom panel). Consistent with the Congo red phenotype and the western
blot analysis, fibers were observed when visualized by EM (Fig. 3.4C). When
cells expressing r2mut were analyzed by western blot, CsgB r2mut was stable,
but could only be detected in samples containing both the cells and underlying
agar (Fig. 3.4C). This suggests that the partial Congo red binding defect could
be due to mislocalization. Fibers were present when the r2mut mutant was
visualized by EM (Fig. 3.4D). However, fewer fibers were observed than what

was visualized for the r1mut mutant. The r4dmut mutant had the most dramatic
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influence on Congo red binding (Fig. 3.4B). The stability of r4mut was tested by
western blot, and similar to what was observed for CsgB*™, a band
corresponding to r4mut was only seen when we collected the cells along with
the underlying growth medium (Fig. 3.4C). CsgA remained SDS soluble when
whole cells expressing r4mut were collected for western blot, and no fibers were
seen when c¢sgB mutants expressing r4mut were visualized by EM (data not
shown and Fig. 3.4D).

Since both the CsgB r1 and r2 synthetic peptides increased ThT
fluorescence over time we hypothesized that rimut still functioned because
CsgB r2 was able to provide an amyloid template for CsgA polymerization. If
CsgB r1 and CsgB r2 each provide a template for CsgA polymerization, we
reasoned mutating the conserved glutamines and asparagines in both r1 and r2
would abolish nucleator function. We constructed a quadruple point mutant
(Q51A N56A Q73A N78A) called r12mut (Fig. 3.2A). The Congo red binding
phenotype of csgB mutants harboring r12mut was similar to the Congo red
binding phenotype of csgB mutants harboring r2mut (Fig. 3.4B). Also similar to
r2mut, r12mut could only be detected by western blot if the underlying agar
along was collected along with cells (Fig. 3.4C). These results suggest the
contribution of CsgB r2 to nucleator function is dominant to CsgB r1. Unlike
r2mut, an ordered fibrous structure could not be observed when csgB mutants
containing r12mut were visualized by EM (Fig. 3.4D). Instead the fibers that

could be seen were sparse, thin and not densely packed together. Therefore,
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mutating the four conserved glutamines and asparagines in CsgB r1 and CsgB

r2 severely hindered fiber biogenesis.

Discussion

The self-assembly of soluble proteins into amyloid fibers is a hallmark of
many neurodegenerative diseases. This link to disease prompted a surge of
studies looking for the toxic species associated with amyloid fiber biogenesis.
Recent evidence suggests that amyloid fiber precursors are the cytotoxic
component of amyloid polymerization. Proteins associated with amyloid
diseases aggregate relatively slowly in vitro, and the longer lag phases
associated with the polymerization of these proteins have led to the idea that
cytotoxic amyloid precursors accumulate in vivo [27-35]. These precursors have
been shown to compromise membrane integrity, leading to cell death [36-39].
Therefore, strategies that minimize amyloidogenesis intermediates promise to
provide therapeutic solutions for many amyloid-mediated disorders.

Functional amyloid biogenesis pathways need to proceed without
compromising the physiology of the cell. One strategy cells employ to reduce
the accumulation of cytotoxic precursors is to promote the rapid conversion of
inert monomers to stable amyloid fibrils. One such example of this is the
mammalian functional amyloid protein Pmel that polymerizes without a lag
phase in vitro [40]. Bacteria expressing curli, utilize a dedicated nucleator
protein that speeds the conversion of soluble CsgA into an amyloid fiber. Our

previous studies have demonstrated that CsgA polymerization in vitro has a
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consistent two-hour lag phase [6]. A potentially toxic intermediate is formed
during the lag phase, but the addition of preformed CsgA fibers to freshly
purified CsgA eliminated the lag phase [6]. This suggests the process of seeding
helps increase the rate of polymerization and bypasses the accumulation of
toxic intermediates.

CsgA and CsgB have similar primary amino acid sequences and are f3-
sheet rich amyloidogenic proteins. We hypothesized that CsgB mediated
nucleation is similar to CsgA mediated seeding, and recently demonstrated that
preformed fibers composed of a truncated CsgB molecule, called CsgBirunc

(referred to here as CsgB*™)

, also eliminated the CsgA lag phase. However,
CsgB“™ was unable to complement a csgB strain for nucleator function in vivo
(Fig. 3.3B) [25].

Here, we discovered that wild type CsgB polymerizes more rapidly than
CsgA. In fact purified wild type CsgB began to fluoresce in the presence of ThT
after only 20 to 30 minutes of incubation at room temperature (Fig. 3.1B). This
lag phase is substantially shorter than the two-hour lag phases observed with
both CsgA and CsgB*” (Fig. 3.1B and Fig. 3.3B). CsgB amyloid fibers also
seeded CsgA polymerization in vitro (Fig. 3.1 E). More importantly, freshly
purified, soluble CsgB applied to csgB mutant cells was able to nucleate the
CsgA secreted from these csgB mutants (Fig. 3.1F-H). Collectively, this data

supports the notion that CsgB quickly adopts an amyloid confirmation that

templates CsgA polymerization.
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The p—sheet rich domain of CsgA and CsgB contain five regions of
imperfect homology referred to as repeating units. Mutagenesis was used to
determine that CsgA requires both its N-terminal (CsgA r1) and C-terminal
(CsgA r5) repeating units to polymerize in vivo [23]. Mutating the conserved
glutamines and asparagines in repeating units r1 and r5 greatly hindered CsgA
polymerization [22]. In a similar fashion, we assessed the importance of CsgB
repeating units to nucleator function. CsgB*" CsgB*?, and CsgB**were all able
to complement a csgB mutant for Congo red binding, and CsgA was SDS
insoluble in all these mutant backgrounds (Fig. 3.2B and C). Only when the
conserved glutamines and asparagines in both CsgB r1 and CsgB r2 were
mutated was nucleator function completely lost (Fig. 3.4). The C-terminal CsgB
repeating units were sensitive to mutagenesis. CsgB mutants deleted for either
CsgB r4 or CsgB r5 could not complement a csgB mutant for Congo red binding
and fibers could not be observed when these mutants were viewed by EM (Fig.
3.2B and C) [25]. The defect of the CsgB“™ mutant was attributed to the fact the
protein was no longer anchored to the cell (Fig. 3.2C) [25]. The ngBAr4 mutant
was also not associated with the cell (Fig. 3.2C).

Even though both CsgB*™ and CsgB*” were defective in vivo, both
mutant proteins polymerized in vitro. In fact, all of the CsgB deletion mutants
polymerized into amyloid fibers in vitro (Fig. 3B). These results suggest the in
vivo molecular parameters for nucleation are more stringent than the
parameters for CsgB polymerization in vitro. CsgB is soluble in the absence of

CsgA in vivo [17, 21]. Anchoring CsgB to the membrane seems to be required
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for efficient nucleator function and may also keep CsgB from polymerizing in the
absence of CsgA in vivo. Determining the molecular details of the CsgB-
membrane interaction will increase our understanding of how E. coli keeps
CsgB from polymerizing at the membrane without compromising physiology.
These details could also lead to novel insights into amyloid biology, because the
membrane is particularly sensitive to the accumulation of cytotoxic intermediates
produced during amyloid fiber biogenesis.

The molecular events that initiate amyloid biogenesis in vivo are not
understood. Curli biogenesis represents an elegant functional amyloid
biosynthesis pathway that prevents the accumulation of toxic precursors. Our
results provide support for the model of curli biogenesis where CsgB quickly
adopts an amyloid-like fold that templates the folding of soluble CsgA as it
comes in contact with the cell surface. Further study of curli biogenesis
proceeds without the accumulation of toxic intermediates, from both in vivo and
in vitro perspectives, may provide alternative approaches for inhibiting disease

associated amyloid biogenesis.

Experimental Procedures

Bacterial Growth. For protein expression and general strain propagation bacteria
were cultured in L broth [41]. To induce curli production, bacteria were grown at
26° C on yeast extract casamino acids (YESCA) plates [10]. Curli production
was monitored by using Congo red-containing YESCA plates [10]. To promote

biofilm development cells were incubated for 30 days in liquid YESCA broth at
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26° C. When necessary growth media was supplemented with antibiotics at the

following concentrations: kanamycin 50 ug/ml or ampillicin, 100 ng/ml.

Bacterial Strains and Plasmids. MC4100 was the WT strain used [42]. The other
strains and plasmids used in this study can be found in table 1. Primers used to
construct the plasmids in this study can be found in table 2. The repeating unit
deletions and point mutants were constructed using synthesis by overlapping
ends (SOEing) PCR. PCR was preformed using standard techniques. To test
the ability of the csgB mutants to complement csgB cells the mutated
sequences were all subcloned into pLR2, a plasmid that contains the native
csgBA promoter, using Ncol and BamHI restriction sites found a the 5" and 3’
end respectively [26]. To express and purify sec-signal minus WT CsgB and the
repeating unit deletions, PCR-amplified sequences including 6 histidine residues
at the C-terminus were subcloned into pET11d (New England Biolabs, Ipswich,
MA) using Ncol and BamHlI restriction sites. Our attempts to purify proteins
using a denaturing protocol described below were hindered by a contaminating
protein of approximately 30 kDa. We identified this protein as SlyD, a protein
enriched with histidine residues at the C-terminus, by mass spectrophotometry
analysis (Michigan Proteome Consortium). In order to eliminate this
contamination we P1 transduced the slyD::aph allele from the Keio collection
strain, JW3311, into our expression strain NEB 3016 [43, 44]. We named the

resulting strain NDH 471.
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CsgA and CsgB Protein purification. NDH 471 (NEB 3016 slyD::aph) cells
harboring a pET11d vector containing polyhistidine-tagged mature versions of
CsgA, CsgB, or the CsgB repeating unit deletions mutants were grown at 37° C
to 0.9 ODeqo. At this point the cells were induced with 0.5 mM isopropyl-g-D-
thiogalactoside (IPTG) and induction proceeded at 37° C for an hour. Cells were
collected by centifugation and the pellets were stored at -80° C. The cells were
chemically lysed using 8 M guanidine hydrochloride (GndHCI) buffered with 50
mM potassium phosphate buffer (KPi) pH7.2. A total of 75 ml of lysis solution
was used per pellet generated from a 500 ml culture. The lysate was incubated
at room temperature with magnetic stirring for 24 hours. The insoluble portion of
the lysate was removed by centrifuging at 10,500 x g for 15 minutes and the
resulting supernatant was sonicated 5 times, each time for 15 seconds.
Sonication was applied at 5 amplitudes. The samples were incubated for 2
minutes on ice in between bursts. The supernatant was then centrifuged again
at 10,5000 x g for 15 min. HIS-Select™ HF NiNTA (Sigma Aldrich, Atlanta, GA)
was added to the supernatant and this mixture was incubated for 1 hour at room
temperature with rocking. The polyhistidine-tagged proteins were affinity purified
by collecting the nickel beads as the mixture passed through a Kontes column.
The beads were washed with 50 mM KPi pH7.2 to eliminate the GndHCI and
then washed with 50 mM KPi containing 12.5 mM immidazole pH7.2 to elute
contaminating proteins that bound to the nickel beads. The proteins were eluted
from the column using 125 mM immidazole in 50 mM KPi pH 7.2. Fractions

were collected and analyzed for the presence of protein by SDS PAGE. Protein
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concentration was determined by the BCA assay (Thermo Scientific, Rockford,
IL). We were not able to purify CsgB“". A significant amount of CsgB*" protein
was found to be SDS insoluble even after the cells were resuspended in 8 M

GndHCI (data not shown).

Thioflavin-T (ThT) Assay. Proteins were mixed with 20 uM thioflavin-T (ThT) in
96-well plates and incubated at room temperature. Every 10 minutes samples
were excited at 438 nm and fluorescence emitted 495 nm with a 475 nm cutoff
was measured using a Spectramax M2 plate reader (Molecular Devices,
Sunnyvale, CA). Samples were shaken for 5 seconds before each read. Due to
the differences in preparation—to-preparation protein yield, a representative ThT
kinetic graph taken from a series of ThT assays is shown. The net RFUs
generated by a protein at a specific concentration from a given preparation were
remarkably consistent with the net RFUs generated from a similar concentration
of the same protein purified from a different preparation. ThT fluorescence was
normalized using (Fi — Fo)/(Fmax- Fo) were Fowas the ThT background intensity
(fluorescence arbitrary unit), Fiwas the ThT intensity of samples, and Fmax was
the maximum ThT intensity of the reaction. Samples used to seed CsgA were
sonicated using a sonic dismembrator (Fisher Model 100; Fisher, Pittsburg, PA)

for three 15-second bursts on ice.

Overlay assay. Cells were grown under curli inducing conditions as previously

described for 24 hours on YESCA plates. Purified CsgB (10 ul) was pipetted
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onto the bacterial lawn and incubated at 26° C for an additional 24 hours. Congo
red dye (10mg/ml) was then applied to the bacterial lawn-CsgB mixture. The dye
was decanted and the bacterial lawns were carefully washed with 50 mM KPi

buffer pH 7.2.

Transmission Electron Microscopy (TEM). Samples (10 uL) were placed on
Formvar-coated copper grids (Ernest F. Fullman, Inc., Latham, NY) for 2
minutes, washed twice briefly (10 seconds) with deionized water, and negatively
stained with 2% uranyl acetate for 90 seconds. Samples were viewed using a

Phillips CM-100 transmission electron microscope.

SDS/PAGE and Western Blotting. Bacteria whole cell lysates and agar plugs
were prepared and probed for both CsgA and CsgB by using previously

described methods [25, 26].

Peptide preparation. Peptides were chemically synthesized (Proteintech Group,
Chicago, IL). Purity was greater that 90% by high pressure liquid
chromatography, and size was confirmed by mass spectroscopy (Proteintech
Group, Chicago, IL). Lyophilized peptide (1 mg) was dissolved in 8 M GndHClI
(1ml) buffered by 50 mM potassium phosphate pH 7.2. The suspension was
incubated at room temperature for 1 hour with rocking. In order to remove the 8
M GndHCI and collect the soluble peptide, the sample was passed through a

Sephadex G10 column that was balanced in 50 mM potassium phosphate pH
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7.2. The BCA assay was used to assess peptide concentration and

polymerization was monitored by ThT.

Figure legends

Figure 3.1. Biochemical and physiological properties of WT CsgB. (A)
Coomassie stained SDS-PAGE of normalized cell lysates pre-induction (IPTG -)
or post-induction (IPTG +) lanes 1 through 3. Cells were resuspended in SDS
loading buffer (-) or pretreated with formic acid (FA )(+). CsgB was solubilized
post purification by incubation in 8 M guanidine HCI (Lane 4). (B)
Representative ThT kinetic plot of 70 uM (O), 35 uM (OJ), or 17.5 uM ()
purified CsgB and 27 uM purified CsgA (X). Relative fluorescent units (RFUs)
emitted at 495 nm were recorded every 10 min. after excitation at 438 nm. (C)
TEM of 65 uM CsgB incubated at room temperature. The scale bar represents
500nm. (D) Coomassie stained SDS-PAGE of 65 uM CsgB polymerized into
fibers, centrifuged and resuspended in SDS loading buffer with (+) or without (-)
prior formic acid (FA) treatment (E) Representative ThT kinetic plot of 27 uM
CsgA (X), 27 uM CsgA and 5% (@) or 12 % () w/w WT CsgB seeds. (F) 10 ul
of 37 uM purified CsgB was overlaid on csgA and csgB mutants and stained
with Congo red dye after a 24-hour incubation at 26° C. (G) TEM of csgB cells
that were incubated with 37 uM purified CsgB and stained with Congo red dye.
The scale bar represents 500nm. (H) CsgA western blot analysis of the csgB

cells in (F) that were incubated in the absence of CsgB (Lanes 1 and 2) or
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presence of CsgB (lanes 3 and 4). Samples were resuspended in SDS loading

buffer with (+) or without (-) formic acid (FA) pretreatment.

Figure 3.2. Contribution of each repeating unit to CsgB function in vivo. (A)
Amino acid sequence alignment of the CsgA and CsgB repeating units. Arrows
represent each repeating unit. Boxed amino acids indicate the conserved
glutamines and asparagines that were mutated to alanine for each mutant. (B)
Congo red binding phenotype of MC4100 (WT), or csgB harboring a vector
control plasmid (vector), WT csgB, CsgB*" (Ar1), CsgB*? (Ar2), CsgB*"™ (Ar3),
CsgB*™ (Ar4), or CsgB™ (Ar5). Scale bar represents 500 nm. (C) Western blot
analysis, using a-CsgB or a-CsgA antibodies, of csgB harboring a vector control
(vector lanes 1 and 2), WT csgB (lanes 3 and 4), CsgB*" (Ar1 lanes 5 and 6),
CsgB*? (Ar2 lanes 7 and 8), CsgB*™ (Ar3 lanes 9 and 10), CsgB*™ (Ar4 lanes 11
and 12), or CsgB™ (Ar5 lanes 13 and 14). Prior to loading the gel, samples
were resuspended in SDS loading buffer with (+) or without (-) formic acid (FA)
pretreatment. The top two panels are samples blotted using anti-CsgB antibody.
The bottom panel is a blot probed with anti-CsgA antibody. Whole cells samples
are represented in the first and third panel, while samples containing whole cells
and the underlying agar are represented in the second panel. (D) TEM of csgB
mutants harboring CsgB*" (Ar1), CsgB*? (Ar2), CsgB™ (Ar3), or CsgB™ (Ar4)
grown under curli-inducing conditions. The scale bars represent 500 nm. (E)
Comparison of MC4100 (WT test tube 1), and csgB harboring WT CsgB (test

tube 2), CsgB*" (Ar1 test tube 3), CsgB™? (Ar2 test tube 4), CsgB*™ (Ar3 test
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tube 5), CsgB™ (Ar4 test tube 6), or CsgB*™ (Ar5 test tube 7) for pellicle

formation after 30 days of growth in YESCA broth at 26° C.

Figure 3.3. In vitro characterization of the repeating unit deletions. (A)
Coomassie stained SDS-PAGE of normalized cell lysates of cells harboring
pET11d (EV lanes 1 and 2), WT CsgB (lanes 3 and 4), CsgB*" (Ar1 lanes 5 and
6), CsgB“™ (Ar2 lanes 7 and 8), CsgB"” (Ar3 lanes 9 and 10), CsgB*™ (Ar4 lanes
11 and 12), or CsgB*™ (Ar5 lanes 13 and 14) after 1 hour incubation with 0.5
mM IPTG. Prior to loading the gel, samples were resuspended in SDS loading
buffer with (+) or without (-) formic acid (FA) pretreatment. (B) Representative
ThT kinetic plot of the WT CsgB (O), CsgB*? (Ar2 ), CsgB*” (Ar3 A), CsgB*™
(Ar4 X), and CsgB“™ (Ar5 ©). The inset is a representative bar graph the RFUs
for each protein after 12 hours of incubation at room temperature with ThT. (C)
TEM of purified ngBAr2 (Ar2 top panel) or purified ngBAr4 (Ar4 bottom panel)
after 24 hours of incubation at room temperature. The scale bars represent
500nm. (D) Representative thioflavin-T kinetic plot monitoring the polymerization
of 14 uM CsgA (X), 14 uM seeded with 9% w/w WT CsgB (@), seeded with
3.5% w/w WT CsgB (O), seeded with 9% w/w CsgB*? (Ar2 W), seeded with
3.5% w/w CsgB*? (Ar2 [J), seeded with 8% w/w CsgB*™ (Ar4 A), or seeded with

3.5% wiw CsgB™ (Ard A).

Figure 3.4. In vivo functional analysis of the conserved glutamines and

asparagines in the amyloidogenic repeating units of CsgB. (A) Relative
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fluorescent units produced by synthetic peptides composed of the amino acids
inr1 (145 uM), r2 (102 uM), r3 (138 uM), r4 (176 uM), and r5 (167 uM ) after
incubation at room temperature for 24 hours in the presence of ThT. (B) Congo
red binding phenotype of MC4100 (WT) or csgB harboring vector control
(vector), WT c¢sgB, csgB rimut, csgB r2mut, csgB rdmut, or csgB r12mut. (C)
Western blot analysis, using either a-CsgB or a-CsgA antibodies, of csgB
harboring WT csgB (lanes 1 and 2), csgB rimut (lanes 3 and 4), csgB r2mut
(lanes 5 and 6), csgB rdmut (lanes 7 and 8), or csgB r12mut (lanes 9 and 10).
Samples were resuspended in SDS loading buffer with (+) or without (-) prior
treatment with formic acid (FA). Top two panels were blotted with anti-CgsB
antibody. Bottom two panels were blotted with anti-CsgA antibody. Whole cell
samples are represented in the first and third panel, while samples containing
whole cells and the underlying agar are represented in the second and fourth
panel. (D) TEM of csgB complemented with csgB rimut, csgB r2mut, csgB
rdmut, or csgB r12mut. Cells were collected after growth in curli inducing-

conditions. The scale bar represents 500nm.
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Strains Relevant characteristics Refs.
F- araD139 A(argF-lac) U169 rpsL150(strR)

MC4100 : 42
relA1 fibB5301 deoC1 ptsF25 rbsB

MHR261 csgB 17

LSR10 ACSgA 10

fhuA2 lacZ::T7 gene1 [lon] ompT gal
SulA11 R(mcer-73::miniTn 10--Tet® )2 [dem]

NEB 3016 s NEB
R(zgb-210::Tn10--Tet>) endA1 A(mcrC-
mrr)114::1S10 [mini-lacl® (Cam®)]

JW3311 slyD::aph 44
This
NDH471 NEB 3016 slyD::aph
Study

Table 3.1. Strains used in this study
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Plasmids Relevant characteristics References
pLR2 Vector containing the csgBA promoter 26
pLR8 csgB cloned into pLR2 Hammer
pNH1 csgB*”® cloned into pLR2 Hammer
pBM1 csgB”" cloned into pLR2 This study
pBM2 csgB*? cloned into pLR2 This study
pBM3 csgB*® cloned into pLR2 This study
pBM4 csgB** cloned into pLR2 This study

pNH38 csgBQSm N4 cloned into pLR2 (rimut) This study
pNH39 csgBQ73A N84 cloned into pLR2 (r2mut) This study
pNH40 csgBQWA N1224 cloned into pLR2 (r4mut) This study
pNH45 csgBQSm NS6A Q73ANTEA c1oned into pLR2 (r12mut) This study
pET11d Expression vector NEB
pAN1 WT csgB cloned into pET11d This study
pNH20 csgB”" cloned into pET11d This study
pNH21 csgB*? cloned into pET11d This study
pNH22 csgB*® cloned into pET11d This study
pNH23 csgBA"’ cloned into pET11d This study
pNH28 csgBA’S cloned into pET11d This study

Table 3.2. Plasmids used in this study
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Primer Primer Sequence Construct
NDH7®  5-GCGCCATGGGGAAAAACAAATTGTTATTTATG-3’ ORFs cloned
into pLR2
BAM2*  5-AAGTCTTCATTTAATCTTTTGGCGGTTGTT -3 oBM1 (CsgB*")
BAM4* 5~ CAGGGAGGCTCAAAAAACCTTGCATATATT -3 oBM2 (CsgB*?)
BAME* 5~ CAGACAGGAGATTATAATACTGCGATGATT -3 oBM3 (CsgB*?)
BAM8*  5-CAAGGTGCTTATGGTAAAACGGCAATTGTA -3’ pBM4 (CsgB*™)
NDH67*  5-ATAATTGGTGCGGCTGGGACTAATGCGAGTGCTCAG-3’ pNH38 (r1mut)
NDH69* 5-GTTGTTGCGGCTGAAGGTAGTAGCGCTCGGGCAAAG-3’ pPNH39 (r2mut)
NDH71* 5-ATGATTATCGCTAAAGGTTCTGGTGCTAAAGCAAAT-3 oNH40 (rdmut)
BAM11*  5-GCGGGATCCTTAACGTTGTGTCACGCG-3’ ORFs cloned
into pLR2
b OREFs cloned
NDH46 5-GCGTTTCCATGGCAGGTTATGATTTAGCTAATTCAG-3’
into pET11d
NDH4T® 5-GTTTAAAGCTTGGATCCTTAGTGGTGGTGGTGGTGGTGACGT  ORFs cloned
TGTGTCACGCGAATAGCC -3’ into pET11d
NDH50 5-GCGGGATCCTTAGTGATGGTGATGGTGATGTTGAGTACCATA  pNH28
CTGTGTATTATT-3’ (CsgB*™®)
FPLR5°  5-CATGCCATGGCGAAACTTTTAAAAGTAGC-3’ Sequencing
RpLR5°  5-CGGGATCCTGTATTAGTACTGAT -3’ Sequencing

Table 3.3. Primers used in this study.

Restriction sites used for cloning are italicized and underlined. Point mutations generated by the
primers are underlined.
@ NDH7 and BAM11 were used as the forward and reverse primers to clone into pLR2

respectively.

® NDH46 and NDH47 were the forward and reverse primers used to amplify the sec-signal
sequence minus CsgB and mutant variants that were cloned into pET11d. Plasmids pBM1,
pBM2, pBM3, and pBM4 were used as the templates to generate pNH20, pNH21, pNH22, and
pNH23 respectively. The T7 primer provided by the University of Michigan DNA Sequencing
Core was used to confirm the sequence of each ORF.
¢ Primers FpLR5 and RpLR5 were used to sequence the mutants cloned into pLR2.

*Primers BAM2, BAM4, BAM6, BAM8, NDH67, NDH69, and NDH71 were used to amplify one of
the two PCR products needed for the fusion PCR. The reverse complement of these primers
was used to amplify the other PCR product needed for fusion PCR.
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Chapter IV

Conclusions

Amyloid fibers are a common pathology of many neurodegenerative
diseases such as Alzheimer’s disease, Parkinson’s disease, and the spongiform
encephalopathies [1]. Due to this association with neurodegeneration, amyloid
fiber biogenesis was exclusively believed to be the result of protein misfolding. It
is thought that normally soluble proteins aggregate into amyloid fibers in these
diseases. This has led to the current models of amyloid cytotoxicity, where the
accumulation of amyloid fiber precursors leads to cell death [1]. However, a
paradigm shift has recently occurred in the amyloid field based on the
discoveries that bacteria, yeast, and even mammalian cells produce amyloid
fibers under physiological conditions. These organisms utilize the amyloid fold to
carry out specific functions and the amyloid fibers are produced without
compromising the physiology of the cell [2-4]. Instead of the random, sporadic in
vivo polymerization of the disease associated amyloids, the functional amyloids
are the result of dedicated biogenesis pathways.

Curli was the first functional amyloid to be described [5]. Escherichia coli
uses the gene products from two divergently transcribed operons, csgDEFG and
cSgBA, to polymerize an amyloid fiber on the cell suface [6]. The fibers function

as a component of the extracellular matrix required for the development of
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biofilms [7-9]. The csgBA operon encodes the minor and major fiber subunits,
CsgB and CsgA, respectively [10-12]. CsgB is required for CsgA polymerization
in vivo, but in vitro CsgA can self assemble into amyloid fibers [11, 13]. In silico
structural predictions suggest both CsgA and CsgB are p-sheet rich proteins
composed of a domain that be divided into five repeats of imperfect homology
[10-12]. Each repeat contains a f—sheet-loop-B-sheet-loop motif that feature
conserved glutamine and asparagines residues. We call each of these repeats
repeating units. The similarities between CsgA and CsgB led us to hypothesize
that CsgB acts to convert CsgA into an amyloid via a template mediated
mechanism. Therefore, CsgB may also have the ability to self assemble into an

amyloid fiber in vitro.

CsgB can polymerize into an amyloid in vitro

Amyloid fibers are biochemically unique structures. The fibers are
detergent insoluble, proteinase resistant, 3-sheet rich polymers that bind the
dyes Congo red and thioflavin-T (ThT) [1]. Amyloid fibers have a distinct
morphology when viewed by electron micrsoscopy (EM). Because ThT
fluoresces when bound to an amyloid fiber, the polymerization of amyloid fibers
can be kinetically monitored by recording ThT fluorescence over time. Amyloid
polymerization is nucleus dependent [14]. This means polymerization contains a
distinct lag phase that represents the time necessary for monomeric protein to
assemble into a nucleus. Rapid polymerization proceeds after the formation of

the nucleus. The length of lag phase can be substantially decreased if preformed
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amyloid fibers are added to the reaction. In this case the formation of the nucleus
is not required because the preformed fibers act as a p3-sheet rich folding
template for the monomeric, unstructured protein.

When | joined the Chapman lab, | set out to elucidate the molecular
mechanism of CsgB-mediated nucleation. My hypothesis was that CsgB
presented an amyloid-like template to CsgA that stimulated CsgA polymerization
and, thus curli formation on the cell surface. We have previously shown that
fibers composed of self assembled CsgA have all the biochemical characteristics
of amyloid [13]. CsgA polymerization in vitro has an approximate two-hour lag
phase when incubated at concentrations between 5 and 50 uM [13]. To
determine if CsgB also possessed the ability to self assemble into an amyloid, |
purified a truncated version of CsgB (CsgBiunc) that could be easily recovered
from the extracellular milieu as a soluble unstructured protein. CsgBiunc adopted
a p—sheet rich, SDS insoluble aggregate after a short incubation at room
temperature. These aggregates looked identical to amyloid fibers when viewed
by EM, and caused a red-shift when incubated in the presence of Congo red.
Polymerization of CsgBiunc 0ccurred after a two hour lag phase [15].

Using a modified procedure, | was able to purify wild type (WT) CsgB.
CsgB was SDS insoluble after cells were induced to express the protein in the
cytoplasm. Soluble CsgB could be recovered from the cytoplasm if cells were
resuspended in 8 M guanidine hydrochloride. CsgB polymerized into SDS

insoluble aggregates that fluoresced ThT, and the aggregates were also
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morphologically similar to amyloid fibers when visualized by EM. These results
suggest that CsgB was able to self assemble into an amyloid fiber in vitro.

WT CsgB polymerized with a lag phase of about 30 minutes suggesting
the protein adopts an amyloid conformation faster than CsgA in vitro. It should be
noted that three CsgB mutants had altered ThT polymerization kinetics. CsgB
missing the third repeating unit appeared to polymerize faster that WT CsgB
[Chapter 3]. A peptide composed of amino acids found in the third repeating unit
did not fluoresce ThT over time. Moreover, both of the predicted —sheets in the
third repeating unit contain an aspartic acid residue. Aspartic acid residues in
CsgA have been demonstrated to contribute to the lag phase associated with
CsgA polymerization in vitro [unpublished data, Wang, X]. These results suggest
the CsgB mutant missing the third repeating unit polymerizes faster due to the
loss of these aspartic acid residues. Two other CsgB mutants polymerized with
altered polymerization kinetics. A CsgB mutant missing the second repeating unit
consistently induced less ThT fluorescence than WT CsgB, and the previously
mentioned truncated CsgBiunc mutant had a longer lag phase when compared to
WT polymerization. Because this mutant had a longer lag phase, these results

suggest the fifth repeating unit plays a role in initiating CsgB-CsgB interactions.

CsgB templates CsgA polymerization
CsgA polymerization proceeds without a lag phase if preformed CsgA
fibers are added to the reaction mix [13]. This recapitulates what we think

happens in vivo, where the growing fiber tips act a folding template for soluble
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CsgA secreted from the cell. If CsgB acts to template CsgA polymerization,
preformed CsgB fibers will also be able to decrease the lag phase associated
with CsgA polymerization. Indeed, when preformed CsgB fibers were added to
freshly purified, soluble CsgA, polymerization proceeded without an apparent lag
[Chapter 3]. The fibers produced by CsgB mutants missing the second or fifth
repeating units, i.e. CsgB mutants with defective ThT kinetics, were able to seed
CsgA polymerization [Chapter 3, 15]. Purified CsgB was also able to template the
polymerization of CsgA secreted from csgB mutants [Chapter 3]. These results
suggest a model where CsgB quickly adopts a p—sheet fold that templates CsgA
polymerization.

CsgB mutants missing the fourth or the fifth repeating unit (CsgBiunc) Were
unable to complement csgB cells for curli biogenesis despite the fact that both
mutant proteins polymerized into amyloid fibers that seeded CsgA in vitro
[Chapter 3,15]. These mutants were stably expressed, but were not anchored to
the cell [Chapter 3]. These results highlight the importance of localizing CsgB at
the membrane, and suggest this is a way of controlling amyloid biogenesis. By
anchoring CsgB to the membrane the cell ensures polymerization occurs only
when both proteins are in close proximity. Determining the molecular details of
CsgB interaction with the membrane and how this interaction occurs without
perturbing physiology may lead to new ways of inhibiting the damage done to
membranes exposured to the disease associated amyloids. Comparing the in

vitro results to the in vivo results also suggest that the parameters for in vivo
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CsgB function are far more stringent than those required for in vitro CsgB
polymerization.

CsgB on the surface of csgA mutants is soluble, but can polymerize CsgA
secreted from csgB mutants grown in close proximity [11]. Both CsgA and CsgB
are secreted as SDS-soluble, unstructured proteins [13, 15]. This suggests that
the proteins first interact as soluble proteins. Experiments where varying
concentrations of freshly purified, soluble CsgB are mixed with freshly purified,
soluble CsgA should be performed to determine if soluble CsgB can decrease

the CsgA lag phase in vitro.

CsgB is proficient at forming amyloids in vitro but does not form fibers in vivo
CsgB is incorporated into the curli fiber after nucleation [16]. All the data |
have collected thus far demonstrates that CsgB is able to rapidly polymerize into
an amyloid fiber in vitro. However, CsgB is soluble and does not polymerize in
csgA mutants [11]. There are two possibilities why CsgB does not polymerize in
csgA mutants in vivo. One explanation is that CsgB binding to the membrane
sterically sequesters CsgB such that it physically cannot interact with other CsgB
molecules. The other potential mechanism is that csgB expression is decreased
in csgA mutants to the point that the resulting protein concentration is below what
is necessary for polymerization. It has been difficult to determine if CsgB levels
are decreased in csgA mutants. csgA mutants do not bind Congo red, however,
an altered Congo red binding phenotype is observed when csgA mutants contain

multiple copies of csgB [unpublished, 16]. CsgB stability is increased in these
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mutants and morphologically distinct aggregates are also observed [unpublished
data, 16]. These results suggest the cells have a way of regulating CsgB levels in
order to keep it from polymerizing in the absence of CsgA.

Screening for csgA mutants with an altered Congo red binding phenotype
is a way to identify factors that regulate CsgB stability. | generated random
insertion mutants in the csgA background using a mariner-based transposon,
and mutant cells were screened on Congo red-containing YESCA plates.
Mutants that appeared to have increased Congo red binding were isolated and
the mutation was confirmed by backcross. To determine if the Congo red binding
phenotype was dependent on CsgB, P1 lysates prepared from the original
mutant were transduced into a csgBA background. If the increased Congo red
binding found in the original mutant is due to an increase in CsgB stability, the
resulting csgBA transductants should not bind Congo red. In our preliminary
screens we have found several CsgB-dependent insertion mutants. Two mutants
were mapped to the tol and rse loci, genes involved in periplasmic maintenance
and homeostasis [17-19]. Continuing this mutagenesis approach will uncover the
strategy cells use to keep CsgB from polymerizing in csgA mutants, and may

uncover the mechanism cells use to maintain optimum CsgA-CsgB ratios.

Nucleation in nature
Curli are required for the formation of biofilms [7-9]. Biofilms composed of
multiple species of bacteria found in nature have been reported to contain

amyloid-like structures [20]. Curli have been demonstrated to increase the
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persistence of E. coli in the environment and Salmonella enterica serovar
Typhimurium persistence in the host [21, 22]. Perhaps enteric bacteria increase
persistence in the host by forming multi-species curli dependent communities
formed when CsgB from one species nucleates CsgA secreted by another
species. There is precedence that CsgB from E. coli can nucleate CsgA from
another species. It has been reported that Salmonella enterica serovar
Typhimurium csgA can complement E. coli csgA mutants for Congo red binding
and fiber formation [23]. Moreover, csgA homologues found in the other enteric
bacteria share a high degree of identity [unpublished data, Wang, X]. Studying
the biofilms produced when various enteric bacteria are cocultured with our E.
coli curli mutants will determine if curli are important for the formation of multi-

species biofilms.

Functional amyloid inhibitors

An advantage of using curli as a model of amyloid polymerization is the
ease with which it can be manipulated both genetically and biochemically. In vitro
CsgA polymerization can be detected by the amyloid specific dye ThT and the
polymerization kinetics can be reproduced with relative ease [13, 24]. | have
discovered two inhibitors of in vitro CsgA polymerization using the ThT assay.
The characterization of these inhibitors could lead to new avenues for therapies

that target disease associated amyloid polymerization.

CsgE inhibits self-assembly of CsgA into amyloid fibers
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One outstanding question in the biosynthesis of curli fibers is how cells
prevent amyloid formation on the periplasmic side of the curli assembly
apparatus. The secretion and the stability of CsgA and CsgB are dependent on
CsgE and the outer membrane lipoprotein CsgG [5, 25]. CsgG is predicted to
form a pore in the outer membrane, through which CsgA and CsgB are secreted
[25]. Due to the decrease in stability of CsgA and CsgB in csgE mutants, |
hypothesized that CsgE was acting to chaperone the curli subunits. If CsgE was
acting as a curli specific chaperone, it may inhibit CsgA polymerization in vitro. |
examined the effect of CsgE on in vitro polymerization of CsgA. CsgA is soluble
and unstructured immediately following purification, but after several hours of
incubation at room temperature the protein begins to self-assemble into -sheet
rich amyloid fiber aggregates [26]. In vitro polymerization of CsgA can be
monitored over time by reactivity with the amyloid-specific dye, thioflavin T (ThT).
Freshly purified CsgA was incubated with or without purified CsgE, as described
in the appendix.

CsgA polymerization with or without CsgE was monitored using the ThT
assay (Appendix). A reaction containing 25 uM CsgA exhibited exponential
growth after 270 minutes of incubation at room temperature (Appendix). This lag
is longer than what is usually observed, because we found that contaminating
high molecular weight bands in CsgA preparations increase the lag phase.
Nonetheless, a reaction containing 25uM CsgA and 22.5 uM of CsgE did not
exhibit substantial ThT reactivity, even after 700 minutes of incubation

(Appendix). Reactions containing CsgE alone showed no increase in ThT
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fluorescence in this assay (data not shown). As a control, strains expressing an
empty vector instead of a vector containing CsgE were subjected to the same
CsgE purification protocol, and the fractions corresponding to the CsgE fractions
(which contain similar contaminating bands by Coommassie stain as that of a
CsgE purification) were added to 25 uM CsgA. This resulted in a similar ThT
profile to that of CsgA alone, suggesting that inhibition of CsgA polymerization
was CsgE specific (data not shown). We have since eliminated the high
molecular weight contaminants in our CsgA preparations and found that CsgE
still potently inhibits CsgA polymerization. These results suggest that, in vitro,

CsgE prevents the self-assembly of CsgA into amyloid fibers.

Ring-fused 2-pyridone compounds prevent polymerization of the major curli
subunit CsgA
A ring-fused 2-pyridone compound, called FNO75, inhibited the in vitro

polymerization of the disease associated polypetide Ap [27]. FNO75 and a closely
related derivative, BibC6, also inhibited curli production in vivo and blocked curli-
dependent pellicle formation by the uropathogenic E. coli UTI89 in broth [data
submitted for publication, Hultgren lab].

| tested the hypothesis that FNO75 and BibC6 were directly inhibiting CsgA
polymerization using the ThT assay. CsgA was purified in a soluble, unstructured
state, and allowed to incubate in the presence or absence of FNO75 and BibC6.
At a fivefold molar excess (125 uM), FNO75 and BibC6 both completely inhibited

ThT fluorescence of 25 uM CsgA over time (Appendix). FNO75 proved to inhibit
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ThT fluorescence at concentrations as low as 10 uM, representing a 2.5-fold
excess of protein to compound (Appendix). Direct comparison of the two
compounds at 25 uM indicated partial inhibition of CsgA polymerization by BibC6
and complete inhibition by FNO75 at this concentration (data not shown). Thus,
FNO75 was more potent than BibC6 in this ThT assay. Increased levels of
soluble CsgA were observed by immunoblot analysis when the protein was
incubated in the presence of 125 uM of either compound (Appendix),
demonstrating that the compounds inhibited CsgA polymerization and not ThT
binding to the fibers. Furthermore, the relative fluorescent units of samples
containing ThT and preformed CsgA fibers remained constant when incubated
with the compounds, demonstrating that compounds were not inhibiting ThT
binding to fibers or disassociating preformed fibers (data not shown). To
determine if the observed inhibition of amyloid polymerization was specific to
FNO75 and BibC6, we also included a previously characterized ring-fused 2-
pyridone that inhibits type 1 pilus biogenesis, BibC10. BibC10 did not inhibit curli
assembly in vivo. As expected, CsgA was able to polymerize into an insoluble
amyloid fiber in the presence of a five-fold molar excess of BibC10 (Appendix
and data not shown).

These inhibitor studies highlight the efficacy of using CsgA polymerization
and curli biogenesis as a platform to test novel compounds or proteins for the
ability to inhibit amyloid biogenesis. The curli system has two advantages
compared to using chemically synthesized disease associated peptides. First,

CsgA protein purification is cheaper and more consistent than the synthesis and
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preparation of the disease associated peptides such as Ag and IAPP. Many
studies use different protocols for preparing these peptides, but in our system
CsgA can be purified as soluble protein using standard protein purification
techniques. Second, curli biogenesis is an in vivo process that occurs in the
presence of a dedicated nucleator. Any compound that inhibits amyloid
polymerization in vitro will have to be tested in an animal model where seeded
mechanisms of amyloid biogenesis have been difficult to reproduce. Initial in vivo
studies for any novel compound can be tested cheaply by incubating the
compound with curli-producing bacteria. The assembly of curli is a regulated,
template mediated polymerization process. E. coli has evolved a mechanism of
producing amyloid fibers without the accumulation of cytotoxic intermediates. Our
continued study of curli biogenesis will enhance our perspective of amyloid
folding pathways in general and could potentially lead to novel therapeutics

targeting disease-associated amyloidosis.
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Appendix: Investigating inhibitors of CsgA polymerization.

Amyloid fibers associated with neurodegenerative diseases are thought to
polymerize in vivo via a nucleus dependent, template mediated mechanism. Curli
fibers are an excellent model for in vivo study of amyloid fibers because curli
polymerize via a nucleus dependent, template mediated mechanism. This makes
developing assays that test inhibition of curli polymerization medically relevant.
From an in vitro perspective, the ThT assay in particuar is a potent assay that
can be used to screen small molecule libraries for inhibitors of amyloid
biogenesis. | have used the ThT assay to demonstrate that both CsgE and ring-

fused 2-pyridones inhibit CsgA polymerization (Fig. 1).

The ring-fused 2-pyridone inhibitor studies was recently accepted for publication
in Nature Chemical Biology, and CsgE inhibition studies are being thoroughly
investigated by Matthew Badtke. These results have been included in a

manuscript currently.

Experimental Procedures

CsgA purification. C-terminal polyhistidine tagged CsgA was purified using a
modified denaturing protocol. NEB 3016 slyD cells harboring a pET11d vector
containing a sec-signal sequence minus CsgA (pNH11) were grown to ODgg 0.9,
induced with 0.5 mM IPTG, and incubated for one hour at 37° C. Cells were
collected by centifugation and stored at -80° C. Cells were lysed by addition of 8

M guanidine hydrochloride, 50 mM potassium phosphate solution pH 7.2. 50 mL
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of lysis solution was used per pellet generated from a 500 ml culture. The lysate
was incubated, stirring, at 4° C for 48hrs. The insoluble portion of the lysate was
removed by centrifuging at 10,000 x g 4° C for 15 min and the resulting
supernatant was incubated with NiNTA resin (Sigma Aldrich, Atlanta, GA) for 1
hour at room temperature with rocking. CsgA was purified using Nickel affinity
beads in a Kontes column. The beads were washed with 50 mM potassium
phosphate. CsgA was eluted from the column using a 0.5 M imidazole 50 mM
potassium phosphate solution. Fractions were collected and analyzed for the
presence of protein using the BCA assay (Thermo Scientific, Rockford, IL) and

SDS PAGE.

CsgE purification. C-terminal polyhistidine tagged CsgE was purified from NEB
3016 cells (New England Biolabs, Ipswich, MA) harboring a pET11d vector
containing a sec-signal sequence minus CsgE (pNH27). Cells were grown to
ODeoo 0.9, induced with 0.5 mM IPTG, and incubated for one hour at 37° C. The
cells were harvested, resuspended in 50 mM potassium phosphate solution pH
7.2 solution that also contained, 1x PMSF, and 1 ug/ml DNAse. The cells were
lysed with a French press. The insoluble portion of the lysate was removed by
centrifuging at 10,000 x g 4° C for 15 min and the resulting supernatant was
incubated with NiNTA resin (Sigma Aldrich, Atlanta, GA). The polyhistidine-
tagged CsgE was affinity purified by collecting the nickel beads as the mixture
passed through a Kontes column. The beads were washed with 50 mM KPi

pH7.2 first, and then washed with 50 mM KPi containing 12.5 mM immidazole
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pH7.2. CsgE was eluted from the column using 500 mM immidazole in 50 mM
KPi pH 7.2. Fractions were collected and analyzed for the presence of protein by
SDS PAGE. Protein concentration was determined by the BCA assay (Thermo
Scientific, Rockford, IL). The CsgE mock purifications were performed as above,

but the NE 3016 strain containing pET11d.

Thioflavin-T (ThT) Assay. Proteins were mixed with 20 uM thioflavin-T (ThT) in
96-well plates and incubated at room temperature. Every 10 minutes samples
were excited at 438 nm and fluorescence emitted 495 nm with a 475 nm cutoff
was measured using a Spectramax M2 plate reader (Molecular Devices,
Sunnyvale, CA). Samples were shaken for 5 seconds before each read. Due to
the differences in preparation—to-preparation protein yield, a representative ThT
kinetic graph taken from a series of ThT assays is shown. ThT fluorescence was
normalized using (Fi — Fo)/(Fmax- Fo) were Fowas the ThT background intensity
(fluorescence arbitrary unit), Fywas the ThT intensity of samples, and Fmax was

the maximum ThT intensity of the reaction.

CsgA solubility, SDS/PAGE, Western Blotting. 25 uM CsgA was incubated in the
presence of 125 uM FNO75 or BibC6 for 4.5 or 14 hours. At the indicated time
point, the samples were spun at 13, 200 rpms in a microcentrifuge (Eppendorf,
Hamburg, Germany). The supernatant was collected and was probed for CsgA

using previously described methods [25].

126



Figure legend

Figure 1. Inhibitors of CsgA Polymerization in vitro. (A) CsgE prevents in
vitro polymerization of CsgA into amyloid fibers. Representative thioflavin-T
kinetic plot of 25 uM CsgA incubated at room temperature alone (®) or in the
presence of 22. 5 uM CsgE (®). Relative fluorescence units (RFUs) emitted at
495 nm were recorded every 30 min. after excitation at 438 nm. (B) Ring-fused 2-
pyridone compounds inhibit in vitro polymerization of CsgA. The fluorescence of
freshly purified CsgA mixed with 20 uM ThT, and respective ring-fused 2-
pyridone compounds, was measured at 495 nm after excitation at 438 nm. Data
points corresponding to 30-min intervals are displayed. (Inset) Reductions in ThT
fluorescence corresponded to reduced CsgA polymerization. Soluble CsgA levels
were confirmed by SDS-PAGE and western analysis using anti-CsgA antibodies.
Polymerized CsgA is SDS insoluble and migration is impeded during

electrophoresis.

127



[ ] ® L
™ L]
osh ° @ 25 pM CsgA
» 0.
E ® +225uM CsgE
o ]
2 osf .
©
4
E 04} .
©
E .
Z o2} .
[ N
® e
e g% " ®
T %, l='.'ni"' °
¢ 1 1 1 1 ]
DU 120 240 360 480 600 720
Time (min.)
B 10r 25uM CsgA +
= DIMSO
-= 125uM FNOT5
» 08 “e 10uM FNOT5
§ _& 2 5uM FNOT5
@ -& 125uM BibCt
-% 0.6 & 10pM BibC6
E =2 5uM BibC6
e -5 125uM C10
N 041 Supemnatant
[14]
= 125uM 125pM
5 N DMSO no75  BibCe
z _
G'z B "I; 4.5
.f 72 e - . hrs
oit 7 oy el 2
- e 2 BB, Bcecref Ao P
L aggie S e Toee® O teed © 1) 14
A0 i R ! | I L e [1E
0 300 600 a00 1200 1500
Time (min.) aCsgA

Figure A.1. Inhibitors of in vitro CsgA polymerization.
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