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Abstract

Amyloids are a class of protein assembly known for their extreme stability and ordered,
fibrous structure. Functional amyloids are a subclass of amyloids that can be found in all
domains of cellular life. Functional amyloids fulfill key biological roles that help the organism
that produce them grow and thrive in their environment. Functional amyloids can act as
structural scaffolds, storage mechanisms, antibacterial agents, and major components of
microbial biofilms. The most well studied functional amyloid is curli, the predominant protein
component of the E. coli biofilm. The major protein subunit of curli is a fast-aggregating
amyloid protein called CsgA. E. coli secretes intrinsically disordered CsgA to the outside of the
cell where it can then fold into an amyloid-competent state and form fibers. Though CsgA has a
high propensity to form amyloid fibers its polymerization can be controlled through different
biochemical mechanisms. In this dissertation | focused on two ways that functional amyloid
formation is controlled, both in vivo and in vitro.

E. coli uses an amyloid inhibitor protein called CsgC to control CsgA aggregation within
the cell. CsgC is a periplasmic chaperone-like protein that maintains CsgA in in an intrinsically
disordered state. In collaboration with the Olofsson (Umea University, Sweden) and Ruotolo
(University of Michigan) labs, I investigated the interaction between CsgC and CsgA. We
observed a 1:1 heterodimeric complex of CsgC:CsgA that suggested that CsgC interacts with
monomers to keep CsgA unfolded and non-amyloidogenic. We found that after interacting
transiently with CsgC, CsgA monomers aggregate much more slowly than compared to a

negative control. To learn more about how CsgC interacts with CsgA, | developed an in vivo
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screening assay that was able to identify CsgC residues that are important for structural stability
and amyloid inhibition activity.

Controlling CsgA aggregation in vitro is also a useful research endeavor. Upon
purification, intrinsically disordered CsgA proteins immediately begin oligomerizing and within
a few hours stable, mature amyloid fibers will have formed. To aid the study of amyloid proteins,
| created a CsgA variant called CsgAcc that remains monomeric and unfolded while oxidized.
When CsgAcc is incubated under reducing conditions, an intramolecular disulfide bond is
broken, and the protein adopts the amyloid conformation. Therefore, the aggregation propensity
of CsgAcc can be manipulated by the addition of a reducing agent. CsgAcc will enable scientists
to control amyloid formation in ways that were never possible before, hopefully leading to
insights into how aggregation occurs. Inaddition, an amyloid protein that responds to a reducing
agent to begin polymerization could prove to be a useful building block for constructing complex

structures using functional amyloid fibers as the core structural element.
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Chapter 1 Functional Amyloids are the Rule Rather Than the Exception in Cellular
Biology*

1.1 Abstract

Amyloids are a class of protein aggregates that have been historically characterized by
their relationship with human disease. Indeed, amyloids can be the result of “misfolded” proteins
that self-associate to form insoluble, extracellular plaques in diseased tissue. For the first 150
years of their study, the pathogen-first definition of amyloids was sufficient. However, at the turn
of the twenty-first century new observations of amyloids fostered an appreciation for non-
pathological roles for amyloids in cellular systems. There is now evidence from all domains of
life that amyloids can be non-pathogenic and ‘functional’, and that their formation can be the
result of purposeful and controlled cellular processes. So called “functional amyloids™ fulfill an
assortment of biological functionsincluding acting as structural scaffolds, regulatory
mechanisms, and storage mechanisms. The conceptual convergence of amyloids serving a
functional role has been repeatedly confirmed by discoveries of additional functional amyloids.
With dozens already known, and with the vigorous rate of discovery, the biology of amyloids is

robustly represented by non-pathogenic amyloids.

1 Portions of this chapterare associated with the following publication: Balistreri, A., Goetzler, E., and Chapman, M.
(2020). Functional Amyloids Are the Rule Rather Than the Exception in Cellular Biology. Microorganisms 8, 1951.
AB and EG wrote the manuscript. MC and AB edited the manuscript.



1.2 Introduction

Amyloids are fibril protein aggregates originally identified in 1854 by Rudolph Virchow
when he observed iodine-stained plaques in abnormal brain tissues [1-3]. Since the nineteenth
century amyloids, and the extracellular bodies they form in human tissue, have been inextricably
connected to human disease and neurological dysfunction. At the turn of the twenty-first century,
new observations led to an expansion of the definition of amyloids to include a class of non-
pathogenic aggregates [1,4]. “Functional amyloids” are created by organisms intentionally, in
order to exploit their many useful properties [5]. In the last 20 years the list of functional amyloid
proteins has blossomed (See Table 1-1). This has shifted views of amyloid biology from
singularly pathogenic and cytotoxic structures to a protein fold that contributes positively to
cellular biology. Our thesis put forth here is that functional amyloids are the principle class of

amyloids found in nature.

1.3 The established perspective of amyloid proteins.

Since their discovery, amyloids have been most closely associated with human disease.
The amyloid field was ushered into medical science in 1854 when the German physician
Rudolph Virchow observed iodine-stained “copora amylacae” in nervous tissue [6],
characterizing the bodies as being starch-like (Latin for starch is amylum). Seven decades later
the textile dye Congo Red was identified as a useful compound for specifically staining amyloids
in histological samples taken from diseased brain tissues [7]. Inthe same 1927 publication, the
Belgian physician Paul Divry observed that Congo Red stained Alois Alzheimer’s plaques that
he associated with presenile dementia, thereby connecting these plaques to amyloids [1,7].
Divry’s publication sparked an exploration foramyloids in histological samples that continued

through the twentieth century, during which scientists found evidence of amyloids related to both



localized and systematic syndromes [1,2]. The Pras extraction method introduced in 1968
allowed for greater biochemical and structural characterization of amyloids [1,8]. Efficient fiber
extraction coupled with amino acid sequencing lead researchers to determine that amyloid fibers
associated with neuropathic or systemic disorders were composed of different proteins, each with
their own clinical manifestations [2]. There are now 36 different proteins that have been
identified as forming pathogenic amyloid depositsin human tissues [9]. Amyloids remain a
widely discussed topic in scientific and medical literature; in the last five years an average of
5,000 articles per year were written on the topic of “amyloids” [10].

At the turn of the twenty-first century, several groups identified roles for amyloids in
biology other than causing disease. In the late 1990’s yeast geneticists finally solved the strange
issue of non-Mendelian heritable traits propagating in yeast [11-14]. An infective amyloid
protein called Sup35 was shown to have epigenetic-like control over protein expression based on
the presence of the amyloid or soluble form of the protein [11-14]. In 2000 it was discovered
that amyloid rodlets made up of hydrophobins allow fungi to escape an aquatic environment
[15]. Inthe same year, amyloid proteins called chorions were identified as the major protective
component surrounding silkmoth eggs [16]. In 2002, curli, the main proteinaceous component of
the E. coli biofilm, were revealed to share biophysical characteristics with pathogenic amyloid
fibers [17]. However, unlike pathogenic amyloids, these functional amyloids are not the product
of stochastic protein misfolding and are often assembled via tightly regulated and controlled
pathways. Since the early 2000’s many functional amyloids proteins that have been discovered
and described. The functional amyloids share biophysical characteristics with their pathogenic

counterparts, including tinctorial properties, ability to self-assemble, and their fibrous 3D



structure (Figure 1-1). There are now approximately 30 new functional amyloid proteins, and

new ones are continuing to be described [18].

1.4 The amyloid fold is intrinsic to polypeptides.

Classically, amyloids have been defined by their biophysical characteristics, including the
cross-p structure where B-strands align perpendicular to the fiber axis [3]. Recently, the amyloid
structural catalog was expanded to include the cross-a structure of phenol-soluble modulins, a
functional amyloid produced by S. aureus [19]. Collectively, all amyloids are highly ordered
aggregates that are in a low energy conformation and that are highly stable and resistant to
denaturation [20,21].

It has been suggested that the amyloid fold can be achieved by peptides, regardless of
their specific amino acid composition. Anfinsen’s dogma describes protein folding wherein the
3D structure of a fully folded protein is determined by its primary sequence [22]. Certainly, this
is true of globular proteins that adopt their native fold under optimal conditions. However, the
native fold is only one of several thermodynamic minima [21,23]. Indeed, even a natively folded
protein exists in a metastable state, and with enough energy proteins can fold into the amyloid -
specific, cross B-sheet conformation that is the lowest energy state [24] (Figure 1-2).
Experiments that observed human lysozyme and transthyretin adopting the amyloid fold found
that partially unstable or unfolded domains were the focal point of amyloidogenesis [25-27].
However, even stably-folded proteins such as the SH3 domain or acylphosphatase, can form
amyloid after partial denaturation [57-59]. Even chains of polyalanine and polyglutamate have
been shown to adopt the amyloid fold during in silico modeling experiments [60-62]. Therefore,
given the ubiquity of the amyloid conformation in protein structure, it is not surprising that

amyloids are part of normal cellular biology.



1.5 Curli and Fap are bacterial amyloids whose assembly is highly orchestrated.

Arguably the most-studied bacterial functional amyloid are curli amyloids that are
produced in an exquisitely-controlled process by E. coli [5] (Figure 1-3a). The curli specific
operon (csg) contains 7 proteins including the master biofilm regulator protein CsgD which
regulates curli production by responding to changes in the expression of hundreds of genes and
external stimuli [63]. CsgA, the major curli subunit and functional amyloid protein, is translated
and translocated directly into the periplasm through the SecYEG complex on the E. coli inner
membrane [64]. Inside the periplasm, the nascent and unfolded CsgA is stabilized in an
unstructured state by a chaperone-like protein called CsgC [65]. A second chaperone, CsgE,
ferries CsgA to an outer membrane pore composed of the homo-nonameric CsgG [66]. CsgA
then passes through the pore to be fully secreted to the extracellular space [67]. CsgB, the curli
nucleator protein, is also secreted in the same fashion [68], however, it becomes anchored to the
cell surface by CsgF [69]. Finally, curli fibers form on the cell surface after extracellular CsgA
amyloid formation is templated by CsgB nuclei [70]. It is through the action of all these proteins
that E. coli can assemble amyloid fibers at the correct time and space so that cellular fitness is
not compromised.

Fap is another bacterial biofilm amyloid that displays a well-controlled mechanism of
formation in P. fluorescens and other Pseudomonads [71]. In fact, the mechanism for amyloid
formation in P. fluorescens is quite similar to the mechanism responsible for curli production in
E. coli [72] (Figure 1-3b). Fap production is controlled by a larger operon composed of 6 genes,
named fapABCDEF, in which the dominant amyloid forming protein is FapC [73]. FapA acts as
a regulator of transcription, which alters the distribution of FapB and FapC in the amyloid

product [73]. FapB is a nucleator protein that assists FapC as it assembles on the outer membrane



of the bacterium [71], similar to CsgA-CsgB in E. coli [74]. FapE is also incorporated at the end
of the amyloid fibrils, potentially serving as a site for protein-protein interaction [73]. FapF
forms a channel that shuttles FapB, FapC, and FapE to the outside of the cell membrane [75],
like CsgG in E. coli [76]. The role of FapD is still a little unclear, though it has essential
proteolytic activity necessary for FapC secretion [75] and may potentially be involved in
cleavage of FapF [75].

Both curli and Fap amyloids are major structural components the biofilm matrix.
Biofilms are entrenched colonies of bacteria that secrete a dense matrix of polysaccharides,
amyloid fibers, and nucleic acids that collectively make up the extracellular matrix [77]. Within a
biofilm, bacteria can continue to grow and survive some of the harshest environments, making
biofilms an important factor in bacterial infection and pathogenesis [78]. When it comes to
Proteobacteria, curli amyloids are essential biofilm components, illustrated by Reichhardt et al.
estimating that curli make up as much as 85% of the total carbon in the E. coli extracellular
matrix [79]. Indeed, the use of small molecule inhibitors targeting curli production can have a
destructive effect on biofilm formation [80]. Outside of proteobacteria, Firmicutes such as S.
aureus and B. subtilis utilize PSM’s [81] and TasA [33] amyloids as notable biofilm components.
Even in eukaryotes such as fungi [41] and microalgae [42], amyloids are the conduit that give

biofilms their adhesive properties.

1.6 Other functional amyloids are also assembled in a controlled manner.

Yeast cells have adapted multiple ways to control the formation of amyloid fibers
associated with the yeast prion Sup35 and its commonly observed phenotype [PSI+] [82]. Sup35
prion formation is dependent on another yeast prion called [PIN+], the insoluble amyloid form of

Rnql, a protein of unknown function [83]. The mechanism for the regulation of [PSI1+] by



[PIN+] is still unclear as it relies on an inefficient and inconsistent process called “seeding”.
Seeding describes the de novo construction of one prion through the interaction with a
preexisting prion [83]. Though [PIN+] is required for the de novo formation of [PSI+], [PIN+] is
not required for the extensive propagation of [PSI+] [84]. In fact, once the [PSI+] state has been
established, [PIN+] is no longer necessary [84]. Once amyloid formation has started, the
chaperone protein Hsp104 is required for the maintenance and propagation of [PS1+] [85]. There
exists a critical concentration of Hsp104 that is necessary for [PSI+] formation. Too little
chaperone prevents prion formation entirely, and too high of a concentration of Hsp104, the
chaperone will dissociate from the unfolded prion intermediate and prevent proper aggregation
[85]. A lack of Hspl104 has been proven to cure yeast cells of [PSI+]and return them to the [PSI -
] state [85]. The manner in which Hsp104 facilitates aggregation is not fully clear, though it is
possible Hsp104 cleaves the Sup35 protein into smaller fragments that are necessary for their
inheritance and propagation as amyloids [86]. Sup35 aggregation is also controlled by
association with Sup45, a binding partner that is essential for translation termination behavior
[87]. When Sup45 is overexpressed, [PSI+] formation is inhibited [88].

Sup35 plays an impressive role in yeast biology, acting as a method to quickly increase
genetic variation in response to swaying environmental conditions. [PSI+]is a yeast prion that
represents the inactivated, aggregated state of a ribosomal elongation factor Sup35 [89]. When
Sup35 is soluble and active, the predominant phenotype known as [psi-], the yeast ribosome
correctly recognizes stop codons and terminates translation [90]. Cells can undergo a transition
to the [PSI+] state, using the controlled mechanism discussed above, which decreases nonsense

suppression [91]. When yeast cells are challenged to grow under stressful growth conditions,



[PSI+] cells are capable of creating novel, heritable phenotypes more fit to survive in the new
environment [89].

Ina recent publication, Yuan et al. showed that bacteria also use functional amyloids to
speed up the development of new protein variants [92]. Clostridium botulinum has a
transcription factor Rho that was found to contain a well-conserved candidate prion-like domain
(cPrD) [92]. Chimeric proteins containing Cb-Rho cPrD produced phenotypes identical to [psi-]
and [PSI+] in recombinant E. coil [92]. Interestingly, while [PSI+] decreases translational
fidelity in yeast, Rho prions decrease transcriptional fidelity in bacteria, creating genetic
variation in distinct yet similar manners (Figure 1-4).

Human cells have established a well-controlled mechanism to post-translationally
regulate PMel17 amyloid formation in melanosomes. After synthesis, PMell7 associates with
intraluminal vesicles (ILVs) of multivesicular bodies, where further processing and
amylogenesis take place [93]. The tetraspanin protein CD63 ensures proper association of pre-
processed PMell7 with ILVs by protecting it from degradation pathways [94]. Apolipoprotein E
(ApoE) is also important foramyloid formation after CD63 has carried out its function [95].
Though its role is not fully understood, it acts downstream of CD63 and likely functions to assist
in the sorting of PMell17 as it associates with ILVs [95]. Once associated with ILVs, PMell7 is
cleaved into two subunits, Ma and M, in a specified Golgi compartment [96] by a furin-like
proprotein convertase [97]. The two subunits remain connected by a disulfide bond [96] until the
endosomal sheddase BACE?2 catalyzes the release of the M subunit from the membrane-bound
Ma complex [98]. The M subunit is subsequently degraded by y-secretase activity [99]. The

larger fragment, Ma, remains membrane-bound to the membranes of ILVs and act as nucleation



sites upon which amyloid formation takes place [96]. Ma is further cleaved into 3 subdomains by
lysosomal proteases, fragments which form the core of PMel17 amyloids [100].

While the formation of functional amyloids is tightly regulated and predictable,
pathogenic amyloid formation is stochastic and unpredictable. The inappropriate accumulation of
amyloid deposits and their associated pathologies are often age-dependent processes [101,102].
Amyloid formation and the resulting protein folding diseases can be coupled to the natural
decline in chaperone activity and proteosome capacity in the cell [102]. Amyloidoses most often
begin with a spontaneous event during which normal proteins go above a critical concentration
and transition into a pathogenic state [24]. In other cases, some amyloidoses are the result of
infection. Prusiner’s protein-only theory postulated that the infective agent transferred between
individuals in prion diseases were misfolded proteins [103]. Regarding sporadic Parkinson
Disease, Braak’s hypothesis suggests that alpha-synuclein aggregation could be triggered by an
outside pathogens that introduce amyloids to distal nervous tissue [104]. Indeed, the microbiome
can mitigate neurodegenerative diseases like Parkinson’s and Alzheimer’s in animal models
[105-108]. Inthe case of dialysis-related amyloidosis, interventional medicine is to blame for the
buildup of B2-microglobulin amyloids at needle injection sites [109]. These examples illustrate
the sometimes random nature of pathogenic amyloidogenesis, which is in contrast to the

controlled and predictable ways that functional amyloids form.

1.7 Conclusions

Historically, amyloids have been conceptually tied to the devastating human diseases that
they can cause. However, in the last twenty years there have also been dozens of functional
amyloids described that have helped usher in a new appreciation of amyloid biology. Since the

amyloid conformation is a structure that is intrinsically available to all polypeptides it is not



surprising that Nature has found many uses for the amyloid state. Indeed, examples of beneficial
amyloids can be found all over biology, performing a wide range of tasks. Evidence of the
longevity and usefulness of functional amyloids can be seen in their widespread stewardship.
Where functional amyloids used to represent the exceptions in amyloid biology, they are now
robustly represented and provide a template for understanding how amyloid formation can occur

without causing cellular toxicity and death.

1.8 Dissertation Goals

Amyloid formation is a ubiquitous process in cellular biology. Pathogenic amyloids are
proteins which have misfolded and aggregated in error, leading to no small amount of human
suffering. On the contrary, functional amyloids are proteins that do not misfold, but rather, form
amyloid structures fora known purpose. The goal of this dissertation is to better understand how
the spontaneous and exergonic aggregation of amyloid proteins can be restrained. In chapter 2 |
describe the use of disulfide engineering to create CsgAcc, a double cysteine variant of CsgA
that stays intrinsically disordered and monomeric under oxidized conditions. CsgAcc
aggregation is triggered when the protein is reduced and an intramolecular disulfide bond is
broken, allowing for proper folding to take place. Making CsgA aggregation redox sensitive
allows researchers to start and stop aggregation whenever they like. In chapter 3 | report our
findings about CsgC and its mechanism of action. CsgC is a chaperone-like protein that inhibits
CsgA amyloid formation within the E. coli periplasm. Amyloid formation consists of several
stages as the amyloid protein transition from an intrinsically disordered protein to a beta-sheet
rich fiber subunit. It is currently unclear which stage of amyloid formation CsgC is most
effective. We found that CsgC makes a heterodimeric complex with CsgA and that the

interaction between CsgC and CsgA is transient but affects CsgA monomer aggregation
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propensity for at least two days. In chapter 4 | detail additional protein engineering experiments
aimed at investigating which residues of CsgC are significant for its activity. We used directed
evolution and a rational site-directed mutagenesis strategy to attempt to learn more about CsgC
residues of significance. Lastly, I talk about creating three CsgC secreting strains with the goal of

using CsgC in a novel way to inhibit amyloid aggregation in the mammalian gut.
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1.9 Figures and Tables

Figure 1-1. Negatively stained transmission electron micrographs of pathogenic and
functional amyloid fibrils.

(@) a-Synuclein fibers. (b) AB1-40 fibrils. (c) Amylin fibrils. (d) Curli fibrils. () HET-s218-289
fibrils. (f) IIKIIK fibrils associated with PSMa. Scale bars represent 200 nm. Published with
permission from Drs. Robert Tycko and Neha Jain.
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Figure 1-2. Cartoon showing the complex protein folding landscape.

Nascent, unfolded proteins travel down an energy gradient seeking the lowest energy
conformation. Proteins can sample various energy minima on this journey including folding
intermediates.
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Figure 1-3. The bacterial amyloid systems called curli in E. coli and fap in P. aeruginosa
are controlled through complex, multi-protein mechanisms.

(@) The curli operon contains 7 proteins (6 shown here), each playing a necessary role in
maintaining spatiotemporal control over polymerization of the major curli subunit CsgA (Tian,
2015). CsgA is translated and translocated directly into the periplasm using the SecYEG
secretion pore (PDB: 4V6M). CsgC (PDB: 2y2y) is a chaperone-like protein which inhibits
CsgA aggregation within the periplasm. CsgE (PDB: 2NAA4) is another periplasmic chaperone
which fosters CsgA translocation through the nonomeric curli assembly pore CsgG (PDB:
6L7A). Lastly, CsgF (PDB:6L7A) and CsgB both help to localize curli formation to the CsgG
pore and the outer membrane, respectively. (b) In Pseudomonas, the major fap component FapC,
is secreted into the periplasm using a SecYEG pore. FapD (modeled after the homologous C39
peptidase domain of ABC transporter PCAT1, PDB: 4RY2)is a peptidase which performs an
essential proteolytic modification to one or more of the fap proteins. FapC is passed through the
outer membrane using FapF, a trimeric polypeptide transporter (PDB: 5067). Finally, FapB and
FapE are essential minor components of fap amyloids, with FapB potentially playing a nucleator
role similar to CsgB. Models shown of FapC, FapB, and FapE are structural predictions
produced by the FALCON@home server since there is no putative structural data in the
literature.
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Figure 1-4. The insoluble amyloid form of Sup35p and Cb-Rho allow the creation of
protein variants better suited to survive in sudden environmental fluctuations.

In yeast, the loss of an active translation termination factor Sup35p leads to stop codon read -
through, giving rise to new phenotypes. In bacteria, the same result is accomplished through the
loss of the transcriptional terminator factor Rho and thereby a decrease in transcriptional fidelity.
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Table 1-1. Known functional amyloids and their wide range of putative functions.

Gene or
Amyloid Amyloid Function Species Year  Reference
Protein
Bacteria
E. coli, Salmonella
Curli CsgA Biofilm formation spp, and other 2002 [17]
Enterobacteriacae
Klebsiella
Microcin E492 Mcc Toxin storage 2005 [28]
pneumoniae
Hairpins HpaG Virulence Factor Xanthanomas spp. 2007 [29]
Phenol-soluble Biofilm formationand  Staphylococcus
PSM 2007  [30]
modulins virulence aureus
Mycobacterium
MTP mtp Pili formation 2007  [31]
tuberculosis
Pseudomonas
FapC FapC Biofilm formation fluorescens and other 2010  [32]
Pseudomonads
TasA TasA Biofilm formation Bacillus subtilis 2010 [33]
Streptococcus
P1 P1 Adhesin 2012 [34]
mutans
Listeria
Listeriolysin LLO Phagolysosome 2012  [35]
monocytogenes
Plasmid replication Pseudomonas
RepA RepA 2016  [36]
regulator aeruginosa
Decreasing surface Streptomyces
Chaplins ChpA-H 2017  [37]
tension coelicolor



Transcriptional

Clostridium

Rho Rho 2017 [38]
regulator botulinum
Protists
Plasmodium
MSP2 msp2 Erythrocyte invasion 2009 [39]
falciparum
Fungi
Het-s het-s Heterokaryon formation Podospora anserina 1997  [40]
Nitrogen catabolism Saccharomyces
Ure2t Ure2 1997 [14]
regulator cerevisiae
Saccharomyces
Sup357 Sup35 Translation regulator 1997 [14]
cerevisiae
Schizophyllum
Breaking water surface
Hydrophobins SC3, etc commune, 2000 [15]
tension
basidiomycetes, etc.
Als Candida albicansand
Adhesions Biofilm formation 2004  [41]
Proteins other fungi
Plants
Coccomyxa spp.,
Adhesive Glaphyrella
unknown EPS{ component 2008 [42]
substance trebouxiodes, and
other microalgae
Rubber
HevB1 latex biosynthesis Hevea brasiliensis 2012  [43]
elongation factor
Defensins RsAFP-19  Antifungal defense Raphanussativus 2013  [44]
AMP2 Cn-AMP2  Antimicrobial defense Cocos nucifera 2016  [45]
Animals
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Bombyx mori,

Chorions Chorions Egg protection 2000 [16]
Papilio xuthus, etc.
Nephila edulis,
Spidroin Spidroin Silk production Araneus diadematus, 2002 [46]
etc.
CPEB CPEB Translation regulator Aplysia californica 2003 [47]
Pmell7 Pmell7 Melanin synthesis Homo sapiens 2005 [48]
Megabalanusrosa
Cement cp-100k surface adhesion 2006  [49]
and otherbarnacles
Peptide GLP-2,
Storage Homo sapiens 2009 [50]
hormones VIP, etc.
Anionic Pachymedusa
aDrs host defense 2012 [51]
dermaseptin dacnicolor
Drosophila
Orb2 Orb2 Memory persistence 2012 [52]
melanogaster
epididymal
cst8, etc. Sperm maturation Mus musculus 2012 [53]
cystatin
RIP Kkinases RIP1/3 Necrosis regulator Homo sapiens 2012 [54]
Uperin 3.5 uperin 3.5 Antimicrobial defense Uperoleia mjobergii 2016  [55]
Archaea
Biofilm amyloid
HVO_143  Biofilm formation Haloferax volcanii 2014  [56]

protein

T Only the two first yeast prions that were identified are mentioned here. This is not an inclusive list; there are many

more examplesof prions performing important functionsin yeast.

1 Extracellular polymeric substance
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Chapter 2 Tuning Functional Amyloid Formation through Disulfide Engineering?

2.1 Abstract

Many organisms produce ‘functional’ amyloid fibers, which are stable protein polymers
that serve many roles in cellular biology. E. coli and other Enterobacteriaceae assemble
functional amyloid fibers called curli that are the main protein component of the biofilm
extracellular matrix. CsgA is the major protein subunit of curli and will rapidly adopt the
polymeric amyloid conformation in vitro. The rapid and irreversible nature of CsgA amyloid
formation makes it challenging to study in vitro. Here, we engineered CsgA so that amyloid
formation could be tuned to the redox state of the protein. A double cysteine variant of CsgA
called CsgAcc was created and characterized for its ability to form amyloid. When kept under
oxidizing conditions, CsgAcc did not adopt a B-sheet rich structure or form detectable amyloid-
like aggregates. Oxidized CsgAcc remained in a soluble, non-amyloid state for at least 90 days.
The addition of reducing agents to CsgAcc resulted in amyloid formation within hours. The
amyloid fibers formed by CsgAcc were indistinguishable from the fibers made by CsgA WT.
When measured by thioflavin T fluorescence the amyloid formation by CsgAccin the reduced
form displayed the same lag, fast, and plateau phases as CsgA WT. Amyloid formation by

CsgAcc could be halted by the addition of oxidizing agents. Therefore, CsgAcc serves as a proof-

2 This chapteris associated with the following publication: Balistreri, A., Kahana,E., Janakiraman,S., and
Chapman, M.R. (2020). Tuning Functional Amyloid Formation Through Disulfide Engineering. Front. Microbiol.
11. AB and MC contributed conception and design of the study. AB, EK, and SJ performed the experiments. AB
wrote the manuscript; AB and MC contributed to editing and revising the manuscript.
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of-concept for capitalizing on the convertible nature of disulfide bonds to control the aggregation

of amyloidogenic proteins.

2.2 Introduction

Amyloids are fibril aggregates of proteins which have misfolded to form a characteristic
cross B-sheet secondary structure (Chiti and Dobson, 2006). The fibers deposit in cells in dense
bodies known as plagques and are implicated in many well-known neurodegenerative diseases
including Alzheimer, Parkinson, and Huntington Disease (Chiti and Dobson, 2017). For this
reason the nature of amyloids and how they form is an active area of research. Though the
disease causing amyloids are composed of misfolded proteins, there are now many examples of
“functional amyloids” that organisms create fora predetermined purpose (Chapman et al., 2002;
Otzen, 2010). These fibers are composed of proteins that adopt the amyloid fold not by
misfolding, rather they do so intentionally and efficiently (Deshmukh et al., 2018). Functional
amyloids provide researchers with well-defined and adaptable models for studying the basic

tenets of amyloid formation.

Curli are functional amyloids produced by E. coli and other Enterobacteriaceae (Dueholm
et al., 2012). Curli amyloids are the main proteinaceous component of the biofilm extracellular
matrix (Chapman et al., 2002; Reichhardt and Cegelski, 2014). The major protein subunit of
curli, called CsgA, is secreted in a monomeric, unstructured state (Wang et al., 2007). CsgA
undergoes self-assembly into curli fibers on the cell surface with the help of several auxiliary
proteins belonging to the csg operon (Chapman et al., 2002; Robinson et al., 2006; Hammer et
al., 2007; Wang et al., 2008; Nenninger et al., 2009, 2011; Evans et al., 2015; Jain and Chapman,
2019). Purified CsgA readily forms amyloid fibers and there are several methods to monitor in

vitro amyloid aggregation (Wang et al., 2007; Evans et al., 2018). However, these techniques
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require handling protein samples which are in a constant state of aggregation (Evans et al.,

2018).

To minimize CsgA aggregation into amyloid during purification, the current
methodology relies on chemical denaturants (8M guanidinium hydrochloride) (Zhou et al.,
2013). Though this protocol provides useable amounts of purified CsgA, there are still several
purification steps that need to take place under non-denaturing conditions. During the final size
exclusion and buffer exchange steps there is an unavoidable loss of soluble CsgA which is

tolerated in exchange for speediness.

Here, we employ a different strategy to restrict amyloid formation and improve
purification. CsgA is an intrinsically disordered protein that transitions into a [3-sheet rich
conformation upon forming amyloid fibers (Wang et al., 2007). Therefore, a potential strategy
for controlling aggregation is targeting this transition. Disulfide bonds are tertiary structural
components of many natively folded proteins that aid in protein folding and provide stability
(Anfinsen and Scheraga, 1975). They are also by nature convertible; they can be broken and
reformed based on the redox state of the environment (Gilbert, 1995). By engineering two
cysteine residues into its sequence, we can provide CsgA the option to form an intramolecular
disulfide bond under the right conditions. Previous work has shown disulfide engineering can be
used to stabilize the native fold state of a protein (Matsumurat et al., 1989; Dombkowski et al.,
2014; Schmidt et al., 2015; Liu etal., 2016). Recently, other groups have used this technigue to
modulate amyloid formation of human amyloid proteins (Hoyer et al., 2008; Carija et al., 2019).
In this study we harness disulfide engineering as a method for stabilizing the non-native fold

state of a protein with the intention of triggering protein folding.
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We created a double cysteine variant of CsgA called CsgAcc with the goal of making
CsgA amyloid formation tunable to its redox state. CsgA contains five imperfect repeat
sequences (R1-R5) corresponding to five B-strands that exist in the final folded protein (Figure
2-1A) (Wang et al., 2007). B-strands R1 and R5 are critical to the ability of CsgA to form
amyloid (Wang et al., 2008). We hypothesized that the presence of an unnatural disulfide linkage
near R1and R5 would hinder CsgA from forming the secondary structure required for amyloid
formation. In order to allow amyloid formation to eventually occur, regions of the sequence
essential to proper folding needed to remain undisturbed. Therefore, the B-turn regions that flank
R1 and R5 offered an amenable target region. The sequence of CsgA does not contain any native
cysteine residues (Barnhart and Chapman, 2006). We decided to replace two residues of similar
size and properties to cysteine in the regions of interest. Alanine-63 and valine-140 fulfilled the
criteria and were replaced with cysteine residues (Figure 2-1B). As we hypothesized, we found
that the ability of CsgAcc to form amyloid could be stimulated by the addition of a reducing
agent, and that when kept in an oxidized form, CsgAcc remained in a soluble and non-amyloid

conformation.

2.3 Materials and Methods

Bacterial Growth. All overnight cultures were grown in LB supplemented with 100 pg/mL
ampicillin or 50 pg/mL of kanamycin at 37 °C with shaking at 220 rpm. When necessary, LB
plates were supplemented with ampicillin 100 pg/mL or kanamycin 50 pg/mL. To promote curli
formation, liquid cultures were normalized to ODeoo=1.0 and 4 uL were spotted on YESCA agar

(yeast extract casamino acids) plates and grown for 48 hours at 26°C (Evans et al., 2018).

Strains and Plasmids. The full list of strains, plasmids, and primers can be found in the

Supplemental Materials. Site directed mutagenesis was performed on pre-existing plasmids using
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the Agilent QuikChange Il XL kit (Cat No. NC9045762). Primers were designed by Agilent
QuikChange Prime Design (https://www.agilent.com/store/primerDesignProgram.jsp) and
purchased by IDT (https://www.idtdna.com). Mutagenized plasmids were constructed in the
MC1061 cell background. Correct mutations were confirmed using Sanger sequencing provided
by UM Biomedical Research Core (https://brcf.medicine.umich.edu/). Plasmids were extracted
from transformants using Promega PureYield™ Plasmid Miniprep System (Cat No. PRA1223).
Miniprep plasmids were transformed into an expression strain (NEB3016), curli-competent

strain (MC4100), or a curli-incompetent strain that lacks csgA (LSR10).

Protein Purification. CsgA and its variants were purified as described previously (Zhou et al.,
2012). CsgC was purified as described previously (Salgado et al., 2011). Size exclusion
chromatography was performed as previously described (Evans et al., 2018). Briefly, Ni-NTA
affinity chromatography elution fractions were pooled, concentrated, and passed through a 0.22
um filter. The sample underwent gel filtration using a Superdex 75 10/300 GL column (Cat
N0.45-002-903) attached to an Akta pure protein purification system. Elution fractions were
assayed for protein concentration using A220. Samples corresponding to elution peaks were
analyzed using reducing (with added p-mercaptoethanol) and non-reducing (without -

mercaptoethanol) SDS-PAGE.

Circular Dichroism (CD). CsgAcc was purified and the final samples were stored at 4°C in 50
mM KPij, pH 7.3. Secondary structure was analyzed using a Jasco J-1500 CD Spectrometer by
scanning from 190 to 260 nm at 25°C in a quartz cell with a 1 cm path. Selected samples were
reduced with the addition of tris(2-carboxyethyl)phosphine (TCEP) from a stock solution (200
mM TCEP in MQ water, pH=7.7) to a final concentration of 8 mM. The spectrum of the

appropriate buffer-only control was subtracted from each sample as a baseline.
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Denaturing Gel Electrophoresis and Western Blot. Purified protein samples were diluted in
4X SDS loading buffer with or without 3-mercaptoethanol and run on a 15% SDS PAGE gel
(Evans et al., 2018). The gels were stained with Coomassie blue dye to visualize protein bands or
the proteins were transferred to a PVDF membrane for blotting. Western Blot were performed as
previously described (Evans et al., 2018). Briefly, blots were probed with a primary antibody
against CsgA (1:12,000). Secondary antibodies against rabbit 1gG and conjugated with IRDye

800CW (Cat N0.NC9401842) were used to image the blots in a Licor Odyessey FC.

Gel Solubility Assay. Freshly purified samples of CsgA WT and CsgAcc were transferred to a
microcentrifuge tube, diluted to 20 uM in 50 mM phosphate buffer pH = 7.3, and allowed to
incubate at room temperature. Selected samples were reduced with the addition of tris(2-
carboxyethyl)phosphine (TCEP) from a stock solution (200 mM TCEP in MQ water, pH=7.7) to
a final concentration of 8 mM. Gel samples were removed at 0, 24, and 48 hours after
purification. The gel samples were diluted in 4X SDS loading bufferand run on a 15% SDS
PAGE gel (Evans et al., 2018). The gels were stained with Coomassie blue dye. Destained gels
were scanned using the 700 nm channel of a Licor Odyessey FC. Band intensity was quantified
using ImageJ (https://imagej.nih.gov/ij/) and normalized to the CsgA WT time 0 no TCEP added

condition.

Transmission Electron Microscopy. TEM images were produced as previously described (Jain
et al., 2017). Briefly, 5 pL of purified protein samples were spotted onto a formvar/carbon 200
mesh copper grid (Cat N0.50-260-38). Aftera 5 min incubation, grids were spotted with 5 uL of
DI water followed by 5 uL of 2% uranyl acetate to provide micrograph image contrast. Grids

were imaged using a Jeol JEM 1400plus Transmission Electron Microscope.

Thioflavin T Binding Assay. Assays were performed as previously described (Zhou et al.,
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2012). Briefly, freshly purified CsgA was diluted with phosphate buffer to 20 uM and combined
with an excess of the amyloid-specific dye thioflavin-T (Th-T) (Cat No. AC211760250).
Selected samples were reduced with the addition of tris(2-carboxyethyl)phosphine (TCEP) from
a stock solution (200 mM TCEP in MQ water, pH=7.7). Amyloid formation was monitored by
measuring an increase in Th-T fluorescence at 495 nm (450 nm excitation). Assays were
performed in triplicate at microscale within 96-well plates and measured with Infinite Pro M200
or Infinite Nano* F200 Tecan plate readers. Selected samples include: FNO75 diluted from a 50
mM stock solution (DMSQO) sourced from the Almqvist Lab (Department of Chemistry,
University of Umea, Sweden), CsgC purified and diluted from a stock solution (phosphate
buffer), CsgA WT fibers purified previously and sonicated directly before addition, and

hydrogen peroxide (Cat No. H325-100).

Complementation Assay. Congo Red binding assays were performed as previously described
(Zhou et al., 2012). Briefly, liquid cultures normalized to OD = 1 were spotted ontoa YESCA
plate supplemented with 50 ug/mL Congo Red (Cat No. AC110501000). The plates were
incubated at 26°C for 48 hours to allow for curli formation. A red colony color indicated a strain

capable of forming mature curli fibers.

2.4 Results

Immediately after purification CsgA is intrinsically disordered with a random coil secondary
structure. Within hours, CsgA aggregates into stable, B-rich amyloid fibers (Wang et al., 2007).
To control amyloid aggregation by CsgA we hypothesized that strategically-placed cysteine
residues would allow the generation of a CsgA molecule that could be locked in a non-amyloid
state (Figure 2-1A). The wildtype sequence of E. coli CsgA does not contain native cysteine

residues (Figure 2-1A). Cysteine residues were engineered into CsgA at positions alanine-63
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and valine-140 using site-directed mutagenesis. The resulting protein, called CsgAcc, was
purified and characterized. From this point forward native CsgA will be referred to as CsgA WT

and CsgA that contains cysteine residues at positions 63 and 140 will be referred to as CsgAcc.

We found that freshly purified and oxidized CsgAcc remained SDS soluble for at least 48
hours (Figure 2-2A). For comparison, freshly purified CsgA WT displays a marked decrease in
SDS solubility over a 48 hour period (Figure 2-2A). Because CsgAccremained soluble, size
exclusion chromatography could be used to determine what types of protein species were present
after purification. Freshly purified CsgAcc was subjected to gel filtration and the protein eluted
off the column in two wide peaks at 8.56 (peak 1) and 11.24 mL (peak 2) elution volume (Figure
2-2B). Analytical gel filtration chromatography can normally be used to provide an estimate of
an analyte’s size by comparing column retention times with known globular proteins in a
standard curve (Whitaker, 1963). However, because CsgAcc remained unstructured, the globular
proteins did not provide comparable retention profiles (Sambi et al., 2010). We therefore used
non-reducing SDS-PAGE analysis to view what size protein species were in solution (Figure 2-
2C). The second and larger peak corresponded to the monomeric species of CsgAcc (Figure 2-
2C). When samples from peak 1 of the gel filtration were analyzed by non-reducing SDS-PAGE,
there were several slowly migrating bands (Figure 2-2C). When the same samples from peak 1
were analyzed by SDS-PAGE that included a reducing agent, B-mercaptoethanol, many of the
high molecular weight bands disappeared, suggesting that CsgAcc forms homo-oligomers that
disassociate when reduced (Figure 2-3). The monomeric species of CsgAcc incubated under
oxidized conditions ran faster on the SDS-PAGE gel than CsgA WT prepared in the same

manner (Figure 2-2C). Itis possible that in a non-reducing environment the intramolecular
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disulfide bond that holds CsgAcc in a constrained conformation results in the faster migration of

CsgAcc relative to CsgA WT.

Oxidized CsgAcc can remain in a non-aggregated and non-amyloid form for much longer
than CsgA WT. As measured by circular dichroism (CD), CsgAcc remained in a random coil
conformation for at least 88 days when stored under oxidizing conditions at 4°C (Figure 2-4A).
When the reducing agent TCEP was added to CsgAcc after 4 days of incubation under oxidizing
conditions, CsgAcc transitioned from random coil to B-sheet rich secondary structure (Figure 2-
4B). This suggested that the redox state of CsgAcc is a critical determinant of its secondary

structure.

The Thioflavin-T (Th-T) binding assay is the most widely used method for monitoring in
vitro amyloid formation in real time (Nilsson, 2004). CsgA WT amyloid formation displays a
characteristic sigmoidal curve during which Th-T fluorescence begins to increase after a 2-4
hour lag phase (Wang et al., 2007). Importantly, CsgAccshowed no detectable increase in Th-T
fluorescence until after the addition of a reducing agent (Figure 2-5A). After treatment with
reducing agents TCEP or DTT, CsgAcc was able to form amyloid fibers (Figure 2-5B and 2-6).
Through all experiments there was an observable decrease in overall fluorescence seen in
CsgAcc Th-T binding assays when compared to CsgA WT (Figures 2-5, 5C, and 8). To verify
that intramolecular disulfide bonds played a role in inhibiting CsgAcc amyloid formation, we
characterized the two single cysteine variants’ ability to form amyloid. The introduction of a
single cysteine mutation at either position 63 or 140 was only sufficient to slow down amyloid
formation under oxidized conditions. A63C (Figure 2-7A) and V140C (Figure 2-7B) formed
amyloid with and without the treatment of reducing agent, displaying an extended lag phase

when compared to wildtype. Though V140C showed a lag phase that was much longer than
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A63C (Figure 2-8). It should be noted that the addition of a reducing agent has no effect on the
rate of CsgA WT amyloid formation (Figure 2-7 and 2-6B). In an experiment where CsgAcc
amyloid formation had reached a fast growth phase, it could be prematurely stopped after the
addition of an oxidizing agent like hydrogen peroxide (Figure 2-9). These experiments
confirmed that CsgAcc amyloid formation is susceptible to change given the redox state of its

environment.

The ability of CsgAcc to form amyloid in vivo was assessed. Curli-producing E. coli
display a red colony phenotype when grown on a plate supplemented with the amyloid -binding
dye Congo Red (Hammar et al., 1995; Evans et al., 2018). A AcsgA mutant that can no longer
produce curli forms white colonies on Congo Red indicator plates (Hammar et al., 1995; Evans
et al., 2018). The red colony phenotype can be rescued in a ACSgA strain when CsgA WT is
supplied by a plasmid containing the csgA gene downstream of the natural promoter (Hammar et
al., 1995; Evans et al., 2018) (Figure 2-10A). When AcsgA strains were complemented with a
plasmid encoding the variants CsgA A63C, CsgA V140C, and CsgAcc the resulting colonies
were white, red, and white respectively (Figure 2-10A). Whole cell western blot analysis
showed the strain producing V 140C was the only strain to harbor protein recognized by a aCsgA
antibody (Figure 2-10B). Therefore, cysteine residues at the 63rd position or at positions 63 and
140 are more disruptive to curli formation than a single cysteine residue in the valine-140
position. The combination of color phenotype and negative western blot results found in the
A63C and CsgAcc samples coincided with previously published work describing AcsgG and
AcsgE mutants (Robinson et al., 2006; Nenninger et al., 2011). It is possible that CsgA A63C

and CsgAcc are confined to the periplasm and subjected to proteolytic degradation in the same
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manner as CsgA WT in AcsgG and AcsgE mutants (Robinson et al., 2006; Nenninger et al.,

2011).

We also determined whether reduced CsgAcc, or CsgAcc+TCEP, interacted with certain
proteins and small molecules in a similar manner to CsgA WT. Amyloid formation by CsgA WT
is inhibited by the CsgC chaperone and also by a 2-pyridone called FNO75 (Cegelski et al., 2009;
Evans et al., 2015). We incubated CsgA WT and CsgAcc+TCEP with inhibitory concentrations
of FNO75 and CsgC and monitored amyloid formation (Figure 2-11A-B). Both CsgA WT and
CsgAcc+TCEP amyloid formation were inhibited in vitro with similar efficiencies (Figure 2-
11A-B). Conversely, amyloid formation can be sped up through a “seeding” effect when a small
amount of preformed fibers are introduced to freshly purified CsgA WT (Wang et al., 2007).
CsgAcc+TCEP amyloid formation was similarly sped up when mixed with CsgA WT fibers
(Figure 2-11C). Finally, CsgAcc +TCEP formed fibril structures of identical morphology with
wildtype fibers as confirmed by transmission electron microscopy (Figure 9). Fibers could not
be found in oxidized CsgAcc samples (Figure 9). This line of evidence suggested that CsgAcc,

after being reduced, behaves similarly to CsgA WT in vitro.

2.5 Discussion

CsgA WT can transition from a mono dispersed, random coil structure to B-rich amyloid
fibers within about three hours (Wang et al., 2007). Indeed, the amyloid fiber conformation
represents a very favorable energy minimum for amyloidogenic proteins (Eisenberg and Jucker,
2012). CsgAcc incubated under oxidizing conditions remains in a random coil, non-
amyloidogenic state for at least 88 days (Figure 2-4). The oxidized disulfide bond “kinetically
traps” CsgAcc in a fold state of relatively high energy compared to the amyloid conformation

into which each protein would naturally deposit (Figure 2-13). In a reducing environment, the
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transition of CsgAcc into the amyloid conformation required no additional heat or chemical
energy at all (Figure 2-4C). Moreover CsgAcc exhibits a consistent Th-T lag phase of no shorter
than 2-4 hours after reduction (Figures 2-5, 2-7C, and 2-9). Therefore, when CsgAcc is
“kinetically trapped” in an oxidized environment, it must be trapped in a way that prevents
nucleus formation. The introduction of a nucleating species, such as sonicated fibers, to amyloid -
competent proteins provides a dramatic decrease in an energy barrier leading to rapid amyloid
formation (Gosal et al., 2005). However, providing oxidized CsgAcc with preformed fibers did
not spark amyloid formation (Figure 2-14). CsgAcc transitions from an amyloid-incompetent

species to an amyloid-competent species only after the disulfide bond is reduced (Figure 2-13).

Here, we have shown CsgAcc forms amyloid only when incubated in the presence of a
reducing agent (Figures 2-5, 2-7C, and 2-9), affording a method to tune CsgAcc aggregation
depending on the redox state. CsgAcc amyloid formation can be triggered by varying amounts of
a reducing agent in a dose-dependent manner (Figure 2-5). The ability to tune CsgAcc amyloid
formation makes CsgAcc a useful tool for studying amyloid formation because it allow for
control over a process that is normally left to occur spontaneously (Lomakin et al., 1996). By
remaining soluble for longer, CsgAcc can overcome some of the issues with production scale

and storage that plague CsgA WT and other amyloidogenic proteins.

CsgAcc could lend itself to understanding the nucleation phase, which is currently poorly
understood for functional amyloids like CsgA WT (Arosio et al., 2015). CsgA WT amyloid
formation begins directly after purification (Wang et al., 2007; Zhou et al., 2013). By the time
we start to monitor CsgA WT amyloid formation by Th-T fluorescence, aggregation and nuclei
formation has already started (Sleutel et al., 2017). On the contrary, CsgAcc amyloid formation

can be started and stopped at any desired time by the addition of a reducing or oxidizing agent
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(Figure 2-9). The ability to halt amyloid formation at different points in the process could allow
the characterization of amyloid fiber intermediates. Thus the earliest amyloid processes such as
the transition of monomers to oligomers or the formation of nucleating species can be better

resolved.

After the addition of an oxidizing agent to CsgAcc+TCEP, there is no decrease in Th-T
fluorescence observed, but instead the Th-T positive species that had formed seem to persist for
at least 12 hours (Figure 2-9), suggesting two things. First, during the Th-T growth phase there
must be monomers in solution that are still susceptible to forming a disulfide bond that makes
them amyloid-incompetent. Second, in a model of amyloid formation wherein the fiber end is in
a state of equilibrium with free protein monomers, there would be a konand koff that described the
addition/subtraction of monomers to/from the fiber. If this were the case, then monomers that
subtract from the fiber could become susceptible to oxidation. The excess of oxidizing agent
would greatly shift the equilibrium in the direction of free, oxidized protein monomers and fibers
would begin to unravel at the fiber ends. Because the curve in Figure 2-9 does not show a time-
dependent decrease in Th-T fluorescence, it appears that oxidized CsgAcc amyloid fibers and

their fiber ends are stable over at least 12 hours.

2.6 Conclusions.

In this study we have shown the ability to tune aggregation of a functional amyloid protein by
engineering a disulfide bond into CsgA from E. coli. CsgAcc remains in a soluble, non-
amyloidogenic state until the disulfide is reduced (Figures 2-2A and 2-5). Once reduced,
amyloid formation can be manipulated depending on the redox state of the environment (Figure
2-9). CsgAcc is a tool that makes studying amyloid formation easier and offers researchers extra

time and control, two highly valuable resources. Purified CsgAcc samples can now be prepared
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ahead of time, concentrated, and stored. This method of using disulfide engineering to control
amyloid formation could be translated to other functional and human diseases-causing amyloids.
Furthermore, the growing field of bio-inspired nanotechnology is capitalizing on the self-
assembly of amyloid proteins. CsgA has been shown to have range of uses such as the passage of
electric current, the extraction of rare earth metals, and many others (Nguyen etal., 2014; Seker
et al., 2017; Tay et al., 2018). The work presented here will allow material scientists to use

amyloid fibers to build systems of higher complexity than is currently possible.
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2.7 Figures

A b <
R1 . SELNIYQYGGGNSALALQTDARN
R2 4 SDLTITQHGGGNGADVGQGSDD
R3 " SISIDLTOQRGFGNSATLDQWNGKN
R41118 MTVKQFGGGNGAAVDQTASN
R5133 SISVNVTQVGFGNNATAHQY

CsgA A63C/V140C

Figure 2-1. CsgACC features two cysteine mutations flanking highly amyloidogenic regions
of CsgA WT.

(A) The primary sequence of CsgA contains five imperfect repeats which are labeled R1-R5.
Highly conserved serine, glutamine, and asparagine are residues that play a role in amyloid
formation are boxed. The location of the two mutated residues are labeled in red. (B) Cartoon
depiction of a mature and folded CsgA monomer using data from the Lindorff-Larsen lab (Tian
et al., 2015). Mutations A63C and V140C are shown in red.
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Figure 2-2. Oxidized CsgACC remains SDS-soluble and forms predominantly monomeric
species.

(A) Both CsgA WT and CsgAcc were purified and incubated at room temperature in the presence
or absence of the reducing agent TCEP. Samples were taken at 0, 24, and 48 hours after
purification. An SDS-PAGE gel stained with Coomassie blue shows oxidized CsgA cc remains
SDS soluble longer than reduced CsgAccand CsgA WT. The number below each lane represents
a quantification of the band intensity normalized to CsgA WT time 0 hours with no TCEP added.
(B) A gel filtration chromatogram showing the elution profile of CsgA cc. CsgAccwas purified as
described in the Materials and Methods without the addition of a reducing agent. There are two
broad peak associated with CsgAccat 8.56 mL (Peak 1) and at 11.24 mL (Peak 2). (C) Non-
reducing SDS-PAGE gels that contain the eluents from Peaks 1 and 2 of the size exclusion
chromatography experiment.
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Figure 2-3. High molecular weight bands found in CsgACC gel filtration elution fractions

are predominantly CsgA.

Reducing SDS-PAGE gels showing the protein species in SEC elution fractions corresponding to
Peaks 1 and 2. In the non-reducing SDS-PAGE gel for the same experiment shown in Figure 2B,
there is a laddering effect seen in the banding pattern of the peak 1 elution fractions. That pattern
is diminished when the samples are reduced with B-mercaptoethanol. In addition, bands
associated with monomeric CsgA cc run the same distance as CsgA WT under the reducing

conditions shown here.
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Figure 2-4.CsgACC remains random coil secondary structure until treatment with a

reducing agent.

(A) Purified CsgAcc was stored at 4°C and at the indicated times circular dichroism was used to
assess secondary structure. At all timepoints assayed, CsgA cc circular dichroism revealed a
spectral minima at around 200 nm, which is consistent with random coil secondary structure.
Each of the timepoints tested was from a separate purification of CsgA cc and the samples were
not normalized to the same concentration, leading to the difference in amplitude of the 200 nm
minima. (B) A four day old purified protein sample of CsgA cc was split into two and incubated
at 26°C with/without reducing agent for 19 hours. CsgA cc shows a CD spectrum characteristic
of B-sheet rich protein only when it was incubated in the presence reducing agent.
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Figure 2-5. Dose-dependent amyloid formation of CsgACC was monitored by Th-T
binding.

(A) 20 uM of CsgAcc sample were incubated at room temperature for 20 hours. Afterwards
TCEP was added to the solution to a final concentration of 200, 300, and 400 uM. (B) The same
data is represented where T = 0 hours has been adjusted to reflect the addition of the reducing
agent, not the beginning of the experiment, to better observe a change in lag phase. CsgA WT
amyloid formation (no reducing agent) was also performed and included for comparison. In all
panels, the CsgAcc with no reducing agent data are represented by the curves that are mostly
superimposed along the x axis.
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Figure 2-6. Amyloid formation of CsgACC monitored by Th-T binding is triggered upon
the addition of reducing agent dithiothreitol (DTT).

(A) Th-T assay showing the formation of amyloids only after a reducing agent is added. In all
cases, varying amounts of a reducing agent was added to a 20 uM protein sample after 16 hours.
(B) The same data is represented where T = 0 hours has been adjusted to reflect the addition of
the reducing agent, not the beginning of the experiment. There is one supplementary condition
shown wherein the CsgA WT protein is also subjected to the same reducing agent at the highest
concentration tested.
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Figure 2-7. CsgA A63C and V140C form amyloid in the absence or presence of a reducing
agent while CsgACC requires a reducing agent.

CsgA single cysteine mutant A63C (A) and V140C (B) form amyloid even without the addition
of'a reducing agent. The full Th-T curve for V140C can be found in Supp Figure 2. (C) In
contrast, the double cysteine mutant CsgA cc will only form amyloid after treatment with
reducing agent. The CsgA cc with no reducing agent data are represented by the curve that is
mostly superimposed along the x-axis.
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Figure 2-8. Th-T binding assay showing CsgA V140C amyloid formation occur without the
addition of reducing agent.

CsgA V140C amyloid formation with and without reducing agent over a 16 hour period can be
seen in Figure 5B. The oxidized protein forms amyloid much slower than the time frame
displayed in Figure 5B. Instead, oxidized CsgA V140C requires approximately 9 days to reach
the Th-T assay stationary phase. This experiment displays amyloid formation of 20 uM CsgA
V140C with a technical replicate value of n = 5.
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Figure 2-9. CsgACC amyloid formation in the presence of an oxidizing agent, H202.

CsgAcc was purified and stored at 4°C for 4 days. After that time had elapsed, TCEP was added
to each well to a final concentration of 8 mM. Hydrogen peroxide was added to a final
concentration of 2% (v/v) after an additional 1 (square) or 4 (circle) hours had elapsed. This
resulted in the arrest of amyloid formation.
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Strain: _WT AcsgA

A63C/

Plasmid: EV EV  PCcsgA A63C V410C V410C

HFIP: — + - + - + — + - + — +
aCsgA ¢ - .

Figure 2-10 In vivo complementation assay shows CsgAcc and CsgA A63C expressing
bacteria are unable to form curli.

(A) A curli competent strain of E. coli (MC4100) forms a red colony phenotype when grown on
a YESCA plate supplemented with Congo Red. The curli-deficient strains (Acsg4) form a white
colony phenotype under the same conditions. The red phenotype can be rescued when AcsgA
strains express CsgA WT from a vector (pcsgAd). CsgAcc and CsgA A63C expressing strains

cannot rescue the same red phenotype produced by wildtype bacteria. (B) Whole cell western
blots were performed on cells scraped from the plate above. After treatment with HFIP, a strong

denaturant that solubilizes CsgA, monomeric CsgA is only found in the red colored colonies.
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Figure 2-11 CsgAcct+TCEP interacts with effectors of amyloid formation similar to the
wildtype protein.

Both CsgC (A) and FNO75 (B) are chaperones that selectively inhibit CsgA amyloid formation.
CsgAcctTCEP (8 mM TCEP) is similarly inhibited when treated with the same chaperones. (C)
CsgA amyloid formation is sped up in the presence of preformed fibers in a process called
“seeding.” CsgAcctTCEP (8 mM TCEP) amyloid formation can also be seeded by preformed
fibers. In all panels, the CsgAcc with no reducing agent data are represented by the curves that
are mostly superimposed along the x-axis.
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Figure 2-12 CsgA cc+TCEP displays fiber morphology similar to wildtype protein.

TEM micrograph showing the mature fiber structures made by CsgAcc+TCEP. A 5 puL sample
was taken from the well of a Th-T binding assay 0, 4, and 20 hours after the addition of a
reducing agent. This sample was adsorbed onto a TEM grid and negatively stained with uranyl

acetate for contrast. Micrographs shown are representative images of the entire TEM grid. The
scale bar is representative of 1 um.
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Figure 2-13 A model depicting CsgA cc as Kinetically trapped in a non-amyloidogenic state

until it is released by a reducing agent.

CsgA WT is an intrinsically disordered protein which initially features random coil secondary
structure. CsgA WT eventually folds into a B-sheet rich conformation that is both highly
amyloidogenic and energetically favorable. This process can be monitored in ensemble through a
Th-T binding assay. On the contrary, CsgAcc remains kinetically trapped in a fold state that is
non-amyloidogenic. CsgAcc remains unstructured and monomeric until the disulfide bond is
released and the protein is allowed to progress through its normal route towards amyloid

formation.
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Figure 2-14 The addition of 2% WT fibers does not cause oxidized CsgAcc to form
amyloid.

CsgA amyloid formation is sped up in the presence of preformed fibers in a process called
“seeding.” CsgAcct+TCEP amyloid formation can also be seeded by preformed fibers. However,
the addition of fibers to oxidized CsgAcc does not cause it to form amyloid before reduction.
The CsgAcc with no reducing agent data are represented by the curve that is mostly
superimposed along the x-axis.
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2.8 Tables

Table 2-1 Strains used in this study.

Strains Relevant Genotype References

MC4100 | F-araD139 A(argF-lac) U169 rpsL150(strR) relAl (Casadaban, 1976)
fibB5301 deoC1 ptsF25 rbsB

LSR10 MC4100 AcsgA (Chapman et al.,

2002)

MC1061 | F—araD139 A(ara-leu)7696 galE15 galK16 A(lac)X74 (Casadaban and
rpsL (StrR) hsdR2 (rK— mK+) mcrA mcrB1 Cohen, 1980)

NEB3016 | MiniF lacld(CamR) / fhuA2 lacZ::T7 genel [lon] ompT gal | New England
sulA11 R(mcr-73::miniTn10--TetS)2 [dcm] R(zgb- Biolabs
210::Tn10--TetS) endAl A(mcrC-mrr)114::1S10

CsgA NEB 3016 AslyD + pET11d-CsgA -sec C-term 6xHis, This study
amp’

ALB1 NEB 3016 AslyD + pET11d-CsgA-sec A63C /V140C C- | This study
term 6xHis, amp’

ALB6 NEB 3016 AslyD + pET11d-CsgA -sec A63C C-term This study
6xHis, amp'

ALB9 NEB 3016 AslyD + pET11d-CsgA -sec V140C C-term This study
6xHis, amp'

ALB13 MC4100 AcsgA + pLR5 (PCsgBAC-CsgA), kan" This study

ALB14 MC4100 AcsgA + pLR2 (PCsgBAC-EV), kan' This study

ALB15 MC4100 AcsgA + pLR5 (PCsgBAC-CsgA V140C), kan" This study
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ALB16 MC4100 + pLR2 (PCsgBAC-EV), kan' This study

ALB17 | MC4100 AcsgA + pLR5 (PCsgBAC-CsgA A63C V140C),
This study

kan’
ALB18 MC4100 AcsgA + pLR5 (PCsgBAC-CsgA A63C), kan' This study
Table 2-2 Plasmids used in this study.

Plasmids | Relevant Characteristics References

pET11d IPTG inducible expression vector New England
Biolabs

pLR2 Control vector containing CsgBAC promoter (Robinson et al.,
2006)

pLRS CSgA sequence in pLR2 (Wang et al., 2008)

Table 2-3 Primers used in this study.

Primers Primer Sequence (5’— 3°) Constructs
CsgA_A63C GCACTTGCTCTGCAAACTGATTGCCGTAACTCTGA | CsgA
CTTG A63C
CsgA_AB3C_AS | CAAGTCAGAGTTACGGCAATCAGTTTGCAGAGCA | CsgA
AGTGC A63C
CsgA_V140C TCCGTCAACGTGACTCAGTGTGGCTTTGGTAACAA | CsgA
CGC V140C
CsgA_V140C_AS | GCGTTGTTACCAAAGCCACACTGAGTCACGTTGAC | CsgA
GGA V140C
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Chapter 3 CsgC Inhibits CsgA Amyloid Formation by Promoting the Intrinsically
Disordered Fold State?

3.1 Abstract

E. coli secrete a functional amyloid called curli during biofilm formation. The operon that
controls curli formation includes CsgC. CsgC can potently inhibit intracellular amyloid
formation by CsgA, the major curli amyloid protein. The mechanism through which CsgC
inhibits CsgA amyloid formation has been poorly characterized. Here we provide direct
observations of CsgC interacting with monomeric and unfolded CsgA using several biophysical
techniques. Despite the weak and transient nature of the CsgC-CsgA interaction, CsgA is unable
to adopt an aggregation-prone state in the presence of CsgC. Furthermore, an in vivo screening
assay was designed to identify amino acid residues in CsgC that are required for its ability to
inhibit CsgA aggregation. Through the results of this assay, we learned that CsgC activity is

partially mediated through of surface exposed charged residues E48 and R84

3.2 Introduction

Amyloids are fibril protein aggregates that are characterized by their morphology,

stability, and tinctorial properties (Chiti and Dobson, 2017). The proteins that compose amyloid

3The work presented in this chapteris associated with a manuscript in preparation titled “CsgC Inhibits CsgA
Amyloid Formation by Promoting the Intrinsically Disordered Fold State”. SanduniJayakodicontributed to Figure
3-1.Yilin Han contributed writing and data for Figure 3-2 and 3-3. Emily Goetzler, Rachel Alessio, and Lily Kalcec
contributed to Figure 3-4, 3-6, 3-8, and 3-9. Anthony Balistreri contributed to the concept and experimentaldesign
of all figures.
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fibers are often intrinsically disordered, or have intrinsically disordered regions, and go on to
adopt a repetitive secondary structure motif (i.e., cross-p sheets) (Chiti and Dobson, 2006). Ina
solution containing amyloid-competent protein, a species arises from a pool of disordered
conformers that acts as a nucleation site for fiber formation (Rochet and Lansbury, 2000).
Monomers add on to so called “nuclei” and begin the progressive and thermodynamically-
favorable process of amyloid fiber formation (Rochet and Lansbury, 2000). Fiber formation
marks the transition of amyloid proteins from the soluble state to the insoluble, between
functional and non-functional, and in some cases between benign and pathogenic (Chiti and
Dobson, 2006). Functional amyloids are a class of amyloid that are created by an organism
through a controlled mechanism to exploit a useful function, the list of which continues to grow
with every passing year (Balistreri et al., 2020; Chapman et al., 2002; Otzen, 2010).

The most widely studied functional amyloid is curli, the main protein component of the
E. coli biofilm (Chapman et al., 2002). The E. coli csg operon containing seven curli specific
genes functions as the producer and regulator for curli formation, with each protein playing a
significant role (Deshmukh et al., 2018). The main amyloid protein called CsgA is translated and
translocated into the periplasm by the ribosome and SecYEG pore (Chapman et al., 2002).
Periplasmic CsgA is shepherded to the nonameric CsgG outer membrane pore by CsgE, a
periplasmic chaperone (Nenninger et al., 2011). Two auxiliary proteins, CsgB and CsgF, are also
exported through the CsgG pore and act as a nucleator and anchor respectively to allow for CsgA
amyloids fibers to form attached to the cell’s outer surface (Hammer et al., 2007; Nenninger et
al., 2009). The operon contains a second periplasmic protein, CsgC, and its function was first

described as a potent amyloid inhibitor (Evans et al., 2015).
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CsgC isa 110 amino acid chaperone-like protein with an immunoglobulin-like -
sandwich structure (Taylor et al., 2011). When assessed in vitro, CsgC is an efficient
substoichiometric inhibitor of amyloid formation against E. coli CsgA, its native client (Evans et
al., 2015). Indeed, CsgC is an efficient inhibitor of amyloid formation for a selection of amyloid
proteins including CsgA homologs, the bacterial amyloid FapC, and, interestingly, the human
pathogenic amyloid alpha-synuclein (Evans et al., 2015). Little is known about the CsgC-client

interaction, except i) the interaction is guided by electrostatic interactions (Taylor et al., 2016)

K K, k.
[CsgAunfolded] = [Cs8Ag1geal = [Nuclei] + [CsgAynporged] ——m= [Fibers]

Equation 3-1. A simplified mechanism showing the process of CsgA amyloid formation. CsgA is an
intrinsically disordered protein that eventually folds to produce an amyloid-competent monomer
(described by rate constant k). A primary nucleus forms in solution from an unknown number of folded
CsgA monomers (described by rate constant k,,). After a critical concentration of nuclei are present,
unfolded CsgA monomers use nuclei as folding templates, sparking rapid fiber elongation (described by
rate constant k)

and ii) there is a weak client sequence determinant (Evans et al., 2015). Many specific details
about CsgC-mediated amyloid inhibition remain poorly understood.

Studying CsgC presents many interesting challenges. CsgC is a simple protein with no
predicted active sites, domains, or significant amino acids. CsgC requires no hydrolysable
substrate, cofactor, or cellular energy to perform its activity. CsgC does not take up a substrate or
produce a quantifiable product; the only evidence of CsgC activity is the inhibition of amyloid
formation. Amyloid formation is a complex process in a constant state of flux, during which
soluble, disordered monomers join an insoluble, ordered amyloid fiber (Equation 1). CsgC
inhibits amyloid formation, although it is unclear at what point during amyloid formation CsgC

is acting. Currently there is conflicting data that suggests CsgC can act during the elongation
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phase of amyloid formation (affecting k+) (Goyal et al., 2014) as well as during primary
nucleation (affecting kn) (Nagaraj et al., 2022).

Here, we use several biophysical techniques to provide direct evidence that CsgC is
binding to monomeric and unfolded CsgA. After transiently interacting with CsgC, monomeric
CsgA is steered away from the aggregation prone fold state. Using an in vivo screening assay, we

determined that residues E48 and R84 are potentially significant to CsgC activity.

3.3 Results

3.3.1 Interaction with CsgC Delays Aggregation-Prone State of CsgA Monomer

Our lab found that CsgC can inhibit CsgA amyloid formation at molar ratios as low as
1:500 CsgC:CsgA (Evans et al., 2015). We hypothesize that the effective low molar ratios of
CsgC needed to inhibit CsgA amyloid formation can be achieved because CsgC molecules
interact only transiently with CsgA.

By coupling a pull-down assay to size exclusion chromatography (SEC) we were able to
probe for an interaction between CsgC and CsgA and get information about the oligomeric state
of CsgA (Figure 3-1). After Ni-NTA purification, the CsgA sample was split into three equal
parts. The first aliquot of purified CsgA was passed directly through an SEC column resulting in
a chromatogram with one lower (~ 12 mL) molecular weight and one higher (~8 mL) molecular
weight peak (Figure 3-1A). The remaining two aliquots of purified CsgA were passed through
N-hydrosuccinimide (NHS) columns that contained either CsgC or BSA that had been
immobilized tothe NHS using anime-reactive coupling and affixed in line before the SEC
column. CsgA that had passed through the BSA-modified NHS column showed a similar
chromatogram to the no-NHS condition, with two peaks at approximately the same column

volume of 13 mL (Figure 3-1B). CsgA that had passed through the CsgC-modified NHS column
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showed a chromatogram with a diminished high molecular weight peak and a much sharper and
taller low molecular weight peak (Figure 3-1C). SEC elution fractions containing the CsgA
monomers from both the no NHS and CsgC-modified NHS separations were placed in a ThT
binding assay to check for amyloid formation (Figure 3-1D and E). The CsgA monomers that
did not pass through an NHS column began aggregating after in less than 2 hours (Figure 3-1D).
The CsgA monomers that passed by CsgC had a diminished propensity to form amyloid when
compared to the no NHS column condition, showing very little ThT fluorescence over the course
of the experiment (Figure 3-1E). Having observed some interaction between CsgC and CsgA

monomers, we decided to look using a more sensitive biophysical technique.

3.3.2 CsgC:CsgA Heterodimer

Native mass spectrometry (native MS) uses gentle electrospray ionization conditions to
preserve non-covalent protein-protein and protein-ligand complexes (Tamara et al., 2021). The
added dimension of the ion mobility (1M) spectrometry allows ions to be separated based on
their size, shape, and charge (May and McLean, 2015). Together, native IM-MS reports on mass
to charge (m/z) and rotationally averaged collisional cross section (CCS) values derived from IM
arrival time distributions (ATDs) (Gabelica et al., 2019).

We purified both CsgC and CsgA, added them together in a 1:1 mixture, and analyzed
the resulting solution for any interactions between the two proteins. 30 minutes after mixing
CsgC and CsgA both monomeric and dimeric species of CsgA and CsgC were observed,
including heterodimeric complexes of CsgA and CsgC (Figure 3-2A and B). CsgA exhibited a
broad charge state distribution ranging from 5+ to 13+, as typically observed for intrinsically
disordered proteins (IDP) (Figure 3-2A) (Santambrogio et al., 2019). The CsgA:CsgC mixture

remained soluble throughout the 23 hour time course while apo CsgA, serving as a control
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sample, formed micro-scale aggregates that led to the clogging of our nESI emitters and
prevented the collection of both 6 hour and 23 hour time point data. An analysis of CCS values
of CsgA monomers showed very little difference between time 0 and after 3 hour (Figure 3-3A).
Similarly, we also saw no changes in CCS for CsgC monomer ions through the 23 hour time
course (Figure 3-3B).

We then analyzed our recorded IM ATDs so that subtle conformational changes within
CsgA and CsgC might be revealed (Figure 3-2C). Our ATD data contains information regarding
both ion shape and the number of conformer families present fora single protein ion population
(Baumketner et al., 2006). Data shown in Figure 3-2C displays three overlaid ATD profiles for
CsgA 11+ monomer ions recorded after 0 and 3 hour incubation. In addition, similar IM ATD
data is shown for CsgA/CsgC mixtures following a 3 hour incubation (Figure 3-2C). All three
datasets yield a bimodal ATD profile, consisting of both a more compacted (shorter 1M drift
times) and a more extended conformational family (longer IM drift times) (Figure 3-2C). A
comparison of CsgA IM data collected at both 0 and 3 hour time points reveals the peak
corresponding to the more compact conformation decreased significantly in intensity, resulting in
overwhelmingly a more extended protein ion population (Figure 3-2C). Overall, our IM ATD
data suggests that the conformational ensemble of CsgA becomes more extended as protein
aggregation progresses, an observation common to other amyloid proteins (Hyung et al., 2013;
Soper et al., 2013). Importantly, when we compare our IM ATD datarecorded for CsgA at 0
hour with ATDs recorded for CsgA/CsgC mixtures following 3 hours of incubation, we detect
few significant differences, indicating that the initial, intrinsically disordered state of CsgA is
better preserved in the presence of CsgC (Figure 3-2C). The results discussed above were

consistent across multiple CsgA charge states (Figure 3-2C and D).
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3.3.3 CsgC Activity during Elongation Phase

We then asked if CsgC is also an effective inhibitor of CsgA amyloid formation when
there are fibers present. When the nucleation-dependent polymerization lag phase has finished,
CsgA transitions into the elongation phase during which rapid amyloid formation occurs. The
elongation phase of amyloid formation is marked by monomer addition where soluble protein
monomers are adding onto fiber ends (Collins et al., 2004; Jahn and Radford, 2008). During the
elongation phase there is evidence of unfolded CsgA monomers still being in solution (Dueholm
etal., 2011).

CsgC was an effective inhibitor of aggregation when added to CsgA during the fiber
elongation phase (Figure 3-4). We tested the effect of CsgC during the elongation phase by
setting up two similar scenarios. First, CsgC was added to a final concentration of 200 nM (1:100
CsgC:CsgA molar ratio) at different time points during the aggregation of CsgA from 0 to 4
hours (Figure 3-4A). When CsgC was added at time O hours the ThT signal increase was very
small. After waiting 1 hour, which is still within this CsgA purification batch’s ThT lag phase,
aggregation increased in a linear fashion (Figure 3-4A). When CsgC was added after the lag
phase had ended the result was a linear increase in ThT signal followed by a gradual decrease
reaching a plateau in signal (Figure 3-4A). Next, CsgC was added to CsgA along with
preformed CsgA fibers (Figure 3-4B). During a seeded reaction, CsgA is presented with
preformed fibers and the fibers act as a seed for amyloid formation, effectively diminishing the
lag phase entirely (Figure 3-4B, dark blue squares)(Wang et al., 2007). When CsgC was added
to a seeded CsgA reaction the result was a linear increase in ThT signal (Figure 3-4B). The

addition of CsgC in both similar scenarios where CsgA should be rapidly adding into amyloid
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fibers resulted in linear polymerization, which could indicate a decrease in the formation of new

nuclei in solution.

3.3.4 Growth and Fluorescence Phenotypes for CsgC Activity In Vivo

When CsgA was expressed intracellularly by removing its secretory signal peptide
(CsgAasec) there was an apparent cytotoxicity that was seen during growth assays, beginning
approximately an hour after expression (Figure 3-5A). If CsgC was coexpressed intracellularly
by removing its secretory signal peptide (CsgCasec) the cytotoxic effect was diminished (Figure
3-5A). When previously reported, our lab speculated that amyloid fibers formed within the cells
after CsgAasec expression that caused the cells to die and CsgCasec Was playing a protective role
when present (Evans et al., 2015). Anamyloid-specific and cell-permeable fluorescent probe
called AmyTracker 680 was used to visualize the formation of amyloid fibers during expression
of CsgAasec and coexpression with CsgCasec (Figure 3-5B). There was robust fluorescence of
Amytracker 680 when CsgAasec was expressed that was greatly reduced when CsgCasec was
coexpressed, coinciding with the growth phenotype (Figure 3-5B). Samples taken during
expression tests showed specific cells displaying high fluorescence signal diffuse throughout the
cell, consistent with aggregates forming throughout the cytosol, when only CsgA asec was being
expressed (Figure 3-5C-F). In contrast, samples taken during coexpression tests showed no
diffuse fluorescence (Figure 3-5G-J). Instead, high density foci formed consistent with the
formation of inclusion bodies. Occasionally after prolonged expression (> 4 hours) the inclusion
bodies began to fluoresce, which could indicate aggregation beginning at these locations (Figure
3-5J). Taken collectively these phenotypes can be used to indicate whether a functional CsgC is

being expressed in vivo.
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3.3.5 E. coli CsgC and a Closely Related Homolog Have Significantly Different Efficiencies

The sequence or structural determinants that lead to CsgC’s high in vitro efficiency
remains unknown. Though CsgC was first identified in E. coli, csg operons from other
Gammaproteobacteria contain CsgC homologs (Dueholm et al., 2012). Other members of the
Proteobacteria phylum have a structural homolog called CsgH that features low sequence
identity but high structural identity (Dueholm et al., 2012; Taylor et al., 2016). To better
understand the effect of sequence identity on CsgC activity we cloned and tested several CsgC
homologs, including the closely related homolog found in Citrobacter youngae, also a
Gammaproteobacteria and member of the human microbiome alongside E. coli.

A sequence alignment shows CsgC from E. coli (CsgC EC) and its homolog from C.
youngae (CsgC CY) have 17 divergent residues in their primary sequence (an 85% identity)
(Figure 3-6A). Using AlphaFold 2.0 (Jumper et al., 2021) we obtained a predicted structure of
CsgC CY (Figure 3-6B). A simple alignment of the CsgC EC structure (PDB:2Y2Y) and the
predicted structure of CsgC CY using PyMol (Schrodinger, LLC, 2015) showed a 0.5 angstrom
RMSD (Figure 3-6B).

Given the high sequence identity and high predicted structural homology between CsgC
EC and CsgC CY, we assumed the in vitro activity of the two proteins would be similar. When
tested under the same conditions, CsgC EC and CsgC CY show different inhibition efficiencies
for E. coli CsgA aggregation (Figure 3-6C and D). For example, the 1:500 molar ratio condition
for CsgC EC does not reach a ThT signal plateau within the time frame of the experiment (20
hours) (Figure 3-6C). In contrast, the 1:500 molar ratio condition for CsgC CY reaches a ThT
signal plateau in less than 12 hours (Figure 3-6D). There must be an unknown effector within

the 17 divergent residues between CsgC EC and CsgC CY that contributes to the discrepancy in
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their in vitro efficiencies. We decided to use our growth and fluorescence phenotypes to test a

range of CsgC EC variants to determine which of the 17 resid ue locations were significant.

3.3.6 E48 and R84 Could Play a Significant Role in CsgC Activity

The CsgC EC variants that were significantly different from CsgC EC WT were involved
in an interstrand salt bridge between E48 and R84. We tested single amino acid variants of CsgC
EC for their ability to perform similar to WT using an vivo screening assay that utilized the
growth and fluorescence phenotypes described in Figure 3-5 (Figure 3-7). While examining an
alignment of CsgC EC and CsgC CY we noticed that CsgC EC had a glutamate and arginine at
position 48 and 84, respectively, while CsgC CY had a glutamine at position 48 and a serine at
position 84 (Figure 3-6A). The side chains of E48 and R84 likely form a polar contact according
to the published crystal structure of CsgC (PDB: 2Y2Y) (Figure 3-8A). Among the variants
tested were alanine mutants E48A and R84A as well as their counterpart variants E48R and
R84E where the new residues represented a charge swap at that location (Figure 3-7, Figure 3-
8A).

We cloned and purified the E48/R84 variants and tested their ability to inhibit E. coli
CsgA amyloid formation in vitro (Figure 3-8B-E). The four CsgC variants were tested under the
same conditions and the ThT assay results showed varying efficiencies. For example, the 1:500
molar ratio condition for E48A, E48R and R84E resulted in either no or minimal ThT signal
increase within the time frame of the experiment (20 hours) (Figure 3-8B-C and E). The 1:500
molar ratio condition for R84A reached a ThT signal plateau in less than 8 hours (Figure 3-8D).
We determined how all mutations affected the structural stability of CsgC EC by analyzing all
CsgC EC variants’ secondary structure at different temperatures using circular dichroism

(Figure 3-9). All CsgC EC variants showed less thermal stability than CsgC EC WT, with CsgC
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R84E being the least stable. Interestingly, the thermal stability of the variants did not correlate to
their in vitro efficiency and the differences in efficiency are not dependent on the instability

(Figure 3-9).

3.4 Discussion

Inhibiting amyloid formation is a topic of great interest among the protein folding disease
community. Designed amyloid inhibitor proteins can come in many styles ranging a large
biochemical space, from B-blocking D-amino acid peptides (Sievers et al., 2011) to camelid
nanobodies (Chan et al., 2008; Giorgettiet al., 2018). There is a short list of naturally occurring
proteins like CsgC that putatively inhibit functional amyloid formation. This list includes
molecular chaperones and a diverse set of human and bacterial proteins that have similar 3D
structures (Nagaraj et al., 2022). However, it is important to note how CsgC differs from the rest
of the proteins in this group: CsgC remains the only example of an amyloid inhibitor protein
being in an operon that exists specifically to control amyloid formation. Therefore, studying
CsgC provides the unique opportunity to ask questions about how cells resolved to prevent

amyloid formation that is otherwise wholly intentional.

3.4.1 CsgC Interaction with CsgA Monomer

Since Evans et al. published a report describing CsgC and its amyloid formation inhibition
activity, the mechanism of action for CsgC has remained unclear. There are two potential
competing mechanisms that rely primarily on the interaction partner of CsgC. CsgC could be
interacting with CsgA monomers or with nascent fibers/oligomers. A solution containing a fast-
aggregating protein like CsgA is in a constant state of flux towards amyloid fiber formation and

therefore it is difficult to isolate any pre-fibrillar species of CsgA. Previous attempts to measure
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the interaction between CsgC and CsgA monomers have been reportedly difficult (Evans et al.,
2015; Nagaraj et al., 2022; Sleutel et al., 2017).

The pull-down chromatograms shown in Figure 3-1A-C indicate an interaction between
CsgC and CsgA monomers, albeit a weak and transient interaction. The peak elution volume of
CsgA monomers (~12 mL) after passing through the CsgC-modified NHS column was very
similar to that of the BSA control column, a difference of only 0.8% (Figure 3-1B and C). This
would suggest that immobilized CsgC is not making a lasting interaction with CsgA monomers,
as the soluble monomers pass through the column mostly unhindered. Though the elution
volume changed very little, the shape of the CsgA monomer peaks were different (Figure 3-1A-
C). After passing through the CsgC-modified NHS column, the CsgA monomer peak was much
taller and sharper than the same peak in the BSA control (Figure 3-1C). Additionally, after
passing through the CsgC-modified NHS column there was a loss of any high molecular weight
or oligomeric CsgA (peak at ~8 mL) (Figure 3-1C). Diminished CsgA oligomers suggests that
CsgC is either filtering the oligomers out of solution or breaking the oligomers apart. Breaking
apart the oligomers could be why the monomer peak is so much taller and sharper than the BSA
control experiment (Figure 3-1C). The chromatograms are very telling, however, ThT assays
results are also striking (Figure 3-1D and E). The sample of CsgA monomer that was taken
from the CsgC-modified NHS column pull down aggregated much slower than the no NHS
column condition. Even after 48 hours, the CsgA monomers that passed by the CsgC-modified
NHS column never reach the same level of ThT signal as the no-NHS column condition (Figure
3-1D and E). Therefore, the weak interaction that CsgC makes with CsgA monomers causes

them to delay aggregation.
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We endeavored to learn more about the CsgC and CsgA monomer interaction by probing
with IM-MS. When a sample of a 1:1 CsgA:CsgC mixture was analyzed, peaks in the mass
spectrum consistent with a 1:1 CsgA:CsgC heterodimer were present in the first reading (Figure
3-2B). The heterodimer peaks were in low abundance, consistent with the concept of a transient
interaction (Figure 3-2B). The heterodimer peaks were our first direct observation of an
interaction between CsgC and CsgA monomers in solution.

Just like the pull-down assays, much can be learned from focusing on the IM-MS signals
associated with CsgA monomers. Multiple charge states of CsgA monomers can be seen in the
mass spectrum, consistent with an intrinsically disordered protein (Figure 3-2A). We analyzed
how the CsgA monomers shape changed by examining the ATD over time (Figure 3-2C, Figure
3-3C-D). The ATD profile suggests that the conformation of CsgA became more extended as the
aggregation progresses, a change commonly observed with other amyloid proteins as well
(Hyung et al., 2013; Soper et al., 2013) (Figure 3-2C, Figure 3-3C-D). Remarkably, the
presence of CsgC in solution causes the ATD of CsgA monomers to remain consistent
throughout the time course of our experiment (Figure 3-2C, Figure 3-3C-D). CsgC must
interact with an intrinsically disordered CsgA monomer and maintain that fold state. Our model
of CsgC interacting with unstructured CsgA and maintaining an unstructured state fits within
greater context of curli biogenesis. CsgC is a periplasmic protein tasked with inhibiting amyloid
formation within the intermembrane space, a cellular compartment where only unfolded CsgA is
supposed to reside.

CsgC remains an active amyloid inhibitor during the rapid fiber formation phase of
aggregation. We show two similar experiments in Figure 3-4 where CsgC is presented to CsgA

during the elongation phase. In the first experiment, CsgC is added to CsgA at different times
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throughout aggregation and we monitored the effect of CsgC addition on the increase in ThT
fluorescence (Figure 3-4A). Inthe experiment shown, the uninhibited CsgA takes approximately
1.3 hours to transition from the lag to the elongation phase (Figure 3-4A). When CsgC is added
at time 0, we see little to no increase in ThT fluorescence throughout the time course of the
experiment (Figure 3-4A). For all conditions tested where CsgC was added after time O there
was a linear increase in ThT signal, until the signal eventually reached a plateau and flattened out
(Figure 3-4A). Similarly shaped curves can be seen when CsgC is added to a seeded CsgA
aggregation reaction (Figure 3-4B). Linear or isodesmic polymerization is consistent with a
model of aggregation that is independent of nucleation (Frieden, 2007). Nucleation-dependent
polymerization requires the formation of high energy nuclei, a bottleneck for polymerization,
followed by the very favorable addition of monomers to a growing fiber (Jain and UdgaonkKar,
2011). CsgC-inhibited CsgA could present an isodesmic polymerization profile because the
formation of new nuclei is being hindered but CsgA unfolded monomers can still add to fiber
ends. CsgC could be fighting the early process of CsgA transitioning between the disordered -
denatured state and disordered-collapsed state described by Frieden (Frieden, 2007). When CsgC
is added during the elongation phase, any disordered-collapsed CsgA that is able to form is

quickly added onto fiber ends instead of forming a new nucleus.

3.4.2 Insights into CsgC Activity

We sought to shed light how the CsgC-CsgA interaction is taking place. Taylor and coworkers
discussed the importance of electrostatic interactions between CsgC and its binding partner,
remarking on the significance of solvent exposed basic residues on CsgC (Taylor et al., 2016).
Otherwise, there is no direct evidence or predictions regarding which CsgC residues are required

for its activity.
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In vivo phenotypes are useful tools to screen for functional or non-functional variants of a
protein. The Congo Red binding assay is the most widely used test for verifying the functionality
of csg proteins (Evans et al., 2018). During this assay, all csg proteins act in concert in order for
the cell to secrete CR+ curli to the cell surface. Attemptsto use Congo Red binding as a
phenotype for CsgC activity have previously failed; AcsgC cells remain CR+ (Evans et al.,
2015). Knowing this, we turned to another method for assessing in vivo CsgA amyloid formation
and its inhibition.

It is widely known that intracellular amyloid formation is cytotoxic and these
observations extend to functional amyloids being expressed within E. coli (Marinelli et al.,
2016). Indeed, the over expression of CsgAasec Within E. coli BL21 leads to an apparent cellular
toxicity (Figure 3-5A). To confirm the formation of amyloid within cells after expression, we
added AmyTracker 680 into the growth media and saw strong fluorescence starting at the same
time as the decrease in OD600 (Figure 3-5B). Therefore there is a correlation between
cytotoxicity and amyloid formation after CsgAasec is expressed. Coexpression of CsgCasec
rescues from that toxicity and greatly decreases AmyTracker 680 fluorescence (Figure 3-5A and
B). Samples were taken during the growth assays and visualized using fluorescence microscopy
to get additional information at a cellular resolution. In the strain expressing CsgAasec only we
saw diffuse AmyTracker 680 fluorescence throughout certain cells, signaling that aggregation
was happening everywhere within their cytoplasms (Figure 3-5C-F). This was unexpected since
we anticipated that there would be foci of amyloid signal in well-defined plaque-like bodies,
consistent with a-syn plaques stained with the same dye (Mahul-Mellier et al., 2020). Instead,

foci formed in the phase contrasted images when CsgCasec was coexpressed (Figure 3-5G-J).
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This would suggest that the presence of CsgC within the cytoplasm is allowing the cell to

process CsgA into protein aggregates consistent with inclusion bodies.

3.4.3 Sequence Determinants of CsgC Activity

CsgC is a semi selective amyloid inhibitor and displays a preference for particular
amyloidogenic proteins (Evans et al., 2015). Taylor et al. showed that mutating some of the
charged residues on CsgC can decrease its inhibition efficiency for CsgA (Taylor et al., 2016).
Therefore, there must be some sequence determinantsin CsgC and its client proteins that direct
amyloid inhibition. There are no known binding sites, active sites, or locations of interest
between CsgC and its clients. We turned to sequence comparisons to guide our efforts to better
understand significant CsgC residues.

The CsgC homolog from Citrobacter youngae is very similar to CsgC EC in both sequence
identity (85%) (Figure 3-6A) and predicted structural homology (Figure 3-6B). With these
similarities in mind, we assumed CsgC EC and CsgC CY would perform with similar
efficiencies when tested in vitro under the same conditions. However, CsgC CY was much less
efficient (Figure 3-6C and D). This led us to explore which of the 17 divergent residues in CsgC
CY lead to this decrease in efficiency.

We made single amino acid variants of CsgC that corresponded to each of the 17
divergent residues in CsgC CY and tested them in an in vivo screening assay to determine which
performed similar to CsgC EC. An “optotracing” graph was created to better compare both
growth and fluorescence data for each variant tested (Figure 3-7)(Butina et al., 2020). The
conditions of the in vivo screening assay drove the expression of CsgAasec and CsgCasec by equal
amounts into the cytoplasm since the two expression plasmids were both pET vectors using

IPTG as the chemical inducer. Four variants stood out among those tested: E48A, E48R, R84A,
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and R84E. The differences between the four variants and the wildtype protein and their ability to
suppress toxicity and AmyTracker 680 fluorescence were slight but discernable (Figure 3-7).
The four variants in question were alanine and charge swap mutants of two CsgC EC residues:
E48 and R84. These residues form a predicted salt bridge on the surface of CsgC (Figure 3-8A).
Therefore, we assumed the salt bridge played a significant role in CsgC activity since the four
variants performed worse than CsgC EC in the in vivo screening assay.

Remarkably, 3 out of 4 variants tested in vitro were even more efficient than CsgC EC
WT (Figure 3-8C). R84A was the only CsgC variant tested that showed a greatly diminished
efficiency. Suggesting that the presence of the arginine side chain plays a significant role in the
activity of CsgC. Reversals of charge at E48 and R84, which resulted in two basic or two acidic
side chains being adjacent in the fully folded protein, lead to mild increases in efficiency. This
would suggest that the proper positioning of the E48/R84 sidechains is important in CsgC
activity, an observation consistent with previous previously published work pointed out CsgC’s
dependence on electrostatic interactions (Taylor et al., 2016). The single amino acid changes
only minorly effected the thermal stability of the CsgC variants (Figure 3-9). This would suggest
that the effect of the changes in residue are more closely associated with loss of activity rather
than changing the structure of the CsgC protein. More investigation as to how these residues

affect stability and activity of CsgC need to be performed.

3.5 Materials and Methods

Bacterial Growth
All overnight cultures were grown in LB supplemented with 100 pg/mL ampicillin and/or 50
pg/mL of kanamycin at 37 °C with shaking at 220 rpm. When necessary, LB plates were

supplemented with ampicillin 100 pg/mL or kanamycin 50 ug/mL.
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Strains and Plasmids

The full list of strains, plasmids, and primers can be found in the Supplemental Materials. A
library of expression vectors containing csgC mutants was purchased and synthesized by
GenScript (https://www.genscript.com/). When done in house, site directed mutagenesis was
performed on pre-existing plasmids using the Phusion HF polymerase (Cat No. M0530S).
Primers were designed using SnapGene (SnapGene® by Dotmatric) and purchased by IDT
(https://www.idtdna.com). Mutagenized plasmids were constructed in the MC 1061 cell
background. Correct mutations were confirmed using Sanger sequencing provided by eurofins
(https:/iwww.eurofins.com/genomic-services/our-services/custom-dna-sequencing/). Plasmids
were extracted from transformants using Promega PureYield™ Plasmid Miniprep System (Cat
No. PRA1223). Miniprep plasmids were transformed into an expression strain (NEB3016) for
purification or BL21 (DE3) for in vivo screening.

Protein Purification

CsgA was purified as described previously (Zhou et al., 2012). CsgC and its variants were
purified as described previously (Salgado et al., 2011). Size exclusion chromatography was
performed as previously described (Evans et al., 2018). Briefly, Ni-NTA affinity
chromatography elution fractions were pooled, concentrated, and passed througha 0.22 pm
filter. The sample underwent gel filtration using a Superdex 75 10/300 GL column (Cat No.45-
002-903) attached to an Akta pure protein purification system. Elution fractions were assayed for
protein concentration using A220. Samples corresponding to elution peaks were analyzed using
SDS-PAGE.

Denaturing Gel Electrophoresis and Western Blot
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Purified protein samples were diluted in 4X SDS loading buffer run on a 15% SDS PAGE gel
(Evans et al., 2018). The gels were stained with Coomassie blue dye to visualize protein bandsor
the proteins were transferred to a PVDF membrane for blotting. Western Blot were performed as
previously described (Evans et al., 2018). Briefly, blots were probed with a primary antibody
against CsgA (1:12,000) or CsgC (1:4000). Secondary antibodies against rabbit 1gG and
conjugated with IRDye 800CW (Cat No.NC9401842) were used to image the blots in a Licor
Odyssey FC.

Preparation of modified NHS columns

CsgC was purified using a previous protocol (Salgado et al., 2011). 1 mg of purified CsgC in 50
mM phosphate buffer, pH = 7.4 or 1 mg of purified BSA was injected into an NHS activated HP
column (Cytiva 17071602) and incubated for 1hr at room temperature. Unreacted NHS was
blocked by injecting a blocking buffer (200 mM Tris HCI, pH 7.5) and incubating for 30 mins at
room temperature. The modified NHS columns were rinsed with 10 CV of 20mM NaOH and 10
CV of 6M urea to wash away any unbound proteins (eluent tested for protein concentration with
Coomassie blue). Modified NHS columns were stored at 4 OC until further use.

Gel Filtration and Aggregation Assay

Frozen affinity purification elution fractions were thawed and injected into an AKTA pure
protein purification system to be gel filtered using a Superdex 75 10/300 GL column (Cat No0.45-
002-903) with an isocratic running buffer (50 mM phosphate buffer, pH = 7.4). Additional
separations were performed that included a modified NHS column (CsgC or BSA) attached in
line after the SEC column. Elution fractions containing CsgA species of different sizes were
assed using UV absorbance, collected, and stored on ice until further analysis. ThT binding

assays were performed by standardizing CsgA monomer concentration to 10 uM (Bradford
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Assay used to calculate concentration) in phosphate buffer and including an excess of ThT.
Fluorescence measurements were performed at 37 °C in 96 microtiter-plate, (black walls and
clear bottoms, Corning, Kennebunk, ME, USA) using a FLUOstar Omega microplate reader
(BMG Labtech GmbH, Ortenberg, Germany) with an excitation wavelength of 430 nm and an
emission wavelength of 480 nm, the samples were shaken for 1s at 300 rpm every 15 mins
between readings. All experiments were performed in triplicate or more and each experiment has
been verified two times or more.

Sample Preparation for IM-MS

Purified CsgA and CsgC from E. coli were buffer exchanged into 20 mM ammonium acetate (pH
7.4) using Thermo Scientific Zeba™ Spin Desalting Columns 7k MWCO. The protein
concentration after buffer exchange was assayed using Thermo Scientific Pierce™ Rapid Gold
BCA Protein Assay Kit. CsgA and CSgC are each diluted to20 uM with 20 mM ammonium
acetate, mixed at 1:1 ratio and the mixture were incubated at 37°C for 23 hours. Time points
were taken at O hr, 3 hr, 6hr and 23hr.

IM-MS

IM-MS data was collected on a quadrupole ion-mobility time-of-flight (TOF) mass spectrometer
(Synapt G2 HDMS, Waters, Milford, MA, USA) with a nano-electrospray ionization (nESI)
source. The source was operated at positive mode with the nESI voltage set at 1.0-1.2 kV, the
sampling cone was set to 15 V and the bias was set to 42 V. The source temperature was set to
20°C. The traveling—wave ion mobility separator was operated at a pressure of approximately 3.4
mbar with wave height and wave velocity set at 30V and 500 m/s, respectively. The m/z window
was set from 100 — 8000 m/z with a TOF pressure of 1.5e-6 mbar. Mass spectra were analyzed

using MassLynx 4.1 and Driftscope 2.0 software (Waters, Milford, MA, USA). CCS (QQ)
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measurements were externally calibrated using a database of known values in helium. We
reported the standard deviations from replicate measurements of CCS and an additional £3% to
incorporate the errors involves in the calibration process.

Thioflavin T Binding Assay

Assays were performed as previously described (Zhou et al., 2012). Briefly, freshly purified
CsgA was diluted with phosphate buffer to 20 uM and combined with an excess of the amyloid-
specific dye thioflavin-T (ThT) (Cat No. AC211760250). Amyloid formation was monitored by
measuring an increase in ThT fluorescence at 495 nm (450 nm excitation). Assays were
performed in triplicate at microscale within 96-well plates and measured with Infinite Pro M200
or Infinite Nano* F200 Tecan plate readers. CsgC proteins were purified, diluted from a stock
solution (phosphate buffer), and added to specified assays in the reported stoichiometric ratio.
Fiber stimulating “seeds” were produced by obtaining previously purified CsgA WT fibers and
sonicated directly before adding to a specified assay.

In Vivo Screening Assay

3 mL overnight cultures were created in LB containing the appropriate selective agent and
incubated at 37°C with shaking for 16 hr. The following day, cell density was normalized by
diluting overnight cultures to OD600 = 1 using fresh media. The normalized cultures were
diluted to OD = 0.01 into the wells of a sterile 96-well microplate to a final volume of 200 uL
with sterile LB supplemented with the amyloid specific dye AmyTracker 680 (1:500)
(EbbaBiotech). The microplate was placed in a Molecular Devices iD3 microplate reader and
absorbance (600 nm) and fluorescence (Ex:550 nm, Em:680 nm) was measured every 15 mins

for 16 hr. The plate was incubated at 37 °C with shaking between spectroscopic readings. When
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the liquid cultures had grown for 2 hr, ITPG was added to a final concentration of 0.5 mM
(diluted from 0.1 M frozen stock) to induce the expression of all plasmids.

Fluorescence Microscopy

Live-cell microscopy was performed at 0, 1, 2, and 4 hour post-induction. 4 pL of cells were
dropped onto a piece of 2% UltraPure agarose + LB pad and imaged on a Mantek dish. All
fluorescence and phase contrast imaging was performed using a Nikon Ti2-E motorized inverted
microscope controlled by NIS Elements software with a SOLA 365 LED light source, a 100X
Objective lens (Oil CFI Plan Apochromat DM Lambda Series for Phase Contrast), and a
Hamamatsu Orca Flash 4.0 LT + sCMOS camera. AmyTracker 680 was imaged using a
“TexasRed” filter set (C-FL Texas Red, Hard Coat, High Signal-to-Noise, Zero Shift, Excitation:
560/40 nm [540-580 nm], Emission: 630/75 nm [593-668 nm], Dichroic Mirror: 585 nm).
Thermostability Assay using Circular Dichroism (CD)

CsgC variants were purified as described above and stored at 4°C in 50 mM KP;, pH 7.3.
Secondary structure was analyzed using a Jasco J-1500 CD Spectrometer by scanning from 190
t0 260 nm at 20°C in a quartz cell with a 1 cm path. A second CD spectrum was obtained after
the cell holder was heated to 90 °C (5 °C/min).
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Figure 3-1. CsgC makes a weak, transient interaction with CsgA that delays ThT positive
amyloid formation.
Affinity purified CsgA was passed through A) an unmodified NHS column, B) a column
modified with BSA, C) or a column modified with CsgC. Afterward the CsgA was separated by
gel filtration and the elution of protein was tracked using UV absorbance. Significant peaks were
labeled and the area under the peaks defined by dashed lines was calculated. SEC fractions taken
from the D) unmodified and E) NHS-CsgC separations that correspond to monomeric CsgA
were moved toa ThT assay to assess the protein’s propensity to form amyloid.
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Figure 3-2. IM-MS captures a 1:1 CsgA and CsgC heterodimer.

A) Mass spectra for CsgA incubated with CsgC in a 1:1 molar ratio at 37 °C. Monomeric CsgA
(blue circles), dimeric CsgA (blue double circles), monomeric CsgC (purple triangles), dimeric
CsgC (double purple triangles) and 1:1 CsgA:CsgC complex (blue circle and purple triangle) is
annotated. A magnified MS spectrum (B) showed that the complex is seen flanked on either side
by dimeric CsgA and dimeric CsgC. C) Arrival time distribution of the 11+ monomer of CsgA in
three experimental conditions: Apo CsgA in solution at 0 hr (olive trace), apo CsgA in solution
after 3 hr (light purple trace), and CsgA in solution with CsgC after 3 hr (dark grey trace). Traces
are overlapped to show the changes in ATD after 3 hr of incubation.
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Figure 3-3 Additional IM-MS Data.
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CCS values derived from arrival time distribution of A) CsgA monomers and B) CsgC
monomers. C and D) Arrival time distribution of the 12+ and 13+ monomer of CsgA in three
experimental conditions: Apo CsgA in solution at 0 hr (red trace), apo CsgA in solution after 3 hr
(green trace), and CsgA in solution with CsgC after 3 hr (blue trace). Traces are overlapped to
show the changes in ATD after 3 hr of incubation.
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Figure 3-4 CsgC inhibits amyloid formation during the fiber elongation stage.

A) When CsgC is added to actively polymerizing CsgA, fiber formation is weakly inhibited. This
scenario can be simulated by “seeding” freshly purified CsgA through the addition of sonicated
preformed CsgA fibers. B) When CsgC is added to a seeded reaction of CsgA it also inhibits
weakly (All olive conditions also contain 2% seeds).
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Figure 3-5 CsgC activity can be assessed through at set of in vivo phenotypes.

When CsgA is expressed within the cytoplasm of E. coli cells, the cells exhibit a defective
growth rate that begins approximately 1 hour after induction. The cells also bind to an amyloid -
specific and cell-permeable fluorescent dye called Amytracker when the dye is added to the
growth media. The coexpression of CsgC with CsgA leads to A) a rescue from the amyloid-
med iated toxicity and B) a decrease in dye fluorescence within the microplate wells. C-J)
Samples were taken at hour intervals during the growth experiment and imaged using
fluorescence microscopy.
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Figure 3-6 E. coli CsgC has closely related homolog which displays a greatly diminished in
vitro activity.

A) A sequence alignment of E. coli CsgC and C. youngae CsgC. The 17 divergent residues are
labeled in blue. B) When comparing E. coli CsgC structure (PDB:2y2y) and a predicted structure
of C. youngae CsgC produced by AlphaFold 2.0, the two proteins have vary familiar fold. We
displayed the side chains of the 17 divergent residues as sticks. C-D) The CsgC homologs are
substoichiometric inhibitors of amyloid formation of E. coli.
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Figure 3-7 In vivo screening assay results for CsgC variants E48A, E48R, R84A, and R84E.
For each condition an E. coli BL21 strain was created harboring two plasmids each encoding for
the expression of CsgAasecand the wildtype or a variant of CsgCasec . The A) growth curves and
B) fluorescence of each culture was tracked after protein expression was induced. C) An
optotracing plot was created according to (Butina, 2020) to compare the growth and fluorescence
of each culture in the same dataset. All fluorescence values are relative to CsgC WT, therefore
any strain that displays a positive optotracing slope over this OD range is allowing more amyloid
formation than the wildtype protein. Lines shown are simple linear regression lines.
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Figure 3-8 CsgC EC single residue variants E48A, E48R, R84A, R84E have varying
inhibition efficiencies.

A) Structure of CsgC EC showing E48 and R84 as stick models. The measured distance between
side chain atoms was 3.6 A indicating a potential ionic interaction. ThT assays showing the
addition of CsgC B) E48A, C) E48R, D) R84A, and E) R84E in varying molar ratios to freshly
purified E. coli CsgA.
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Figure 3-9 Thermostability tests for CsgC WT the four single residue variants E48A, E48R,
R84A, R84E.

CsgC WT and its variants were purified in the same manner and stored at 4 °C. The five proteins
were standardized to 10 uM concentration in the same buffer and their secondary structure was
visualized by scanning far UV absorbance. CD spectra were taken at 20 °C (blue curve), the
samples were heated in the cuvette, and second measurements were taken at 90 °C (red curve).
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3.7 Tables

Table 3-1 Strains used in this study.

+ pET11d-CsgA -sec 6xHis

Strains Relevant Genotype References
BL21 fhuA?2 [lon] ompT gal (A DE3) [dem] AhsdS New England
(DE3) A DE3 = A sBamHIo AEcoRI-B Biolabs
int::(lacl::PlacUV5::T7 genel) i2l Anin5
MC1061 | F—araD139 A(ara-leu)7696 galE15 galK16 A(lac)X74 (Casadaban and
rpsL (StrR) hsdR2 (rK— mK+) mcrA mcrB1 Cohen, 1980)
NEB3016 | MiniF lacld(CamR) / fhuA2 lacZ::T7 genel [lon] ompT gal | New England
sulA11 R(mcr-73::miniTn10--Tet%)2 [dem] R(zgb- Biolabs
210::Tn10--TetS) endAl A(mcrC-mrr)114::1S10
ALB30 BL21(DE3) + pET28a EV + pET11d-CsgA -sec 6xHis This study
CsgC WT | BL21(DE3) + pET28a-CsgC-sec C-term 6xHis, kan" + This study
pET11d-CsgA -sec 6xHis
ALB30 BL21(DE3)+ pET28a EV + pET11d-CsgA -sec 6xHis This study
E48A BL21(DE3) + pET28a-CsgC E48A-sec C-term 6xHis, kan'
This study
+ pET11d-CsgA -sec 6xHis
E48R BL21(DE3) + pET28a-CsgC E48R-sec C-term 6xHis, kan'
This study
+ pET11d-CsgA -sec 6xHis
R84A BL21(DE3) + pET28a-CsgC R84A-sec C-term 6xHis, kan'
This study
+ pET11d-CsgA -sec 6xHis
R84E BL21(DE3) + pET28a-CsgC R84E-sec C-term 6xHis, kan"
This study
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R84E BL21(DE3) + pET28a-CsgC R84E-sec C-term 6xHis, kan"
This study
+ pET11d-CsgA -sec 6xHis
EMG2 NEB 3016 AslyD + pET28a-CsgC E48A C-term 6xHis This study
EMG4 NEB 3016 AslyD + pET28a-CsgC R84A C-term 6xHis This study
EMG6 NEB 3016 AslyD + pET28a-CsgC R84E C-term 6xHis This study
EMG7 NEB 3016 AslyD + pET28a-CsgC E48R C-term 6xHis This study
RAL1 NEB 3016 AslyD + pET28a-Citrobacter youngae CsgC-
This study
sec C-term 6xHis
Table 3-2 Plasmids used in this study.
Plasmids | Relevant Characteristics References
pET11d IPTG inducible expression vector New England
Biolabs
pET28a IPTG inducible expression vector New England
Biolabs
pCsgA pET11d-CsgA -sec 6xHis (Zhou, 2012)
pCsgC pET28a-CsgC-sec C-term 6xHis, kan' (Evans, 2015)
pCsgC pET28a-CsgC E48A C-term 6xHis
This study
E48A
pCsgC pET28a-CsgC R84A C-term 6xHis
This study
R84A
pCsgC pPET28a-CsgC R84E C-term 6xHis
This study
R84E
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pCsgC pET28a-CsgC E48R C-term 6xHis

This study
E48R
pCsgC pET28a-Citrobacter youngae CsgC-sec C-term 6xHis

This study
CY

Table 3-3 Primers used in this study.

Primers Primer Sequence (5’— 3°) Constructs
GA CsgCCY ATTTGATTTGCCAGCGCCATGGTATATCTCCTTCTTAAA | CsgC CY
Vector_FOR GTTAAACAAAATTATTTCTAG
GA CsgCCY CTGACTCAACCCATAGCCCACACCACCACCACCACCAC | CcsgC CY
Vector_ REV T
GA CsgCCY CAGTGGTGGTGGTGGTGGTGTGGGCTATGGGTTGAGTC | CsgC CY
Frag FOR AGGC
GA CsgCCY TAAGAAGGAGATATACCATGGCGCTGGCAAATCAAAT | CsgC CY
Frag REV AACATTCAA
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Chapter 4 Discussion and Future Directions*

4.1 Introduction

Amyloid fiber formation is known to be a spontaneous and energetically favorable
process. Throughout the course of this dissertation, | sought to better understand how amyloid
formation could be controlled. | explored an in vitro method of controlling amyloid formation
using disulfide engineering. | also wanted to investigate how functional amyloid formation was
controlled within the context of curli. To that end, | began several projects aimed at better
understanding CsgC, a chaperone-like protein in the curli operon that acts as a amyloid
formation inhibitor (Evans et al., 2015). CsgC inhibits amyloid formation of several proteins
including CsgA homologs, FapC, and alpha-synuclein (Evans et al., 2015). Wildtype CsgC
displays varying inhibition efficiency with different client protein that don’t share the same
primary sequence. Single amino acid variants of CsgC also have varying efficiency when the
client protein is kept constant (Chapter 3). Therefore, there must be sequence determinants, both
in CsgC and its clients, that guide CsgC amyloid formation inhibition. | used two different
methods of protein engineering to modify CsgC so that | could learn more about which CsgC
residues are significant to its activity. One method uses multiple sequence analysis to make
rational changes to individual residues. Another technique employs directed evolution to make

random changes and test a broad range of CsgC variants against one another at the same time.

4 Additional authors contributed work to this chapter. Chia-Yu Kang contributed to Figure 4-5 and 4-7. Jennie
Hibma contributed writing and data forFigure 4-6 and 4-8. Anthony Balistreri contributed to the conceptand
experimental design of all figures.
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Here we discuss the future of these projects and what can be gleamed about CsgC using their
results.

Lastly, | wanted to apply what was learned about CsgC to investigate a practical use of
anti-amyloid activity. We are interested to see how CsgC could disturb processes that depend on
amyloid formation in the mammalian gut. Curli fibers play an important role in survival of
bacteria in harsh environments (Chapman et al., 2002) such as the gut and in the cross talk
between bacteria and a host organism (Hufnagel et al., 2013). | planned to create CsgC secreting

bacterial strains to observe the effect of CsgC secretion on the microbiome.

4.2 Protein engineering CsgC: Rational Design and Site Directed Mutagenesis

Rational justification was necessary to decide which residues of CsgC to mutagenize.
We turned to a multiple sequence analysis to get clues from natural proteins to see which
residues are important for CsgC activity based on evolutionary conservation. Dueholm and
coworkers published a list of bacterial species that contain both a CsgA and a CsgC/H homologs
(Dueholm et al., 2012). We created a curated list of sequences of both CsgA and CsgC/H
proteins from the same bacterial strain using Dueholm’s sequences as a guide. We performed a
multiple sequence alignment of CsgC/H proteins using MUSCLE (Edgar, 2004) and constructed
a phylogenetic tree using the PhyML 3.0 algorithm (Guindon et al., 2010) (Figure 4-1). The
resulting tree shows a tight relationship between CsgC proteins, with CsgH proteins occupying
their own branch of the tree (Figure 4-1). Three CsgC homologs that have been previously tested
in vitro by our lab were highlighted with C. youngae CsgC being the most closely related to E.
coli CsgC (Figure 4-1). To take a closer look at the sequences we created a graphical sequence
alignment showing representative CsgC sequences from each branch of the phylogenetic tree

(Figure 4-2). The CsgC sequence alignment allows for a more direct comparison of residues
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between CsgC proteins and highly conserved residues such as the CxC motif, Q53, and L72 that
can be easily appreciated (Figure 4-2).

Coevolution analyses can be used to investigate evolutionarily conserved residues in a
protein-protein interaction (Lovell and Robertson, 2010). Since CsgC has only one known
binding partner in the cell, the residues of CsgC that are significant for its activity must remain
steady or change to match any mutations that occur in CsgA over evolutionary time. We used
MISTIC2 to perform coevolution analysis and provide a measurement called “cumulative mutual
information” (cMI) that estimates the amount of mutual coevolution between two residues within
a protein (Colell et al., 2018). The CsgA and CsgC sequences were artificially concatenated with
a linker to see how residues in both proteins coevolve with one another. The cMI measurements
for each residue were visualized using a unique circos graph produced by MISTIC (Figure 4-3).
The circus graph is a useful representation of cMI and how connected each residue is within the
sample of sequences provided (Figure 4-3).

Using the sequence analysis and coevolution information we chose residues of interest on
CsgC for mutagenesis based on the following criteria: (i) surface exposure, (ii) high
conservation, (iii) high cMlI, (iv) mutations found in the CY branch, and (v) glutamine residues.
Glutamine residues were considered significant because glutamine is over-represented in CsgC
sequences compared to other prokaryotic genes. We decided to make the following variations to
highly scored residues:

e X > A; changing any residue to an alanine,
« E,D>R; changing any negatively charged residue to a positively charged residue,
K, R>E; changing any positively charged residue to a negatively charged residue, and

» Changing any aliphatic residue toR, or E.

101



We chose the first 30 variants of interest and purchased mutagenized plasmids to test the proteins

in the in vivo screening assay mentioned in Chapter 3.

4.2.1 Future Directions

A directed mutational study is a useful method to learn about a protein activity. However,
any method that is used requires a good test to provide useful answers. The in vivo screening
assay that we set up to answer questions about CsgC is lacking in sensitivity. There is a very
clear signal difference between cells that contain a CsgC variant and an empty vector control
with no CsgC present. Unfortunately, there is currently a small difference in signal between
CsgC variants. We were able to identify the potentially significant residues E48 and R84 using
the screening assay; the results were discussed in Chapter 3. We also identified L72 as a major
contributor to the structural stability of CsgC. Any charged residue modifications to L72 caused
severe structural instability and a loss of in vivo and in vitro activity. A modification to protein
expression during the assay could increase the sensitivity. The screening assay uses pET
expression vectors for both CsgC and CsgA and therefore both proteins are induced by IPTG
added to the growth media. It is reasonable to assume that both proteins are being expressed to a
similar intracellular concentration at the same time. During in vitro studies of CsgC, small
differences in CsgC concentration can have large effects on CsgA amyloid formation inhibition.
Therefore, a system more tunable control over CsgA and CsgC expression levels could be a
useful modification to the screening assay to increase the sensitivity and understand the more

subtle differences between CsgC variants.
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4.3 Protein engineering CsgC: Directed Evolution

Directed evolution is a protein engineering technique that utilizes random mutagenesis
and artificial selection to speed up the evolution of a protein of interest (Farinas et al., 2001).
Random mutagenesis through error prone PCR (epPCR) can provide a pool of mutant genes that
will produce protein variants. Researchers then choose an appropriate selectable phenotype that
can be used to separate variants based on a desired functionality. After selection, DNA
sequencing is performed to assess the most successful protein variant. This variant is used as a
starting point for the next round of mutagenesis and selection (Packer and Liu, 2015). This
directed evolution cycle can be performed many times to continue to produce the optimal protein
for the selection mechanism (Figure 4-4). For CsgC, there is an in vivo phenotype associated
with a rescue from amyloid cytotoxicity that can be used. The CsgC cytotoxicity rescue
phenotype is also the basis of the in vivo screening assay discussed in Chapter 3. When E. coli
cells are expressing intracellular CsgA they display a decrease in growth that can be seen by
tracking OD600 or CFU over a growth period (Figure 4-5). When CsgC is coexpressed
intracellularly cells do not show the same growth defects (Figure 4-5). Therefore, the presence
of an effective CsgC protein yields a rescue from intracellular CsgA amyloid associated toxicity.
A simple competitive growth assay could be used as a selection technique for CsgC activity. A
pool of CsgC variant producing strains are placed in the same liquid culture and grown under
conditions that induce the cytotoxic and protective effect. The CsgC variants that allow the cells
to outcompete and thrive in the culture represent the most successful CsgC proteins at preventing
intracellular CsgA amyloid fibers from forming. Sequencing the survivors should reveal insights

into what residues are important for CsgC activity.
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Worsdorfer and coworkers published a directed evolution technique that we used as a
model to base our CsgC evolution experiments (Worsdorfer et al., 2011). After purifying a
sample of our CsgC expression plasmid, we used the GeneMorph Il random mutagenesis Kit to
make a library or mutants with a low mutation rate. The mutant gene library was cloned back
into the pET28a expression plasmid and transformed E. coli BL21 cells. The surviving
transformants were transformed again with the CsgA expression plasmid (Figure 4-6). After
surviving both transformations, the cells now contain the CsgA expression plasmid and one of
the mutant CsgC expression plasmids (Figure 4-6). The resulting pool of cells were diluted in
fresh selective media and the competitive growth assay was initiated when IPTG induced
expression of both proteins (Figure 4-6).

The first round of mutagenesis produced the mutant library CsgC*. We chose to plate
some of the transformants after the CsgC* plasmid transformation to confirm a low mutagenesis
rate. Since we don’t know how much variation from the wildtype CsgC will be required to
produce an optimal variant, we elected for slow changes to occur. As we had designed, 10
sample transformants had their plasmids purified and sequenced revealing a collection of simple
protein variants and the wildtype protein (Figure 4-7A).. During the first competitive growth
assay the CsgC* culture grew almost identically to the CsgC WT culture (Figure 4-7B). This
was to be expected since Worsdorfer and coworkers only reported significant differences
between their mutant and wildtype proteins after the 51 round of selection (Worsdorfer et al.,
2011). Moving forward, a sample of the CsgC* culture was taken after 5 hours of competitive
growth. The sample was miniprepped and the plasmids were purified. A second round of
mutagenesis was performed to yield the CsgC?* library. Interestingly, CsgC?* library showed

different growth results from CsgC*, signaling that just two rounds through the mutagenesis and
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selection process had already provided measurable improvements in growth (Figure 4-8). There
must be a variant within the CsgC2* library that allows the cells to survive better than the CsgC

WT protein.

4.3.1 Future Directions

Two rounds of directed evolution were completed, and promising results already
occurred. This would suggest that directed evolution of CsgC using this selection method could
yield valuable results. One can assume that CsgC is already at its maximum efficiency acting as
an inhibitor of CsgA amyloid formation, especially given the potency that is already observed
during in vitro CsgC inhibition assays. The results from Figure 4-8 suggest that even more
optimization is possible. Unfortunately, the error prone PCR step which yields the mutagenized
library of CsgC genes became increasingly more difficult after CsgC2*. Once the mutagenesis
and cloning steps are optimized, that should allow for more successful rounds of directed
evolution to take place.

The CsgC-CsgA directed evolution project was always intended to be a preliminary
experiment to lay a foundation for the greater goal of tuning CsgC anti-amyloid activity towards
alpha-synuclein. Alpha-synuclein is a human pathogenic amyloid that shares a short sequence
motif with CsgA (Evans et al., 2015). CsgC is a substoichiometric inhibitor of alpha-synuclein
aggregation, however, it is not nearly as effective an inhibitor when compared to CsgA (Evans et
al., 2015). Directed evolution could be used to increase CsgC inhibition efficiency with
preventing alpha-synuclein amyloid formation. Now that we have evidence that a competitive
growth phenotype can be used to select for more active CsgC variants, the next step to confirm

that alpha-synuclein can create intracellular cytotoxic amyloid fibers after expression within E.
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coli. Alpha-synuclein fibers are associated with cell death within the context of human neurons,

but cytotoxicity needs to be confirmed in the recombinant system we use for our experiments.

4.4 CsgC Secreting Commensal Strains

Curli is a functional amyloid that is secreted by many species of gut-dwelling bacteria.
Within the enteric environment curli could be playing otherroles in addition to its part in biofilm
formation. Curli has been proven to be immunogenic and can illicit an immune response in
mouse models (Hufnagel et al., 2013). Recently our lab showed that curli can act as a promoter
of alpha-synuclein aggregation within the gut that can lead to an acceleration of Parkinson
disease symptoms in a mouse model (Sampson et al., 2020). Therefore, the inhibition of curli
formation within the gut could be an interesting avenue of investigation. CsgC is a semi-selective
amyloid formation inhibitor that is extremely potent and selective for bacterial amyloids to a
lesser extent alpha-synuclein (Evans et al., 2015). However, CsgC activity has always been
sequestered within the periplasm of certain bacterial species. We are interested in exploring the
effect of secreting CsgC into the enteric environment. CsgC secretion could have a deleterious
effect on the microbiome and thus negatively affect the host organism. Alternatively, CsgC could
play a protective role against pathogenic colonization of the gut or CsgC could knock out
problematic interaction between curli and alpha-synuclein. Along these lines we decided to
create three strains of commensal bacteria that secrete CsgC to test our hypotheses.

Creating an E. coli strain that secretes CsgC was a logical first choice. E. coli is widely
studied enteric bacteria species and the strain E. coli Nissle 1917 is often used as a biological
platform in synthetic biology for many clinical applications (Ou et al., 2016). CsgC is a native
protein to E. coli and CsgC is already secreted naturally into the periplasm. We decided to take

advantage of the curli export proteins, referred to as the type V111 secretion system (T8SS), to get
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CsgC transferred out of the periplasm and to the outside of the cell. Thankfully Sivanathan and
Hochschild published a method for researchers to hijack the T8SS, clone heterologous proteins
into an expression vector, and secrete the proteins to the outside of the cell (Sivanathan and
Hochschild, 2013) (Figure 4-9). Using the MC4100 AcsgBAC strains and plasmids provided by
the Hochschild lab, 1 successfully cloned CsgC into the expression plasmid, yielding an E. coli
CsgC secreting strain called ALB3. The CsgC that is secreted includes an N-terminal fusion to
the N22 CsgA secretion signal peptide that signals the cell to secrete the appended protein
through the CsgG pore.

I confirmed that ALB3 secretes CsgC into the supernatant and | have begun testing ALB3
in biofilm inhibition assays. After growing ALB3 in expression and secretion conditions, |
performed a TCA precipitation of the supernatant and used a Western blot to analyze forthe
presence of CsgC (Figure 4-10). There is a visible band associated with CsgC within the
supernatant after just 3 hours of expression and secretion (Figure 4-10). After confirming CsgC
secretion, we then asked how effective the secretion strain was at hindering biofilm formation.
We performed pellicle assays that included cocultures of the ALB3 and a uropathogenic E. coli
strain called UTI89, a model organism for studying the E. coli biofilm. An increase in the
amount of the CsgC secreting strain did show a qualitative effect on UTI89 pellicle formation,
decreasing the amount of wrinkled biofilm formed (Figure 4-11). However, quantitative
methods for measuring biofilm formation were less conclusive.

L. lactis was the second CsgC secreting strain that we decided to create. Lactic acid
bacteria are known commensal species and L. lactis is a popular species used in synthetic
biology to express and secrete heterologous proteins into the gut lumen (Cook et al., 2018; Mays

and Nair, 2018). Benbouziane and coworkers published a paper that uses L. lactis MG1363 to

107



secrete proteins in a stress-inducible manner (Benbouziane et al., 2013). Their expression
plasmid uses the GroESL promoter to drive expression, a well conserved bacterial transcription
regulator most commonly associated with heat shock proteins (Hartke et al., 1997). Thankfully,
expression from the GroESL promoter is unrepressed in temperatures above 30 °C, allowing for
constitutive protein expression when engineered strains are harbored within the mammalian gut.
The plasmid also uses a putative secretory peptide called USP45 that was selected for its ability
to efficiently secrete heterologous proteins (van Asseldonk et al., 1990). After receiving the
strains and plasmids from the Bermidez-Humaran lab, all that is required to create the strain is to
clone CsgC into the plasmid and begin testing bacterial supernatant for the presence of CsgC

(Figure 4-12).

4.4.1 Future Directions

There are practical next steps for each CsgC secreting strain that we planned to create. The E.
coli strain requires the use of arabinose as the chemical inducer for CsgC expression. Although
Peap promoter are commonly used in molecular biology, there was an unforeseen issue when we
tested the biofilm inhibition activity of ALB3. When UTI89 is presented with small
concentrations of arabinose in its growth media it must use the arabinose as a carbon source and
no longer reliably makes a robust biofilm. Therefore, necessary control experiments that contain
arabinose will always yield a result that looks as if biofilm formation was inhibited. To solve this
problem the experiment would either have to use a different biofilm model organism or swap
UTI89 with a 4araC mutant that is incapable of consuming arabinose. In addition, in vitro ThT
assays using bacterial supernatant as the source of an amyloid formation inhibitor could be

performed using CsgA, alpha-synuclein, or a combination of both proteins.
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Regarding the L. lactis strain, CsgC needsto be cloned into the plasmid in order for testing to
begin. Once the cloning is finished, we can use the same techniques that we are using to test
ABL3to see how effective the L. lactis strain is at inhibiting biofilm or amyloid formation.

Lastly, there is a third bacteria species that we planned to use as a CsgC secretion platform.
Bacteriodes thetaiotaomicron is a third useful probiotic species (Sonnenburg et al., 2005) whose
genus has recently been shown to be enriched in the guts of Alzheimer Disease patients (Vogt et
al., 2017). A more elegant secretion mechanism was planned since B. theta does not readily
secrete proteins in the same way E. coli and L. lactis do. Instead, we planned to take over the
mechanism, though which B. theta partially degrades environmental starches. When complex
carbohydrates like starches are the only carbon source available, B. theta releases outer
membrane vesicles (OMVs) that have many degratory enzymes, including an essential enzyme
called SusG (Valguarnera et al., 2018). By creating a mutant fusion protein wherein the
endogenous susG gene is replaced with E. coli csgC we should be able to create a strain of B.
theta that can be induced to export CsgC containing OMVs when presented with starch
molecules. Regardless of the state of the construction of the three CsgC secreting strains, we
continue to believe this line of experimentation has the potential to yield interesting results,

especially given the potency of CsgC during in vitro amyloid inhibition assays.

4.5 Future Directions for CsgAcc and Disulfide Engineering

CsgAcc should continue to provide useful insights into the study of functional amyloids. The
initial goal of modifying CsgA was to make changes to the purification methodology. Many
experiments aimed at asking biochemical questions about CsgA are made very difficult given
that CsgA is in a constant state of aggregation. The ability to have a stable solution containing

CsgA where every individual protein is in the same state should provide the basis for many new
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experiments. For example, any biophysical method requiring a certain concentration of
monomeric protein is now possible where before the solution would be constantly losing
monomers to oligomer formation. Most excitingly, CsgAcc could help us answer questions about
the earliest stages of amyloid formation. Upon the reoxidation of reduced CsgAcc, the proteins
seem to become stuck in the act of aggregation. We can possibly trap CsgA in its various stages
down the line of amyloid formation. This amount of control over polymerization for a fast-
aggregating protein like CsgA is unprecedented.

There are engineers and scientists that are interested in building bio-inspired and protein-
based materials using functional amyloids as the core structural element. In the two years since
our publication Tuning Disulfide Engineering, researchers have: detected viruses in water
sources using functionalized biofilms (Pu et al., 2020) and created new living bio-adhesive (Li et
al., 2022). These are two recent examples, but functionalized curli fibers have been utilized in
many different and interesting ways. With CsgAcc we have presented the community with a
simple method of control CsgA polymerization in a way that was never possible before. I’'m
excited to see the various ways CsgAcc or the concept of disulfide engineering can be used to
move the field forward.

CsgAcc represents the first use of disulfide engineering to control amyloid formation by
stabilizing the unfolded state of the protein. Before 2020, all published examples of disulfide
engineering had researchers stabilizing a known fold state of their protein of interest, often to
allow the protein to function in a wide range of environments. Though CsgAcc is just one
example, there are no apparent reasons why using disulfide engineering as a strategy to control
protein folding can’t be used for other purposes. To remain in the realm of amyloid proteins,

many functional amyloids start as intrinsically disordered proteins that eventually adopt an
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amyloidogenic fold. Double cysteine variants CsgB, FapC, TasA, and even alpha-synuclein can
all be made to control their aggregation. Whatever new information we can learn about CsgA by
using a double cysteine variant, the same types of experiments can similarly be done with other

amyloid proteins.

4.6 Future Directions for Understanding the CsgC-CsgA Interaction

The amyloid formation inhibition activity of CsgC is selective and extremely potency.
Indeed, CsgC is one of the most potent inhibitors of amyloid formation that have been tested.
CsgC has the exceptional ability to maintain the unfolded state of a CsgA while requiring no
chemical energy and not forming a strong interaction. There are many unanswered questions
about how this might be possible. When we do fully understand how CsgC can perform this task
we could potentially create a variety of amyloid inhibiting proteins. CsgC is an effective
inhibitor of alpha-synuclein, a significant human pathogenic amyloid. However, CsgC is about
50-fold less efficient at inhibiting alpha-synuclein thanit is at inhibiting CsgA. Though that may
sound discouraging, it signals that there is room to increase CsgC efficiency against alpha-
synuclein. It should be possible to tune CsgC activity towards being more functional against
alpha-synuclein by changing key residues. Eventually CsgC could be used as an effective
protein-based therapeutic to prevent alpha-synuclein aggregation which is a major step in the

pathogenesis of Parkinson Disease.

4.7 Final Remarks

There is still so much that we do not know about amyloid biology. How do organisms
harness the useful properties of amyloid fibers without reaping the deleterious effects? Studying

functional amyloids like curli and their chaperones gives us a system to investigate how
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aggregation is controlled. Though other csg operon proteins are important, CsgC is a unique
protein to have developed a way to efficiently inhibit amyloid formation. With continued use of
tools of protein engineering, we should be able to learn more about how CsgC works so
efficiently. However, more excitingly, we can begin to tune CsgC activity towards specific
amyloid proteins. One might expect CsgC WT to display the theoretical limit of inhibition
efficiency with CsgA. Some of the experiments detailed in this thesis show that even small
changes in CsgC WT can modulate its ability to inhibit CsgA amyloid formation, even
increasing efficiency. Therefore, CsgC anti-amyloid activity should be tunable and can be
shaped to become more efficient with non-native clients. An especially exciting target is alpha-
synuclein, the human pathogenic amyloid tied to Parkinson Disease. This thesis also showed
how making a minor modification to CsgA lead to a variant with tunable aggregation. The
original goal was to aid in purification of CsgA by increasing the amount of time CsgA remained
soluble in solution. While accomplishing the original goal, CsgAcc will also allow us to study
amyloid formation in greater detail. We can now investigate snapshots along the aggregation
timeline, a feat that is previously impossible with a fast-aggregating amyloid protein like CsgA.
The more exciting future is how CsgAcc can be utilized to build complex structures bio-inspired
nanomaterials. Additional engineering of CsgAcc will produce variants with tunable aggregation

and a wide variety of other activities to create functionalized fibers.

4.8 Methods and Materials

Bacterial Growth
All overnight cultures were grown in LB supplemented with 100 pg/mL ampicillin and/or 50
pg/mL of kanamycin at 37 °C with shaking at 220 rpm. When necessary, LB plates were

supplemented with ampicillin 100 pg/mL or kanamycin 50 pg/mL.
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Strains and Plasmids
The full list of strains, plasmids, and primers can be found in the tables below. SnapGene
(SnapGene® by Dotmatric) and purchased by IDT (https://www.idtdna.com). Mutagenized
plasmids were constructed in the MC1061 cloning cell background. Correct mutations were
confirmed using Sanger sequencing provided by eurofins (https://www .eurofins.com/genomic-
services/our-services/custom-dna-sequencing/). Plasmids were extracted from transformants
using Promega PureYield™ Plasmid Miniprep System (Cat No. PRA1223). A standard heat
shock protocol was used for all transformations unless otherwise specified.
Sequence Analysis

The sequences of all CsgC/H and CsgA-like proteins were retrieved by inputting
accession numbers into the Batch Entrez from NCBI
(https://www.ncbi.nlm.nih.gov/sites/batchentrez). In the resulting FASTA files, all non-
alphanumeric characters in the gene names were removed. For all species of interest, the cognate
CsgA and CsgC/H-like proteins in each genome were manually concatenated by pasting the
sequences together, including a PPPPP linker residues. This resulted in synthetic fusion proteins
of CsgA:CsgC. Using SeaView, a MUSCLE alignment of all concatenated sequences was
performed and exported using the Clustal format. A tree was created from this alignment using
the PhyML option using the standard parameters except changing the # rate categories to 12. The
Clustal file was uploaded to the MISTIC webserver and analyzed using standard parameters.
UTI-89 CsgC was chosen as the reference sequence to standardize residue numbering. After
viewing the "Ml data" file from the MISTIC results, significant relationships were identified by:
Sorting columns by M, largest to smallest. Identifying relationships with an MI > 6.5. Sorting

columns by residue distance, selecting for relationships between residues that are at least 152
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residues apart. Using these criteria, only relationships between original CsgA and original CsgC
residues were analyzed.
In vivo screening assay

Overnight cultures were created in sterilized LB containing the appropriate selective
agent and incubated the liquid cultures at 37°C with shaking for 16 hours. The following day,
cell density was normalized by diluting overnight cultures to 10D using fresh media. The wells
of a sterile 96 well plate (Cat No. CLS3614) were filled to a final volume of 200 uL by diluting
the normalized cultures to OD = 0.01 and diluting 1:500 Amytracker® 680 (Ebba Biotech AB).
the plate covered using a Breathe-Easy® sealing membrane (Cat No. Z380059). The microplate
was placed in a preheated Molecular Devices iD3 microplate reader and absorbance (600nm) and
fluorescence (Ex:550nm, Em:680mn) was monitored every 15 mins for 16 hours. The plate was
incubated at 37°C with shaking between spectroscopic readings. When the liquid cultures grew
for 2 hours, the expression of all plasmids was induced by adding ITPG to a final concentration
of 0.5 mM diluted from a 1M frozen stock.
Growth curves
Overnight cultures were created in sterilized LB containing the appropriate selective agent and
incubated the liquid cultures at 37°C with shaking for 16 hours. The following day, cell density
was normalized by diluting overnight cultures to 10D using fresh media. Small scale growth
cultures of 25 mL were created by diluting the normalized cultures to OD = 0.01 in fresh media
with added selective antibiotics. When the liquid cultures reach OD600 = 0.2, induce the
expression of all plasmids by adding ITPG to a final concentration of 0.5 mM diluted froma 1 M
frozen stock. Immediately upon the addition of ITPG, 500 uL aliquots of the cultures were

removed and OD600 was measured. Another method for assessing growth is to monitor the
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colony forming units (CFU) in each culture over time. To achieve this, a sterile 96-well plate
(Cat No. CLS3614) was prepared for each culture to create serial dilutions, with a 1/10 during
each additional step. 10 pL of each dilution was dispensed onto a selective plate, resulting in 6
spots is increasing dilution. The dilutions were dispensed in such a manner 5 times to result in n
= 5 technical replicates for each time point and dilution. After an overnight growth, CFU's were
counted at the lowest dilution possible and multiplied it by the dilution factor to gain a CFU/mL
measurement for each time point.

Directed Evolution Library Construction

Following the Genemorph 11 Random Mutagenesis Kit (Cat No. #200550) protocol, a library of
mutagenized CsgC genes was created using an error prone PCR method and instructions for a
low mutation frequency rate. 250 ng of the resulting “megaprimers” was moved to a subsequent
EZ Clone reaction that included the wildtype expression plasmid as a template and yielded
circular plasmids that contained the mutant genes. 1 pl of Dpn I restriction enzyme (10 U/ul)
was added directly to the reaction and incubated at 37°C for 2 hours to digest the parental
supercoiled dsDNA.

Competitive Growth Assay

Chemically competent E. coli BL21 cells were transformed with the epPCR libraries
(approximately 2.5 ug plasmid) using the heat shock method. The library size was determined by
plating serial dilutions of these cells onto LB-agar containing kanamycin (50 pg/mL).
Representative clones were sequenced to verify library quality. To the remaining cells, LB
medium supplemented with kanamycin (50 pg/mL) was added to a final volume of 50 mL. These
precultures were grown overnight at 37 °C and then used to inoculate cultures for the preparation

of chemically competent cells. These cells that contain the epPCR library underwent a second
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heat shock to transform the CsgAasec expression plasmid. After heat shock, the surviving
transformants were diluted to 50 mL in LB medium with added kanamycin (50 pg/mL) and
ampicillin (100 pg/mL) for 1 hr min at 37 °C. CsgA and CsgC expression was induced by the
addition of IPTG to a final concentration of 0.5 mM and the incubation continued at 37 °C and
250 rpm. Growth was monitored using the OD600 and CFU method described above. After5
hours of competitive growth, the cells were harvested, and their plasmids purified to be used for
another round of epPCR.

TCA precipitation and Western Blot

Bacterial supernatant samples were passed through 0.22 um syringe filters (Cat No.
SLGP033NS) to completely remove all cells. Ina microcentrifuge tube, ice-cold 99%
trichloroacetic acid (Cat No. SA433-500) was added to 0.9 mL of the filtrate to a final
concentration of 10% (v/v). The tube was transferred to a -20 °C freezer for 20 min. The tube
was then centrifuged at top speed (12,000 x g to 16,000 x g) in a microcentrifuge for 30 min at 4
°C. The supernatant was discarded, and the pellet was rinsed with 1 mL ice-cold acetone (Cat
No. A18P-4). After centrifuge again (12,000 x g to 16,000 x g, 30 min, 4 °C), the supernatant
was removed, and the pellet was left to air dry for 15 min on the bench top. Precipitated protein
pellets were diluted in 4X SDS loading bufferand run on a 15% SDS PAGE gel as previously
described (Evans et al., 2018). The gels were stained with Coomassie blue dye to visualize
protein bands or the proteins were transferred to a PVDF membrane for blotting. Western Blot
were performed as previously described (Evans et al., 2018). Briefly, blots were probed with a
primary antibody against CsgC (1:4,000). Secondary antibodies against rabbit 1gG and
conjugated with IR Dye 800CW (Cat No.NC9401842) were used to image the blots in a Licor

Odyssey FC.
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Pellicle Forming Assay

Pellicle forming assays were performed in the same manner as described previously (Evans,
2018). Briefly, liquid overnight cultures of UTI89-WT and ALB3 were created in 5 mL of sterile
LB with any required selective antibiotics and grown at 37 °C with shaking at 220 rpm. The next
day, the wells of a sterile 24-well plate were filled with 2 mL of sterilized YESCA medium and 2
pL of the overnight culture. Cultures were incubated 26 °C for 2-3 days before a picture was

taken to assess biofilm formation.
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4.9 Figures
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Figure 4-1 Phylogenetic tree showing the similarities between select CsgC homologs.

CsgC homologs from the collection published by Dueholm et al. (Dueholm, 2012) were aligned
using a MUSCLE alignment tool. A phylogenetic tree was created with the aligned sequences
using the PhyML algorithm. All CsgC protein names have been annotated to begin with “C” and
all CsgH protein name begin with “H”. CsgC homologs for which in vitro ThT binding assay

data has been gathered are highlighted in yellow.
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Figure 4-2 Alignment of CsgC homologs

Selected sequences from the phylogenetic tree branches shown in Figure 4-1 are displayed to
indicate the difference between CsgC homologs between branches. Each branch is separated by a
thick black border. The background color for each sequence is an indication of the identity of
each residue at that location within each branch. Conservation (yellow) is a scored measurement
of how well conserved residues are across all CsgC homologs. Quality (yellow) is a likelihood of
observing the mutations in a particular residue across all CsgC homologs. Consensus (black) is a
consensus sequence across all CsgC homologs with a measurement of the percent identity at

each chose residue.
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Figure 4-3 Circos graph for all CsgA:CsgC concatenated sequenced used in this analysis.
CsgA protein sequences and their cognate CsgC sequences were artificially concatenated to
create a synthetic fusion protein. Residue 1 is the first residue of CsgA and residue 158 is the
first residue of CsgC (with a 6xPro linker in-between). The bars beneath each residue are
representations of the cMI value for each residue. Lines reaching within the circle show
evolutionarily conserved relationships between two connected residues (Ml value > 6).
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Figure 4-4 Schematic showing the cycles of a directed evolution.

(1) Directed evolution experiments start with the random mutagenesis of a target gene of interest,
in this case error prone PCR is used to generate a library of mutant genes. (2) The epPCR library
is transformed into a cell to be tested in an in vivo assay. (3) A competitive assay is used to
produce the mist successful protein variant using artificial selection for a phenotype of choice.
(4) Sequencing results reveal which protein variants is the most fit, producing an (5) optimized
protein. The optimized protein can be used as the starting point for another round of mutagenesis
and selection.
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Figure 4-5 Growth curves showing the presence of CsgC rescues from CsgA-associated
cytotoxicity.

Two BL21 strains harbored a pair of expression plasmids that expressed both CsgAasec and
CsgCasec Or an empty vector control. After reaching an OD600 = 0.5, the expression of all

plasmids was induced with the addition of IPTG to the culture media. Afterward A) OD600 and
B) CFU was measured once per hour.
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Figure 4-6 Cartoon showing a flow diagram of the steps of the directed evolution selection
technique.

First, competent BL21 cells are transformed with the mutant library of CsgCasec expressing
plasmids called “pCsgC”. Living transformants are treated with CaCl: to enable a second
transformation. The cells are transformed a second time with the “pCsgA”, the CsgA asec
expression plasmid. Living transformants are diluted in media containing two selective
antibiotics to maintain both plasmids. They cultures are induced with IPTG to begin the
competitive growth assay.
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Figure 4-7 Results from the first round of CsgC directed evolution.

A) 10 representative colonies were chosen after BL21 cells were transformed with CsgC*. The
sequencing results are shown with the template protein at the top for comparison. There was a
mixture of CsgC variants including three WT proteins and a 15 residue N-terminal truncation. B)
Growth curves tracking OD600 of the CsgC WT expressing strain compared to the whole library
of CsgC* expressing strains.
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Figure 4-8 Results from the second round of CsgC directed evolution.

A) Growth curves tracking OD600 of the EV control, CsgC WT, and CsgC 2* expressing strains.
B) The same samples that were used to measure OD600 were serially diluted and plated onto
selective LB plates. Pictures show colonies forming across for 5 hours of growth after induction.
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Figure 4-9 Schematic showing the E. coli CsgC secretion system.
E. coli MC4100 lacking endogenous curli proteins (4csgBAC) contains a plasmid expressing
CsgAss:CsgC, a fusion protein featuring an N-terminal fusion of CsgC with the CsgA secretory
signal peptides. CsgC is secreted out of the cell through the CsgG pore utilizing the Type VIII

secretion system (curli biogenesis machinery).
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Figure 4-10 ALB3 secreted CsgC into the supernatant after expression.

At three time points, induced culture samples were taken and the bacteria removed. TCA was
used to precipitate all proteins in the supernatant. A western blot was performed using a aCsgC
antibody. A Sup35NM secreting strain was used as a negative control.
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Flgure 4- 11 An mcreasmg proportlon ofALBS decreases pellicle blofllm formatlon ina
coculture with UTI89.

Figure 4-11. Overnight cultures of ALB3 and the E. coli biofilm model strain UTI89 were
diluted into fresh YESCA medium and incubated at 26 °C for three days. From right to left: a
YESCA only control, UTI89 only, 20:1 UTI89:ALB3, 4:1 UTI89:ALB3, 2:1 UTI89:ALB3, 1:1
UTI89:ALB3. Four replicate wells were plated down each column.
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Figure 4-12 Schematic showing the L. lactis CsgC secretion system.
L. lactis MG1363 strain contains a plasmid expressing CsgC under control of the GroESL

promoter. The plasmid uses the USP45 secretion signal peptide. CsgC is secreted through the
endogenous SecYEG pore.
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4.10 Tables

Table 4-4-1 Strains used in this study.

Strains Relevant Genotype References

BL21 fhuA?2 [lon] ompT gal (A DE3) [decm] AhsdS New England

(DE3) A DE3 = A sBamHIo AEcoRI-B Biolabs
int::(lacl::PlacUV5::T7 genel) i2l Anin5

MC1061 | F—araD139 A(ara-leu)7696 galE15 galK16 A(lac)X74 (Casadaban and
rpsL (StrR) hsdR2 (rK— mK+) mcrA mcrB1 Cohen, 1980)

NEB3016 | MiniF lacld(CamR) / fhuA2 lacZ::T7 genel [lon] ompT gal | New England
sulA11 R(mcr-73::miniTn10--Tet%)2 [dem] R(zgb- Biolabs
210::Tn10--TetS) endAl A(mcrC-mrr)114::1S10

ALB30 BL21(DE3) + pET28a EV + pET11d-CsgA -sec 6xHis This study

CsgC WT | BL21(DE3) + pET28a-CsgC-sec C-term 6xHis, kan" + This study
pET11d-CsgA -sec 6xHis

UTI89 BL21(DE3)+ pET28a EV + pET11d-CsgA -sec 6xHis

ALB3 MC4100 AcsgBAC::(frc)kan(frc), with pVS76 (pAC- This study
PlacUV5-CsgG, cm") and pVSAL (pBR322-Pbad-CsgA1-
42)-CsgC, ch")

VS39 MC4100 AcsgBAC::(frc)kan(frc) + pvS76 (pAC-
PlacUV5-CsgG, cm") and pVS72 (pBR322-Pbad-CsgA- | (Sivanathan, 2013)
42)-SUp35NM 6xHis, cb")

LB333 Lactococcus lactis str. MG1363 + pLB333 (pGK- (Benbouziane,

PgroESL-SPexp4-NucB, cm")

2013)

130




Table 4-4-2 Plasmids used in this study.

Plasmids | Relevant Characteristics References

pET11d IPTG inducible expression vector New England
Biolabs

pET28a IPTG inducible expression vector New England
Biolabs

pCsgA pPET11d-CsgA -sec 6xHis

(Zhou, 2012)

pCsgC pET28a-CsgC-sec C-term 6xHis, kan'

(Evans, 2015)

pVS72 pBR322-Pbad-CsgA 1-42)-Sup35NM 6xHis, cb’

(Sivanathan, 2013

pVSAl pBR322-Pbad-CsgA1-42)-CsgC, cb’

This study

pLB333 pGK-PgroESL-SPexp4-NucB, cm'

(Benbouziane,

2013)

Table 4-4-3 Primers used in this study.

Primers

Primer Sequence (5’— 3°)

Constructs

CsgC intoVS72

gcccaaat GCGGCCGCAATGGCACTTTCCAGTCAGATA | ALB3

Frag FOR ACCTTTAATACG

CsgC into VS72 gcctgcaggtcgacTctagaTTAAGACTTTTCTGAAGAGGGC | ALB3

Frag REV GG

CsgC intoVS72 CCTCTTCAGAAAAGTCTTAATtctagAgtcgacctgcaggcat | ALB3

Vector FOR

CsgC into VS72 GTTATCTGACTGGAAAGTGCCATTGCGGCCGC Catttg | ALB3

Vector REV g

CsgC-epPCR-F GTTTAACTTTAAGAAGGAGATATACCATGGGC CsgC
epPCR

CsgC-epPCR-R CTCAGCTTCCTTTCGGGCTTTGTTAG CsgC
epPCR
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