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ABSTRACT.

As interest in using proteins to assemble functional, biocompatible and environmentally-
friendly materials is growing, developing scalable protocols for producing recombinant proteins
with customized functions coupled to straightforward fabrication processes is becoming crucial.
Here, we use E. coli bacteria to produce amyloid protein nanofibers that are key constituents of
the biofilm extracellular matrix, and show that protein nanofiber aggregates can be purified using

a fast and easily accessible vacuum filtration procedure. With their extreme resistance to heat,



detergents, solvents and denaturing agents, engineered curli nanofibers remain functional
throughout the rigorous processing, and can be used to assemble macroscopic materials directly
from broth culture. As a demonstration, we show that engineered curli nanofibers can be
fabricated into self-standing films while maintaining the functionality of various fused domains
that confer new specific binding activity to the material. We also demonstrate that purified curli
fibers can be disassembled, reassembled into thin films, and recycled for further materials
processing. Our scalable approach, which combines established purification techniques for
amyloid fibers, is applicable to a new class of recombinant amyloid proteins whose sequence can

be easily tailored for diverse applications through genetic engineering.

INTRODUCTION.

The unique self-assembling properties of amyloid proteins make them attractive
nanofibrous materials for a variety of applications. They readily form high surface area networks
with nanoscale pore sizes, are highly resistant to harsh environments, and can be used under
various stages of assembly (monomeric proteins, oligomers, fiber or large aggregates).'
Furthermore, their proteinaceous structure lends itself to structural customization, whereby the
amyloid fibers serve as a scaffold for the display of protein and peptide domains with various
functions.” > * Recently, attempts at controlling the morphology, size and shape of amyloid
proteins were achieved by varying assembly conditions,” ° " and they are beginning to be used for

various applications including, water purification,® tissue engineering scaffolds, drug delivery,



templates for polymerization,” self-assembling catalysts for nanomaterial assembly or

components of composite films, among others.' '’

Most reports of amyloid-based materials use either short synthetic peptides or proteins
isolated from natural sources as starting components. Naturally occurring proteins are attractive
because they can be abundant and readily available. Indeed, many proteins that have no known
amyloidogenicity in their natural environment can easily be induced to self-assemble into
amyloids by various denaturing treatments.'' '> However, in addition to easily inducing amyloid
formation, it would also be advantageous to have control over the sequence of the self-
assembling unit in order to tailor the material for specific applications. One approach to this is to
use solid phase techniques to chemically synthesize the desired sequences. While this works for
short (< 40 amino acid) sequences, it comes at the expense of scalability and lacks the self-
propagating ability of biological entities for the production of living materials. Alternatively,
larger amyloidogenic proteins with customized sequences can be produced recombinantly.' '* In
fact, the ability to tune the sequences of amyloid proteins can lead to enhancements of their self-
assembling properties, increased stability, better processability, and easily accessible
modifications with functional pendant domains.” '* We are particularly interested in curli
nanofibers, a class of functional amyloid that is naturally produced by Escherichia coli for the
purposes of surface adhesion and biofilm formation.” '° Given the ease with which E. coli can be
engineered to produce recombinant proteins, these curli nanofibers are of great interest for
producing genetically engineered materials. In fact, engineered curli fibers displaying fused
protein and peptide domains have been used to imbue bacterial biofilms with a variety of
functions, including specific binding to metallic surfaces, antibody and enzyme display, and the

ability to template inorganic nanoparticle growth."”” * '* ' 2 This makes curli-based materials



potentially useful for applications in custom fabricated surface coatings, biocatalysts, and
electronically conductive materials. We have developed one such system, which we call Biofilm-

Integrated Nanofiber Display (BIND).*

Although BIND exhibits much promise as a platform for the manufacture of biologically
fabricated materials, scalability remains an unaddressed challenge, especially for recombinantly
expressed proteins. Most purification protocols for curli fibers were developed to study their
biological and self-assembly properties, and consequently are not optimized to achieve high
yields. Accordingly, some purification routes use conventional approaches, including affinity
chromatography, centrifugation, preparatory SDS-PAGE, or salt precipitation.” *' * Yields of
purified curli fibers are rarely reported for such techniques, but are likely in the low milligram or
sub-milligram range. Additionally, the procedures require expensive reagents or instrumentation.
Apart from the small quantities of materials obtained from these labor-intensive processes, the
requirement for an affinity tag can also interfere with some end-goal applications. In order to
produce enough curli nanofibers to construct films, gels or other functional materials, a tag-less,

simpler, faster and higher yielding method is needed.

Filtration is a common approach to isolating amyloids, and relies on their resistance to
denaturation in the presence of detergents, as compared to other proteins in the cell lysate. > As

24 25 and

such, it has been applied in the isolation of recombinant amyloid proteins for analysis,
also in the direct fabrication of several composite materials based on naturally derived [3-
lactoglobulin.?® *” ** % ** Here, we report a streamlined protocol for the purification of curli

protein nanofibers that will be of interest to researchers exploring the fundamental biology of

these biofilm matrix components, and also at a scale beyond that which has been previously



published — enough to facilitate their use in materials applications. In contrast to previously
reported examples, our method starts with bacterial cultures and uses only filtration and washes
with readily available reagents to yield either purified amyloid protein or functionalized filter
membrane surfaces. Notably, no centrifugation or cell lysis is required prior to filtration. This
approach is made possible by the stability of the assembled CsgA protein in the face of extreme
denaturing conditions that are sufficient to lyse bacterial cells and minimize non-specific binding
of other proteins to the amyloids. This method exhibit several desirable features: 1) it is simple
and fast, 2) it does not require protein tags and does not rely on any binding affinity, 3) it is
easily scalable, allowing for the purification of curli fibers from several liters of bacterial
cultures, and 4) it is highly versatile and could be used to purify a wide range of genetically
engineered amyloid fibers displaying diverse functional groups. Upon optimization of the
process, and confirmation of the purity of filtered protein nanofibers, we demonstrate that we can
isolate 10s-100s of milligrams per liter of semi-pure amyloid fibers in 30 mins from induced

bacterial culture.

Furthermore, we demonstrate the use of this technique to form free-standing thin films composed
exclusively of engineered curli amyloid fibers directly from broth culture, all while maintaining
the functionality of peptide and protein domains fused to the fibers. We also show that, through
the disassembly of fibers purified by filtration, it is possible to assemble thin films on various
substrates, and to recycle curli-based materials through disassembly and reassembly cycles.
Thus, our protocol represents a scalable adaptation of filter-based approaches to amyloid
isolation for two purposes: 1) to purify recombinant amyloid fibers derived from the curli
subunit, CsgA, and 2) to create functional materials directly from bacterial culture using only

filtration washing, without any other purification steps.



MATERIALS AND METHODS.

Cell strains and plasmids: The divergent curli operon regions consisting of csgBAC and
csgEFG were PCR isolated from E. coli K12 substr. W3110 and cloned by overlap extension
into the pET21d plasmid, to create a single operon, csgBACEFG, under the control of the T7
promoter. The csgB gene was then deleted from the curli operon in order to allow for secretion of
the curli fibers directly into the culture medium, free from any anchoring to the bacterial surface.
Genes encoding for different CsgA fusions were cloned, with modifications added to the C-
terminus: 1) a six-histidine tag (HisTag) was added to allow for immunodetection, 2) a SpyTag
sequence and 3) a SpyCatcher sequence (See Table S1 for sequences). The SpyTag peptide and
SpyCatcher domain form two halves of an engineered split protein system, driving spontaneous
covalent bond formation between any two proteins that are fused to them. *' A control plasmid
was constructed by cloning the malE gene encoding for the maltose binding protein (MBP) from
the W3110 genome into pET21d at the ndel and bamHI cloning sites. Protein expression was
performed in a curli operon deletion mutant, PQN4, an E. coli strain derived from LSR10

(MC4100, AcsgA, ADE3), Cam®). PQN4 was constructed by genomic insertion of T7 RNA

Polymerase using the ADE3 Lysogenization Kit (Merck-Millipore) into LSR10, verifying for T7-
dependent pET expression, and then using Lambda Red recombination to knockout the curli
operon using pKD46 and pKD3 (plasmids obtained from Coli Genetic Stock Center, Yale
University). The deletion of the curli operon was confirmed by sequencing of the curli operon
region. Venus yellow fluorescent protein constructs (Venus-SpyTag, Venus-SpyCatcher) were
cloned into and expressed from a pDESTI14 backbone (Addgene #35044), followed by

purification using a Ni-NTA affinity column.



Curli nanofiber expression: Transformed PQN4 cells were streaked onto lysogeny broth (LB)
agar plates containing 100 pg/mL carbenicillin and 0.5% (m/v) glucose (for catabolite repression
of TTRNAP). Colonies were picked from the plates and 5 mL cultures were inoculated (in LB
containing and 100 pg/mL carbenicillin and 2% (m/v) glucose). Cultures were grown overnight
at 37°C. The overnight cultures were diluted 100-fold in fresh LB medium with 100 pg/mL
carbenicillin and 2% (m/v) glucose, and cultured at 37°C until they reached an optical density
(OD) at 600nm of 0.6 to 0.8. Cells were pelleted at 4000 x g, and gently resuspended in an
induction medium (LB without glucose, containing 0.4 mM IPTG and 100 pg/mL carbenicillin).

Protein expression was allowed to occur at 37°C overnight.

Filtration purification of curli nanofibers: After the induction period, guanidinium chloride
(GdmCl) was added to the cultures to reach a final concentration of 0.8 M and they were
incubated for 1 to 2 hours at 4°C prior to filtration. 30 to 50 mL of the Gdm-containing cultures
were then vacuum-filtered onto 47 mm polycarbonate filter membranes with 10 um pores (EMD
Millipore). The filtered biomass was incubated with 5 mL of 8 M GdmCl for 5 min, followed by
vacuum filtration of the liquid and 3 rinses with 5 mL of DI water. Next, the filtered biomass
was subjected to 5 mL of an aqueous solution (2 uM MgCl,) of nuclease (Benzonase®, Sigma-
Aldrich, 1.5 U/mL) for 10 min, followed by vacuum filtration to remove the liquid and 3 rinses
with 5 mL of DI water. Finally, 5 mL of 5% (m/v) sodium dodecyl sulfate (SDS) in water was
incubated on the filter for 5 min, followed by vacuum filtration of the liquid and 5 rinses with 5
mL of DI water. Semi-purified curli nanofibers were removed from the filter membrane by
gently scraping the filter with a flat spatula. Purified curli nanofibers were lyophilized and

subsequently stored at 4°C.



Assessment of curli expression and deposition on filters: Curli nanofiber expression was
routinely confirmed directly from suspension culture using a Congo Red pull down assay, as
described previously. * Briefly, 1 mL of culture expressing curli was centrifuged and the pellet
was resuspended in phosphate buffer. Congo Red was added to a concentration of 0.00015 %
(m/v). After a 10 minute incubation, cells were centrifuged and the absorption at 490 nm of the
supernatant was measured to quantify the amount of Congo Red that did not bind to the cells.
The deposition of curli nanofibers on filter membranes was also assessed using Congo Red dye
binding. After all the filtration steps, S mL of a 0.015% (m/v) of Congo Red dye was incubated
on the filters for 10 min, followed by vacuum filtration of the liquid and 3 rinses with 5 mL of DI
water. As controls, Congo Red dye was also incubated on clean filter membranes and on

membranes with control cells expressing MBP instead of curli fibers.

Fabrication of free-standing curli films: Purified curli nanofibers on polycarbonate filter
membranes were crosslinked by immersing the membrane in a 2 % (m/v) glutaraldehyde and 2
9% (m/v) paraformaldehyde solution for 2 hours at room temperature. After water rinses, the
polycarbonate filter membranes with crosslinked fibers were placed on a Teflon support
membrane, and immersed in a dichloromethane bath for approximately 1 minute to dissolve the
polycarbonate filter membrane. Free-floating curli nanofiber films were collected from the
dichloromethane bath using the Teflon support and allowed to dry in air for an hour. Dried curli

films were gently peeled off the Teflon support.

Assessing the activity of CsgA-SpyTag and CsgA-SpyCatcher fusions on filter membranes
and free-standing curli films: Venus yellow fluorescent protein fusions® containing either
SpyTag or SpyCatcher were used to assess the binding activity of engineered curli nanofibers, as

described previously." Venus-SpyCatcher and Venus-SpyTag fusion proteins were produced



recombinantly. The Venus fusion protein solutions were diluted to 10 uM in 50 mM phosphate
buffer pH 7.2 and incubated on filter membranes with purified CsgA-SpyTag or CsgA-
SpyCatcher nanofibers for 90 minuteat 4°C. The liquid was then filtered through, and the
membrane was rinsed with 5 times with 5 mL of DI water. To exclude non-specific binding on
filter membranes, the following controls were also incubated with Venus-SpyCatcher or Venus-
SpyTag: 1) purified CsgA-HisTag nanofibers, 2) cells expressing only MBP and subjected to the
same filtration treatment, and 3) bare untreated filter membranes. The same protocol was used

for Venus-SpyCatcher binding on free-standing CsgA-SpyTag curli films.

Assembling of thin films with dissolved curli fibers: Curli fibers purified via filtration were
dissolved in a 1:1 hexafluoroisopropnaol (HFIP):trifluoroacetic acid (TFA) solution, with
sonication for 1 h. After complete dissolution, the fibers were reformed by dropcasting the CsgA
containing solutions directly onto oxygen plasma-treated silicon or glass substrates, and the
substrates were allowed to dry under ambient conditions for 1 hour. After drying, the substrates

were rinsed with water and 70 % (v/v) ethanol.

SDS-PAGE/Western blot: The purity of filtered curli nanofibers was assessed using SDS-
PAGE. Curli fibers scrapped off from filter membranes were disassembled by dissolving them
in a 1:1 (v/v) HFIP/TFA mixture, and incubating with sonication until the solution turned clear.
After evaporating the solvent, the samples were resuspended in DI water and loading buffer.
Western blotting was used to confirm the presence of HisTags on curli fibers after filtration.
Samples were run on a NuPAGE Novex 4-12% Bis-Tris gel and transferred on an iBlot PVDF
membrane (Invitrogen). After blocking with 5 % milk in TBST, the membrane was treated with
a monoclonal mouse anti-His antibody HRP conjugate (ThermoFischer). Chemiluminescence

was detected using a FluorChem™ M system (Protein Simple).



Electron microscopy: Scanning electron microscopy (SEM) samples were prepared by washing
the filter membranes with deposited curli nanofibers with 0.1 M sodium cacodylate buffer, and
fixing with 2 % (m/v) glutaraldehyde and 2 % (m/v) paraformaldehyde for 2 hours at room
temperature. The membranes were then washed in water, and the solvent was gradually
exchanged to ethanol with an increasing ethanol 15 minuteincubation step gradient (25 %, 50 %,
75 % and 100 % (v/v) ethanol). The membranes were dried in a critical point dryer and
sputtered until they were coated in a 5 nm layer of Pt/Pd. Imaging was performed using a Zeiss

Ultra 55 Field Emission SEM.

Confocal microscopy: Curli nanofibers deposited on membranes were stained with thioflavin T
(ThT) (20 mM solution in water) for 1 h, and DNA with SYTO 59 Red Fluorescent Nucleic Acid
Stain (5 uM solution in water) for 30 min. A Leica SP5 X MP Inverted Confocal Microscope

was used for imaging.

Fourier-Transformed Infrared Spectroscopy (FTIR): FTIR was used to evaluate the
secondary structure of CsgA in lyophilized curli fibers obtained via filtration and in free-standing
curli films. The measurements were performed with a Brucker Vertex 70 Spectrometer.
Attenuated total reflection (ATR) spectra in the 1550-1750 cm™ range were obtained with a 1

cm' resolution. Curve fitting was performed using the OPUS software.

Mass spectrometry: Bands were cut from Coomassie blue-stained SDS-PAGE gels and
digested with trypsin. Microcapillary electrospray LC/MS/MS analysis was performed at the

Taplin Mass Spectroscopy Facility using an Orbitrap mass spectrometer (Thermo Scientific).

RESULTS AND DISCUSSION.



In order to prevent chromosomally expressed curli proteins from confounding our results,
we made use of an E. coli strain from which all of the curli genes (csgBAC, csgDEFG) had been
deleted, PQN4. PQN4 was derived from a strain that does not produce any other extracellular
polymers (e.g. flagella, pili, cellulose).' This strain was complemented by a plasmid encoding a
subset of the genes necessary for curli production and secretion (csgACEFG), without the
presence of cgsD and csgB. csgD was not included because its primary role is regulating the
expression of the curli genes through transcriptional repression, and was therefore unnecessary
for our purposes. The gene product for csgB is a membrane bound protein (CsgB) whose main
roles are to initiate amyloid formation at the cell surface and anchor curli fibers to the cell.
Therefore, csgB was not included in the plasmid so that secreted and assembled CsgA would
remain untethered to the bacterial surface, thereby simplifying purification. As shown in Figure
1, CsgA proteins overexpressed in the absence of CsgB spontaneously assemble into large
aggregates in solution, while they remain more dispersed and anchored to the bacteria in the
presence of CsgB. Although CsgB is known to act as a nucleator for the polymerization of CsgA
in vivo,> it has also been demonstrated that CsgA can self-polymerize in vitro in the absence of
CsgB.** The absence of CsgB also facilitates lateral aggregation of fibers during the self-
assembly process, which would otherwise be prevented if fibers were only nucleated at distinct,
spatially separated sites on the cell surface, i.e. in the presence of CsgB. We decided to take
advantage of this phenomenon to design our novel curli purification process based on filtration.
The curli fiber aggregates, which were tens to hundred of microns in size, allowed for their size-

dependent separation from bacteria and other small molecules or debris.
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Figure 1. Size-dependent separation of curli nanofibers is possible due to the formation of large curli aggregates in
the absence of the curli nucleator protein CsgB. A. Morphological differences between filtered bacterial cultures
producing CsgA expressed along with (fop) or without (bottom) CsgB, visualized with SEM prior to any
purification. B. Schematic of the filtration purification process to trap large curli nanofiber aggregates on filter
membranes and remove any impurities or cell debris via filtration. SEM images of large purified curli aggregates on
a 10 um polycarbonate membrane are shown.

After overnight induction of bacterial culture to produce extracellular CsgA, GdmCI was
added to the culture to a final concentration of 0.8 M, 45 to 120 minute prior to filtration. The
mixture was then filtered through a polycarbonate membrane with 10 um pores using vacuum
filtration, as illustrated in Scheme 1. We found that this first incubation with GdmCl, allowed for
significantly larger culture volumes to be filtered without clogging the membranes. Since GdmCl
is a strong chaotropic agent that can disrupt the integrity of the bacterial cell membranes, we
speculate that this was due to partial cell lysis.”® Next, three sequential incubations, each
followed by water rinses, were performed directly on the filter membranes: 1) 8 M GdmCl was
used to lyse any remaining bacterial cells and remove non-specifically bound proteins from the
curli fibers, 2) a solution of a nuclease with DNAse and RNase activity was used to digest

nucleic acids that tend to bind to curli fibers,”® and 3) incubation with SDS allowed for



delamination of curli aggregates from the membrane and easy collection of the purified fibers

with a spatula.

We used an amyloid-specific dye, Congo Red, in order to visually monitor the retention
of assembled curli fibers during the filtration process. After the initial filtration of the bacterial
culture, followed by water rinses to remove any non-specifically adsorbed dye, a bright red color
was observed for membranes containing wild-type curli nanofibers (Figure 2A). Although the
color was mostly retained during the sequential purification steps, we did observe a slight
decrease in dye intensity, which could be attributed to a loss or partial degradation of curli fibers
material, or to the removal of other aggregated proteins or cellular debris that binds Congo Red

non-specifically. A negative control with bacteria expressing only maltose binding protein did

not show any Congo Red retention, as expected.
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Figure 2. Congo red staining shows the presence of curli fibers on filter membranes. A. Congo red staining of
membranes after filtration of the bacterial cultures, without additional treatment (fop) and with full treatment with
GdmCl, nuclease and SDS (bottom) for bacteria producing wild-type curli fibers (CsgA) or MBP as a negative

control. B. After the SDS treatment, filtered curli fibers can easily be scraped off of the filters to obtain semi-pure
protein.

Some applications for amyloid-based materials, such as water decontamination,® could

directly make use of curli nanofiber films deposited on filter membranes. However, other



applications would benefit from the removal of nanofibers aggregates from the membranes, or
even solubilization and disassembly of the fibers into monomeric CsgA subunits. After the full
purification sequence, curli nanofibers can be simply scrapped off of the membrane surface using
a spatula (Figure 2B). In addition, they can be solubilized, disassembled using a 1:1 HFIP/TFA
mixture and reassembled in water or buffer. After trying several solvents to facilitate removal of
the curli fibers from the membrane, SDS incubation was selected as the last step in the
purification process because it allows for the delamination of the curli nanofiber films from the
membranes. If the SDS incubation step is replaced with an incubation with bases or acids, the
yield of nanofibers decreases significantly after scraping (Figure 3A). Surprisingly, formic acid
did not facilitate the removal of the fibers from the membranes, even though it is known to

disassemble curli fibers.?!

To investigate the impact of the GdmCI incubation step on purity, curli nanofibers were
collected from filter membranes after being treated with varying concentrations of GdmCl from
0 to 8 M. The number and concentration of impurities decreases as the concentration of GdmCl
increased (Figure 3B), although some impurities persisted even at the highest GdmCl
concentrations. The main impurity observed by Coomassie staining of the gels, at ~14 kDa was
identified by mass spectrometry as partially degraded CsgA (see Table S2), and other impurities
correspond to a mixture of other E. coli proteins. Densitometry analysis of the Coomassie gel
bands from the purification using 8 M GdmCl indicates that CsgA proteins make up ~80% of the
total protein content of the material, with 15% of this in the degraded form. If the domains that
are fused to CsgA are prone to denaturation, lower concentrations of GdmCI could be used, at
the expense of protein purity. Relatively pure CsgA can be obtained at GAmCI concentrations as

low as 2 or 4 M, which could allow for the purification of a wide variety of genetically



engineered CsgA fusions. While concentrations of GdmCI in the range of 4 to 8 M are normally

37 38

known to cause partial or full protein denaturation, curli nanofibers are highly resistant to

2216 and likely create a protective mesh that could prevent or

denaturing agents and solvents
reduce denaturation of protein domains fused to CsgA, as observed previously for bio-active
molecules like enzymes immobilized onto protein scaffolds.” '” If desired, further purification of
the curli fibers can be achieved via dialysis, to remove any small residual proteins or peptides

(Figure 3C). The presence of CsgA in the final purified product was confirmed using Western

blot (Figure 3D).
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Figure 3. SDS-PAGE analysis of CsgA purity after treatment of filtered bacterial cultures with GdmCl and
subsequent washing steps, followed by removal from membranes. A. Several final washing steps (NaOH, HCI, SDS,
formic acid) were tested, resulting varying CsgA purities. The GdmCI wash was fixed at 8 M. SDS was selected for
further experiments because it best facilitated removal of fibers from the membrane. B. Curli nanofiber purity as a
function of GdmCI concentration used for the on-filter incubation step. C. Further purification of isolated curli fibers
by dialysis in a 6-8 kDa MWCO membrane led to removal of some low MW impurities (black box). CsgA-HisTag
appears at its expected molecular weight of 16.7 kDa. D. Curli nanofibers, composed of CsgA-HisTag and purified
by filtration, visualized with SDS-PAGE/Coomassie (leff) and detected by Western blot (right) using an anti-His
antibody.

Scanning electron microscopy (SEM) was used to visualize the curli thin films directly
on filter membranes after fixation with glutaraldehyde and paraformaldehyde to preserve their
native morphology (Figure 4). Without any GdmCI treatment, several bacteria were present on
the surface of the curli aggregates. The vast majority of bacteria were removed by treating the
cultures with 0.8 M GdmCl prior to filtration, but a few intact cell bodies could still be identified.
The most effective step for removing bacterial cells was the 8 M GdmCl rinse after filtration of
the culture (Figure 3B). After both the GAmCI pre-treatment, and the 8 M GdmCl wash step,
several empty spaces in the film appeared, which were presumably occupied by bacteria
previously. In all cases, nanofibrous features remained visible after GAmCI incubations (Figure

4, insets), but the fibers tended to aggregate more with exposure to GdmCI.



A.
Untreated

5 pum B N

Both GdmCl treatments
J i w58 ARy

5% SDS I
FASDY o

Figure 4. GdmCI and SDS treatments allow for purification and delamination of the curli nanofiber films. Scanning
electron microscopy images after various treatments. A. GdmCIl effectively removes cells from the curli fibers,
leaving behind voids where cells used to be (black arrows). The aggregation state of the fibers also appears to be
affected. 10 um pores of the membrane are also indicated (white arrows). B. SDS treatment after cell removal
causes the film to wrinkle (black dashed arrows) and makes removal straightforward from the membrane surface.

We also obtained SEM images of filtered films before and after SDS treatment in an
effort to understand why SDS made removal so much easier compared to other treatments
(Figure 3B). SDS treatment caused the film to wrinkle and partially delaminate from the surface
of the membrane. We then attempted to scrape off curli nanofibers from filters treated or not

with SDS. Without SDS incubation, it was impossible to remove the nanofibers from the surface



and the aggregates remained intact, deposited on the membrane. In contrast, very little material
remained on the surface of filters treated with SDS after scraping. Interestingly, surface
wrinkling is also used in microbiological studies as a phenotypic marker for the presence of curli

fibers in biofilms. ** !

The purification of curli nanofibers from DNA was further confirmed by confocal
microscopy using SYTO 59 Red Fluorescent Nucleic Acid Stain to stain DNA and RNA. After
treatment with nuclease, a significant decrease in the amount of nucleic acids was observed
within the curli fiber mesh, and only a background fluorescence signal remained. The presence
of the curli fibers on the membrane through the process was also confirmed by Thioflavin T

(ThT) staining (Figure S1).

After determining that this filtration scheme was suitable for the purification of tag-less,
wild-type CsgA, we sought to do a similar demonstration for amyloid fibers displaying fused
functional domains, thereby providing an entry point to genetically engineered protein-based
materials. We have found the SpyTag-SpyCatcher conjugation scheme®' to be highly effective
for immobilization of proteins to assembled curli fibers, but we wanted to confirm that the 13
amino acid SpyTag domain was active after exposure to the rigorous filtration protocol.
Therefore, we treated filtered curli fibers displaying SpyTag to the washing protocol, then
exposed them to a Venus-SpyCatcher fusion protein. As expected, filters coated with SpyTag
fibers retained the Venus-SpyCatcher protein after washing, while those coated with CsgA-His
fibers did not, suggesting that the fluorescent protein capture was specific to the SpyTag-
SpyCatcher interaction. Filters treated with MBP-expressing bacteria and bare filters also did not
trap the Venus-SpyCatcher chimera (Figure 5A). In addition to short peptide tags, we also sought

to demonstrate the utility of our approach to display longer functional protein sequences.



Accordingly, we constructed genes encoding for CsgA-SpyCatcher fusions. There is some
precedent for the fusion of large protein domains to CsgA without disrupting the secretion and
assembly mechanism, however, secretion efficiency is difficult to predict a priori based on size
and sequence alone. We found that CsgA-SpyCatcher fusions could be expressed and purified as
assembled curli fibers using the filtration protocol. (Figure S2). Remarkably, the SpyCatcher
domain also remained active and could covalently capture fluorescent Venus-SpyTag proteins
(Figure 5B), even after exposure to the highly denaturing filtration protocol. These results
suggest that engineered amyloid fibers that vary widely in sequence length could be purified via

filtration and remain functional.
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Figure 5. Engineered curli nanofibers displaying small tags or larger protein domains remain active after
purification. A. Filter membranes coated with SpyTag-displaying curli fibers can bind Venus-SpyCatcher after
purification. B. Filter membranes coated with SpyCatcher-displaying curli fibers can bind Venus-SpyTag after
purification. Cells expressing CsgA-HisTag, and MBP were subjected to the same filtration protocol and exposed to
the corresponding Venus fusion proteins. Bare polycarbonate filters incubated with Venus fusion proteins also
showed no fluorescent signal.

In order to estimate the yield of pure curli nanofibers using our protocol, we weighed the
purified fibers obtained from 40 mL of induced bacterial culture filtered through a single 47 mm
diameter membrane after scraping them off with a spatula (Figure S3). A representative

experiment yielded 30 to 45 mg of CsgA-HisTag per liter of culture. The limiting factor in the



scalability of this protocol was clogging of the filter lyophilized purified fibers. By increasing the
surface area of the filter membrane, scaling up the filtration purification process becomes trivial
and can allow for large-scale production of genetically engineered curli nanofibers with a desired
function. As a demonstration and first step towards scaling up our process, we used a 142 mm
diameter filter membrane to filter up to 10 times more culture volume (Figure S3). Filtering large
volumes of culture can allow for easily producing 100s of milligrams of purified curli materials,
which translates to simple, low-cost and rapid scalability. In comparison with affinity
purification methods for curli fibers,? the mass of amyloid materials obtained by filtration is one
to two orders of magnitude greater. Coupled with further optimization of the biosynthetic
machinery, and the use of batch fermentation, this technique could yield significantly more

quantities of pure protein.

In addition to isolating recombinant protein fibers, the filtration protocol also proved to
be useful as a fabrication method for producing self-standing, macroscopic, amyloid-based films
(Figure 6). While the production of functional amyloid-based materials via vacuum filtration was
previously accomplished by forming composites of amyloids with nanomaterials on filter

262728 2930 5ur method adds another layer of functionality that can be achieved

membranes,
through genetic engineering. In order to produce genetically engineered materials with our
system, filter membrane-supported curli fibers were crosslinked using a mixture of
glutaraldehyde and paraformaldehyde. Then, the underlying polycarbonate membrane was
dissolved in a dichloromethane bath (Figure S4). In less than a minute, the polycarbonate
membrane fully dissolved, and the curli film began to float in solution. A Teflon membrane was

used to collect the free-standing curli film, and, after drying, the curli film could easily be peeled

off the Teflon support. The resulting thin film was transparent and flexible (Figure 6B, C).



Remarkably, even after crosslinking and immersion in organic solvent, the activity of the

displayed SpyTag fusion was maintained (Figure 6D).
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Figure 6. Free-standing curli fiber thin films fabricated via filtration. A. The fabrication protocol begins with
purified, crosslinked fibers on a polycarbonate filter membrane. A Teflon membrane is placed on top of the filtered
curli fibers (1), and the sandwiched fibers are immersed in DCM (2). Within seconds, the polycarbonate membrane
is dissolved and the curli film begins to float (3). The Teflon membrane is used to collect the floating film (4). The
curli film is dried on the Teflon membrane (5), after which it can be peeled off (6) to yield an intact macroscopic



thin film composed of assembled curli fibers. The thin films are transparent (B), flexible (C), and display functional
peptide tags that remain active throughout the process (D). D. Free-standing films, composed of either CsgA-His or
CsgA-SpyTag were exposed to Venus-SpyCatcher, washed, and visualized with fluorescence. E. SEM of dried, free-
standing curli thin films. The pore pattern of the filter membrane is reproduced in the film, with extrusions (white
arrows) where portions of the film were sucked through the filter pore. F. FTIR analyses of the amide I of
crosslinked films compared to that of scraped CsgA powder (black traces). Spectra were reconstituted by a linear
sum of two amide-related peaks: indicative of the presence of fB-sheets (red traces) and disordered or aggregated
structures (grey traces).

The morphology and secondary protein structure of the films were investigated. SEM
was used to visualize free-standing films that had been air-dried on the bench top and revealed
the presence of large overlapping sheets of material, with dimensions corresponding
approximately to the size of the curli aggregates previously observed on polycarbonate
membranes after filtration (Figure 6E). Other images show that pores from the polycarbonate
were imprinted in the curli structure, and that portions of the curli fiber mats that were pulled
into the pores during filtration formed extruded cylindrical structures. At higher magnifications,
a tightly interconnected nanoporous structure can be observed, likely corresponding to curli
fibers that collapsed onto each other due to drying. FTIR further confirmed that the free-
standing films were composed of material with secondary structure similar to lyophilized curli
fibers scraped from filter membranes. Figure 6F shows the amide I peak spectra for lyophilized
purified curli, and for free-standing films of CsgA and CsgA-SpyTag. In all cases the curves can
be fitted with two Lorentz peaks corresponding to B-sheet folded proteins (around 1624 cm™)
and to disordered or aggregated structures (around 1650 cm™).*> * With preserved secondary
structure and binding activity, the free-standing curli fiber films could be used to bind a variety
of functional proteins, enzymes or molecules using the SpyTag-SpyCatcher system for a wide

range of applications.

Finally, we showed that the fibers collected via filtration can be dissolved in an

HFIP/TFA mixture with sonication until the solution turns clear, and that thin films of fibers can



be directly obtained by dropcasting the fiber solution onto substrates (Figure 7A). The thin films
can be stained with Congo Red, showing the presence of assembled amyloid fibers. The thin
films can also be delaminated from the substrates after rinsing with surfactants like SDS, and
then re-used to form other films or materials. This cycle can be repeated due to the properties of
curli fibers to diassemble on-demand in certain solvents, and to reassemble when these solvents
evaporate. Upon drying, we confirmed the reassembly of the fibers by SEM (Figure 7B), which
shows a highly porous and fibrous film cross-section. Such recycling of curli nanofibers could
greatly reduce the production cost of curli-based materials that require different material shapes

or coating geometries.
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Figure 7. Formation and recycling of thin films fabricated from filtered curli fibers. A. Curli fibers scraped from
filter membranes (1) and dried (2) are disassembled using HFIP/TFA, producing a clear solution (3). The solution
can be dropcast onto various substrates (4) including silicon (left) and glass (right, after Congo Red staining) to form
thin films. After rinsing with SDS, the curli fiber film delaminates from the substrate to form a flexible free-standing
film (5), which can then be recycled by disassembling the fibers again with HFIP/TFA to fabricate a new curli-based
material. Substrates shown have 1 cm by 1 cm dimensions. B. Thin curli films formed by dropcasting a 15 mg/mL
solution of curli in HFIP and TFA are fibrous and porous, as visualized by SEM. The cross-section of the film is
shown (left) and a higher magnification image (right) allows for fiber visualization.

CONCLUSIONS.

We have demonstrated a streamlined and scalable purification procedure for
recombinantly produced amyloid proteins. The procedure, which relies on filtration followed by
washes in chaotropic solutions, is particularly suited to the purification of the fibrous curli
proteins of the E. coli biofilm matrix, due to their propensity to self-assemble into extracellular
micro-scale aggregates in the absence of CsgB, and their remarkable resistance to denaturing
agents. However, other fibrous proteins that exhibit similar properties may be compatible with
this general scheme, depending on their resistance to denaturants in the assembled state. Overall,
the method we demonstrate enables the isolation of pure, assembled curli fibers, and can easily
be scaled to isolate 100s of mg quantities of protein with easily accessible equipment (Figure 8).
Additionally, the filtered fibers with highly customizable pendant sequences can be used directly

on the filter membrane for affinity purification/removal applications.
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Figure 8. Workflow for fabricating genetically engineered curli-based macroscopic materials based on fast and
simple processing steps. Cloning steps and transformation of engineered bacteria requires with a customized CsgA
variant requires two to three days. Growth and expression of assembled curli fibers can be accomplished in 24
hours, after which filtration and washes are carried out in 30 minutes, producing enough pure protein to assemble
various materials like free-standing thin films.

In comparison to other purification techniques, which usually require several time
consuming and low-yielding steps, this method is likely to be an easier and cheaper way to
obtain sufficient quantities of recombinant protein to fabricate macroscopic materials, without
sacrificing molecular-level control over structure. The method does not require any purification
tag, and is compatible with curli variants with widely varying structures. This purification
protocol can be coupled with several established techniques to create integrated materials
fabrication protocols with these easily engineered proteins. We anticipate that this simple
workflow can be used to create materials for a wide range of applications for which sequence

customizability is critical.
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