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Abstract

Functional bacterial amyloids (FuBA) are intrinsically disordered proteins (IDPs) which rapidly and effi-
ciently aggregate, forming extremely stable fibrils. The conversion from IDP to amyloid is evolutionarily
optimized and likely couples folding to association. Many FuBA contain several imperfect repeat
sequences which contribute to the stability of mature FuBA fibrils. Aggregation can be considered an inter-
molecular extension of the process of intramolecular protein folding which has traditionally been studied
using chemical denaturants. Here we employ denaturants to investigate folding steps during fibrillation of
CsgA and FapC. We quantify protein compactification (i.e. the extent of burial of otherwise exposed sur-
face area upon association of proteins) during different stages of fibrillation based on the dependence of
fibrillation rate constants on the denaturant concentration (m-values) determined from fibrillation curves.
For both proteins, urea mainly affects nucleation and elongation (not fragmentation), consistent with the
fact that these steps involve both intra- and intermolecular association. The two steps have similar m-
values, indicating that activation steps in nucleation and elongation involve the same level of folding. Sur-
prisingly, deletion of two or three repeats from FapC leads to larger m-values (i.e. higher compactification)
during the activation step of fibril growth. This observation is extended by SAXS analysis of the fibrils
which indicates that weakening of the amyloidogenic core caused by repeat deletions causes a larger por-
tion of normally unstructured regions of the protein to be included into the amyloid backbone. We conclude
that the sensitivity of fibrillation to denaturants can provide useful insight into molecular mechanisms of
aggregation.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-
mons.org/licenses/by/4.0/).

Introduction native conformations, including intrinsically disor-
dered proteins (IDPs). Diseases associated

Amyloids are stable protein aggregates with a  with amyloidogenic IDPs include Parkinson’s
highly ordered, cross-B-sheet structure.’ Amyloid (a-synuclein)® and Alzheimers (amyloid-p and
fibrils can form from proteins with a wide variety of  tau).® However, a growing number of examples
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illustrates that amyloid can be beneficial for the host
organism. Functional amyloid is found in many
organisms including humans® and fungi,® but are
especially abundant in bacteria.°® Bacterial func-
tional amyloids (FUBA) form structural components
of biofilm where they provide strength, stiffness and
adhesive properties.®”® Examples include curli fibrils
in Escherichia coli (E. col)'® and Functional amy-
loids in Pseudomonas (Fap).®’

FuBA biogenesis is tightly regulated and requires
numerous dedicated accessory proteins in addition
to the general Sec machinery which transports
them across the inner membrane to the
periplasmic space.’’ The seven proteins involved
in curli biogenesis are encoded in two linked oper-
ons, csgBAC and csgDEFG.'? CsgA is the major
structural component of curli fibrils whereas CsgB
is a nucleator protein essential for CsgA aggrega-
tion in vivo but not in vitro.'*'* CsgC, CsgE and
CsgF are chaperones' '’ while CsgG is a
channel-forming outer membrane protein.'® Fap is
evolutionarily unrelated to curli but the two systems
share many similarities.’® Besides the major amy-
loid component FapC,’ the Fap system includes a
nucleator (FapB(}7 and the outer membrane pore
protein (FapF).? The roles of FapA and FapD are
not clear but they are likely chaperones.”®?' Fap
fibrils also contain a small amount of FapE protein
whose function remains unclear.”’

The complex and well-regulated machineries of
curli and Fap indicate evolutionary optimization.
This is also revealed at the sequence level. CsgA
and FapC (in Pseudomonas sp. UK4) contain 5
and 3 imperfect repeat sequences, respectively,
each of which is believed to form a B-hairpin which
stack on top of one another."'???* In CsgA, the
repeat sequences are each about 22 residues long
and linked by pB-turns of 4-5 residues in
length."'#??> The 3 repeat sequences of FapC
are each about 37 residues long and are connected
by linkers of variable length (31 and 39 residues in
UK4). Mature CsgA and FapC (in Pseudomonas
sp. UK4) contain 131 (13.1 kDa) and 226
(22.6 kDa) residues, respectively. The repeat
sequences of FUBA impact on both the fibrillation
mechanism and the stability of the fibrils. Removal
of repeats makes FapC vulnerable to fragmenta-
tion“® and reduces the stability of mature fibrils.?’

Monomeric CsgA and FapC are both IDPs in vitro
and only gain structure upon association.”?*=*° In
vivo, both proteins remain unfolded until they reach
the outer membrane where they interact with their
respective nucleator proteins, CsgB and FapB.
However, in vitro CsgA and FapC fibrillate readily
without the presence of their nucleator proteins after
a short lag phase of a few hours,”?® forming SDS-
resistant fibrils which are only dissociated in formic
acid. For this reason, they are purified and stored in
high concentrations of denaturants such as urea or
guanidinium chloride (GdmCl) and are typically only

desalted immediately prior to starting aggregation
studies.?®#%'

Denaturants have been extensively used to study
the stability and folding kinetics of natively folded
proteins,** thanks to their ability to stabilize the
unfolded state of proteins through preferential bind-
ing.>*3* Empirically, the logarithm of protein folding
and unfolding rate constants in denaturant (k**"(as
well as equilibrium constants of unfolding) depend
linearly on denaturation concentration [den]** via
constants denoted m:

logk®™" = logk"™® + m  [den] (1)

Each molecular step has a specific m-value
associated with it (e.g. mx for folding kinetics or m,
for unfolding kinetics). m-values correlate with the
change in solvent accessible surface area (SASA)
during the associated step in protein folding/
unfolding®® and therefore inform about the
change in compaction in that step. While equilibrium
m-values report on changes between the two
involved equilibrium states (e.g. unfolded and
folded states), kinetic m-values focus on the activa-
tion step, i.e. the SASA change between the ground
state and the transition state TS that is rate-
determining for this step (e.g. the TS between the
unfolded and folded state in a simple two-state sys-
tem). If available, m-values from forward and
reverse activation steps (e.g. folding and unfolding)
may be combined to yield the corresponding equi-
librium m-value.

Here we use urea to elucidate the changes in
compaction associated with different steps
involved in FuBA fibrillation in vitro. We extend our
analysis to variants lacking some or all of the
three imperfect repeats of FapC to understand
how FuBA repeat sequences contribute to
compaction. We monitor the percentage of
aggregated FuBA protein over time in increasing
concentrations of urea, using a combination of
Thioflavin T (ThT) fluorescence and Sodium
Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis  (SDS-PAGE). The  kinetic
parameters of the fibrillation curves are analyzed
using a linear regression model as well as the
AmyloFit fitting webserver,®” allowing us to obtain
kinetic m-values for individual steps in the aggrega-
tion process, namely primary nucleation (the activa-
tion step of formation of the nucleus from which
fibrils can grow) and elongation (the activation step
of extension of the fibrils from the growing ends).
Note that we can only deduce the changes associ-
ated with the forward direction of fibrillation (moving
to the final fibrillar state) and not the reverse direc-
tion (dissolution of fibrils and formation of mono-
mers) due to the resistance of the fibrils to
dissolution, and we must therefore limit firm conclu-
sions to these forward parts of the process. Further-
more, since the kinetic rate constants report on
intermolecular processes involving at least two
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molecules associating to form nuclei or extend fibril
ends, the m-values most likely reflect the average
change in SASA per protein molecule involved in
these encounters (caused e.g. by burying interfaces
between two monomers as well as folding of the
incoming protein molecule in the elongation step).
This means that our kinetic m-values can only be
taken as general indicators of changes in com-
paction. Moreover, we use Small Angle X-ray Scat-
tering (SAXS) as a complementary technique to
determine the compactness of WT FapC and the
deletion mutant of FapC lacking all three repeats.
We find that both CsgA and FapC WT fibrillate up
to 8 M urea and that rate constants associated with
both nucleation and elongation decrease log-
linearly with increasing concentration of urea, simi-
lar to folding of globular proteins. Moreover, urea
primarily affects primary processes (elongation
and nucleation) as opposed to the secondary pro-
cess of fragmentation. Remarkably, deletion of
two or three repeats increases the m-values associ-
ated with activation of elongation. All other things
being equal, this implies that deletion mutants form
more compact fibrils. This was confirmed by SAXS
which showed that deletion of all repeats from FapC
results in more compact (but destabilized) fibrils,
indicating a significant rearrangement of fibrillar
structure.

Results

Urea and GdmCI increase lag-times and lower
the ThT signal of CsgA fibrillation

To study the impact of denaturant on CsgA
fibrillation, we followed ThT fluorescence over
time for CsgA incubated with increasing
concentrations of urea or GdmCI (Figure 1(A) and
(B)). Urea increased the lag-time of CsgA and
decreased the ThT fluorescence signal, leading to
a 5-fold reduction in end-point ThT fluorescence at
6 M urea (Figure 1(A)). GdmCI had a much
stronger effect, reducing fluorescence 8-fold
already at 05 M GdmClI and completely
suppressing ThT signal increase around 2-3 M
GdmCI (Figure 1(B)). We therefore concentrated
our efforts on urea whose weaker effects on
fibrillation allowed us to explore its influence over
a broad concentration range, providing more
robust m-values as we will show below.

High concentrations of urea only modestly
reduce the level of CsgA aggregation

ThT fluorescence is sensitive not only to the total
amount of fibrils but also to changes in solvent and
solutes, e.g. small molecules competing for binding
to fibrils. To ascertain whether the decrease in ThT
fluorescence reflected a genuine decrease in
insoluble material, we used SDS-PAGE to
estimate the amount of monomeric CsgA left in

solution after the stationary phase of fibrillation
was reached (Figure 1(C)). We have found the
extent of the fibril formation to be most accurately
determined by quantifying the concentration of
remaining monomeric  protein. The wide
concentration range of urea complicated the use
of BCA or Bradford assays while the low levels of
monomer remaining in solution required higher
sensitivity than could be provided by ODygg
measurements. We have previously shown that
the fibrillation process of CsgA correlates well with
decrease of monomer concentration and is easily
followed using SDS-PAGE.®" We therefore decided
to use a SDS-PAGE assay for quantifying the
remaining monomer concentration. No detectable
monomeric CsgA was left at 0—-3 M urea, indicating
that all CsgA protein in these samples had been
incorporated into insoluble aggregates. Between
3.5-6 M urea, the amount of monomeric CsgA
increased to a modest ~8%, much less than the
80% decrease in ThT fluorescence. We therefore
examined if the decrease in ThT signal reflected
changes in aggregate structure. Transmission elec-
tron microscopy (TEM) analysis confirmed that fib-
rils were the dominant type of aggregate at all
[ureals (Figure 1(D)). Fourier transform infrared
spectroscopy (FTIR) analysis (data not shown) con-
firmed that the aggregates formed in 0 to 8 M urea
all contained a dominant peak around 1620 cm "
characteristic of fibrils.®® This indicated that the loss
in ThT signal was caused by other phenomena. To
address this, we incubated preformed ThT-bound
fibrils to increasing amounts of urea and followed
the ThT fluorescence. Urea significantly reduced
ThT fluorescence when preformed fibrils formed in
the absence of urea were resuspended in increas-
ing concentration of urea (Figure 2(A)). However,
no soluble monomers were detectable after 28 days
of incubation of preformed fibrils in urea (SDS-
PAGE data not shown). This suggested that the
reduction of ThT signal could be caused by either
(1) displacement of ThT from fibrils by urea, (2) dif-
ference in the internal structure of fibrils formed at
different urea concentrations, leading to a different
binding of ThT or (3) quenching of ThT fluorescence
by urea. We could rule out the first possibility as fol-
lows: when 100 uM CsgA fibrils were incubated with
60 uM ThT in 0 and 8 M urea, we observed the
same amount of ThT in the supernatant, namely
54.2 +1.1 and 53.3 + 1.6 uM (absorbance was con-
verted to concentration using ThT calibration curves
recorded in 0 and 8 M urea, respectively). To inves-
tigate the second possibility would require structural
analysis methods beyond the scope of this investi-
gation such as cryoEM, HDX-MS or solid state
NMR (more accessible methods such as limited
proteolysis are challenged by the high stability of
the fibrils). However, we indirectly investigated this
possibility by resuspending mature fibrils in 0-8 M
urea and immediately recorded ThT fluorescence
spectra (Figure 2(A)). Here, we observed a drastic
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Figure 1. Thioflavin T assay of CsgA WT (40 uM) fibrillation in presence of 0—6 M urea (A) or 0-3 M GdmClI (B).
Increasing concentrations of urea or GdmCI increased the lag-time of CsgA WT and lowered the fluorescence signal
intensity of the stationary phase. (C) SDS-PAGE analysis of the supernatant from CsgA WT samples fibrillated in the
presence of 0—6 M urea. At 0—3 M urea, no soluble CsgA was observable. At 3.5-6 M urea increasing amount of
soluble CsgA was observed at ~14 kDa. The CsgA protein bands were quantified using ImagedJ and the percentage
of aggregated CsgA was plotted as a function of [urea]. Insert: Zoom-in at 90—100% fibrillated CsgA. (D) TEM images
of amyloids formed in 0 M, 2 M, 4 M, 6 M and 8 M urea after overnight incubation with shaking: Mature fibrils were
formed at 0 M, 2 M and 8 M with length ranging from <30 nm to several hundred nm. The fibrils formed at4 Mand 6 M
were relatively short. Relatively few fibrils were found in all samples, as they were predominated by large amounts of
clumps (not shown). The black clumps seen in the 2 M sample are probably precipitated urea crystals.

decrease in the ThT fluorescence at increasing
urea concentration. This result makes structural
rearrangements of the fibrils unlikely on such a
short time scale, taking the high stability of FUBA
into account.”®' This led us to the third possibility,
which we addressed by recording ThT absorption
spectra in 0—8 M urea in the absence of fibrils (the
low ThT fluorescence in the absence of fibrils
makes it unfeasible to record fluorescence spectra).
We observe a gradual redshift and an increase in
absorbance (Figure 2(B)). We therefore conclude
that urea modulates ThT spectral properties but
does not displace ThT from fibrils.

The rate of CsgA fibrillation decreases
systematically with urea

Although urea only has a modest effect on the
final yield of CsgA fibrils, the rate of fibrillation is

clearly slowed down over a wide concentration
range. We therefore decided to elucidate the
mechanism of fibrillation in urea. The raw
fibrillation curves show the overall time profile of
the fibrillation containing a lag phase, growth
phase and plateau phase. However, to compare
the kinetics of the fibrillation at different urea
concentrations and avoid artifacts from changes in
ThT fluorescence at different urea concentrations,
we have to convert our ThT fluorescence profiles
to fraction aggregated protein. This was done by
accurately determining the percentage of fibril
formation at the fibrillation plateau phase at each
urea concentration using SDS-PAGE analysis
(Figure 1(C))). This allowed us to correct for the
presence of non-aggregated protein, so the final
graphs showed percentage of fibrillated protein as
a function of time (Supplementary Figure S1). The
normalized and corrected curves now show the
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Figure 2. (A) Normalized ThT fluorescence at 480 nm as a function of [urea]. A drastic decrease in the ThT signal is
caused by increasing the concentration of urea. Inset: ThT spectra of mature CsgA fibrils added to 0-8 M urea. (B)
Absorbance (arbitrary units) and Amax(nm) of ThT in 0—-8 M urea. Inset: Absorbance spectrum of ThT in 0, 2, 4, 6 and
8 M urea. (C) Normalized fibrillations curves of CsgA in 0—6 M urea showing percentage of aggregated CsgA protein
as a function of time. (D) Logarithm of nucleation rate constant, k., and growth rate constant, kg, plotted as a

function of [urea]. A linear function was fitted to the plots to obtain the m-values, my,,. and my

standard deviation (n = 3).

percentage of aggregated CsgA as a function of
time (Figure 2(C)) revealing retardation of both the
lag phase and the elongation phase. As an initial
analysis, curves were analysed with a linear
regression method, which provides an apparent
nucleation rate constant, k., and a growth rate
constant, k.o, The log of both k,,. and Kkgon
decreased in a reasonably linear fashion with
[urea], providing both values of log k3" and their
sensitivity to [urea], i.e. kinetic m-values. The
values of my,.and my, (0.11 £0.01 and 0.13 £ 0.
01 M~ ") (Figure 2(D) and Table 1) were identical
within error, indicating that the activation steps of
nucleation and growth of CsgA fibrils were
affected to a similar extent by changes in [urea].
Given the association of m-values with changes in
SASA, our results suggest that a similar amount

Error bars are

elon *

of surface area is buried during the activation
steps of nucleation and growth. A more detailed
understanding requires us to obtain m-values for

Table 1 m-values determined using linear regression
analysis of fibrillation curves using data shown in Figures
3, 4 and S1. Values for FapC AR2R3 and FapC
AR1R2R3 omitted due to poor fibrillation kinetics.

Protein my,,,, (M) my,,. (M)
CsgA 0.13 + 0.01 0.11 + 0.01
FapC WT 0.12 + 0.02 0.15 + 0.02
AR1 0.08 + 0.02 0.09 + 0.03
AR2 0.16 + 0.01 0.16 + 0.01
AR3 0.00 + 0.02 0.06 + 0.02
AR1R2 0.13 + 0.01 0.13 + 0.00
AR1R3 0.14 + 0.02 0.10 = 0.02
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the individual molecular steps involved in
aggregation (see below). Note that in these
experiments we are examining processes that are
intermolecular and consequently sensitive to
changes in viscosity. Between 0 and 8 M urea the
viscosity of urea changes ca. 1.6 fold*® with a linear
decrease in a semi-log plot (log viscosity versus
[urea]) corresponding to a slope of 0.029 M. It
could be argued that we should subtract this value
from all our kinetic m-values. However, a general
subtraction implies that all the investigated pro-
cesses are equally sensitive to diffusion which is
not necessarily the case. Furthermore, we focus
on comparative rather than absolute values and this
is not affected by the absence or presence of this
subtraction, so for simplicity we have avoided this
step.

Removal of repeats can regulate the urea-
susceptibility of FapC

To address if urea’s effect on CsgA fibrillation
applied to other FuBA, we turned to the FuBA
FapC from Pseudomonas sp. UK4. Similar to
CsgA, the normalized fibrillation curves of wildtype
FapC show an increase in lag times and lowered
elongation rates as [urea] increases to 8 M
(Figure 3). The fibrillation yield remains around
100% up to 6 M urea but decreased slightly from
7 M. Lag times and rate constants estimated in
the same way as for CsgA showed a linear
decline. The m-values were identical to CsgA
within error, possibly reflecting a similar degree of
surface area burial per protein incorporated during
the activation step. To elucidate the contributions
of the individual repeats of FapC to this aspect of
fibrillation, we turned to FapC constructs where
the imperfect repeats had been removed, either
one, two or three at a time and analyzed them in
the same way as WT FapC. Overall, urea slowed
down the fibrillation of all FapC variants
(representative examples in Figure 3; full
collection in Supplementary Figure S2. With the
exception of the AR1 variant, deletion of repeats
made the proteins more sensitive to urea and
gradually reduced aggregation yields at higher
[urea]. Thus FapC AR2R3 and FapC AR1R2R3
only fibrillated up to 1 M urea and 0.5 M urea,
respectively, consistent with their dramatically
increased sensitivity to formic acid and SDS.?’

Most FapC variants showed a linear decrease of
both logk,,. and logkeo, With increasing [urea],
with the exception of FapC AR3 which had a
reduced m,,. and an essentially urea-insensitive
elongation rate. Just as observed for CsgA, my_,,
and my,, values for individual variants were
similar (Table 1; values for FapC AR2R3 and
FapC AR1R2R3 omitted due to the paucity of
reliable data), again indicating that the activation
steps of nucleation and elongation involve
essentially the same degree of surface burial. It is
less clear how to interpret the differences in m-

values between FapC variants as there is no clear
trend in the development of these values as
repeats are removed. A priori this suggests
variations in the fibrillation mechanism between
different mutants, leading to different levels of
folding compactness in the TS. We therefore
turned to a closer examination of the effect of urea
on aggregation. We recently showed that FapC
fibrillation in the absence of urea is best described
by a model dominated by fragmentation.”® We
investigated if urea alters the overall fibrillation
mechanism of FapC. We fibrillated 8-92 uM FapC
WT in 0 and 4 M urea. After normalizing the data
(Figure 4(A) and (B)), we obtained straight lines at
both 0 and 4 M urea when we plotted the half-time
(time to reach 50% of maximal ThT fluorescence)
versus monomer concentration in a log—log plot
(Figure 4(C) and (D)). This suggests that the kinetic
data can be described by a single fibrillation mech-
anism in this concentration range. Further evidence
for this single mechanism is provided when we nor-
malize time points by the midpoint of fibrillation,*°
leading to a collapse of curves around a single time
profile (Figure S3). This indicates that the different
reactions scale, i.e. they can be described by the
same single function. Using the program
AmonFit,37 we established that the kinetic data is
best fitted by a fragmentation dominated model in
both presence and absence of urea (Figure 4(A)
and (B)). Thus, we conclude that the overall fibrilla-
tion mechanism is not affected by urea.

Urea affects protein folding and association
during fibrillation

In the absence of urea, as more and more repeats
are removed from FapC, fragmentation becomes
dominant at earlier stages of the reaction.”® We
therefore decided to elucidate which microscopic
steps in the fibrillation of CsgA and the different
FapC variants were most affected by urea. Using
the fragmentation dominated model, we performed
global curve fitting to the normalized fibrillation
curves of each protein while allowing the rate con-
stant of either elongation (k,), primary nucleation
(k) or fragmentation (k.) to float (FapC WT shown
in Figures 4(E); full collection in Figures S4 and
S5). For CsgA and all six FapC variants, best fits
were obtained by varying k,, with the caveat that
for the 2 most destabilized FapC variants (AR1R3
and AR2R3), variation in k. fitted equally well. The
fibrillation curves could also be fitted by changes
in the primary nucleation rate constant (k,), but
the fits obtained in this way give slightly higher
Mean Squared Residual Errors (MRE) (Table 2;
note that MRE values for different fits to the same
data are normalized relative to the fit with the lowest
MRE value). Overall, the quality of the different fits
was not dramatically different between the different
variants, except for the poor fits with variable k
seen for the four most stable mutants.
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Figure 3. Left column: Normalized fibrillation curves of FapC WT (A) FapC AR2 (B) and FapC AR1R2R3 (C)
(85 uM) in 0—8 M urea. The curves are based on ThT fluorescence. Middle column: The percentage of aggregated
FapC determined by SDS-PAGE analysis and plotted as a function of [urea]. Right column: The kinetic parameters,
Knue (determined from lag-time™") and ko, (determined from the slope of elongation phase) were log-transformed
and plotted as a function of urea. Linear regression was performed on the plots to obtain m-values (slopes of the

regressions, my

elon

Although the data in principle could be explained
by variations in a single parameter (which in most
cases was either k, or k,), the modest differences
in fit quality and the comparable values of my, and
myn suggest that urea affects more than one
parameter of the fibrillation mechanism. As an
additional analysis, we therefore fitted the data to
the unseeded fibrillation model in AmyloFit where
we allowed variation in two of three parameters,
k,, k. and k,. When more than one parameter is
allowed to vary, AmyloFit outputs composite rate
constants, k,k, and k,k, as it is not possible to
determine k, k. or k, individually from unseeded
fibrillation curves. Similar to the analysis of
individual parameters, variation in primary
processes (primary elongation and nucleation)
gave lower MREs for the stable protein variants

and my,,.), which describe the urea-sensitivity of each kinetic parameter.

whereas the most unstable variants showed low
MREs for variation in both primary elongation and
fragmentation. We plotted the log of both the
individual and the composite rate constants as a
function of [urea] and evaluated the plots (Figures
S4-S6). As expected, the rate constants
belonging to primary processes (k,, k, and k,k;)
showed the best log-linear correlation with
increasing concentration of urea (Table 3). We
conclude that urea-induced changes in the
fibrillation rate are best described by modulation of
primary processes (primary nucleation and
elongation) rather than secondary processes such
as fragmentation. From plots of the log rate
constants versus [urea], the corresponding m-
values were determined (Table 2 and 3 and
Figure S6. The composite m-values in Table 3
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Figure 4. The fibrillation curves of FapC WT fitted well to a fragmentation dominated model in both 0 M urea (A) and
4 M urea (B) using AmyloFit.®” The natural log transformed plots of half-time versus initial monomer concentration
show that a single linear correlation describes the entire monomer concentration range tested in both 0 M urea (C)
and 4 M urea (D). Normalized fibrillation curves of FapC WT (35 uM) in 0—8 M urea were fitted to a fragmentation
dominated model using global fitting (E) where only one kinetic parameter was allowed to vary for each curve, namely
k. (left panel), k, (middle panel) or k. (right panel). MRE was normalized relative to the best fit for each FapC variant
which was given the value of 1.

were all larger than the individual m-values shownin  individual m-values. However, there was no
Table 2, consistent with the fact that m-values of a  simple correlation between the removal of repeats

composite rate constant should be the sum of the  from FapC and the magnitude of the m-values
8
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Table 2 m-values associated with elongation rate constants (my,) and nucleation rate
constants (my,) determined using AmyloFit. The Pearson coefficient (R) of the correlation is
given in brackets. Regressions with R < 0.65 are colored grey. The three right-most
columns show MRE of separate fits where either k., k, or k. was allowed to vary one at a
time while keeping the other two rate constants globally constrained. Due to the generally
poor fit with k,, m-values for this fit are not included.

Protein mi: (M) min (M) MRE (k:) | MRE (ks) | MRE (k.)
CsgA 0.210.01 (0.99) | 0.210.01 (0.99) | 1 1 2

FapC WT | 0.22£0.01 (0.98) | 0.43:0.04 (0.88) | 1 1.7 2.8
AR1 0.15+0.02 (0.80) | 0.19+0.03 (0.77) | 1 1.3 23
AR2 0.35+0.01 (0.99) | 0.42+0.02 (0.98) | 1 1.8 3.8
ARIR2 0.34=0.03 (0.90) 1 32 15
ARIR3 0.25+0.06 (0.68) | 0.30+0.08 (0.70) | 1 1.4 1
AR2R3 1.35£0.40 (0.92) | 1.90+£0.67 (0.89) | 1 2.8 1.1

Table 3 m-values associated with composite kinetic parameters of elongation and
nucleation (my, «,) and elongation and fragmentation (my,«_). The Pearson coefficient (R)
is given in brackets. Regressions with R < 0.65 are colored grey. The two right-most

columns show MRE of fits with variation in the composite rate constants.

Protein my, g, M) my,, (M) MRE MRE
(kikey) (kyk-)

CsgA 0.23+0.01 (0.99) 0.44+0.03 (0.98) | 1.0 1.8
FapC WT 0.42:0.04 (0.89) 0.52+0.09 (0.75) | 1.0 2.5
AR1 0.19+0.03 (0.76) 1.0 1.6
AR2 0.420.02 (0.98) 1.0 2.0
ARIR2 0.48:0.04 (0.94) 1.0 1.5
ARIR3 0.30:£0.08 (0.70) 0.58+0.14 (0.70) | 1.4 1.0
AR2R3 1.89+0.67 (0.89) 1.0

despite relatively large differences between protein
constructs. This indicated that the deletion mutants
may be affected by urea in a complex manner
during each step of the fibrillation mechanism. In
addition, the analysis of unseeded fibrillation
curves is complicated by the fact that the
fibrillation kinetics is dependent on multiple rate
constants which need to be separated.

Seeding of FapC fibrillation in urea

Having determined that urea primarily inhibits
primary fibrillation processes (nucleation and
elongation) but presumably to almost comparable
extents, we turned to seeding of fibrillation in order
to bypass nucleation and focus directly on
elongation. This allows a more accurate
determination of the elongation rates and their
associated m-values and also allows us to more

quantitively compare the m-values between FapC
variants and thus estimate their change in
compactness or SASA during the activation step
of elongation. The fibrillation of FapC (35 pM
monomer) was monitored after the addition of
seeds (19.5 pM monomer equivalents) (Figures 5
and S7). The fibrillation curves were corrected for

Table 4 m-values associated with the elongation rate
estimated from the first phase of the seeded fibrillation
curves

Protein Mseeded elongation (Mq)
FapC WT 0.15 + 0.01
AR1 0.24 £ 0.02
AR2 0.14 + 0.01
AR1R3 0.37 £ 0.02
AR2R3 0.34 + 0.02
AR1R2R3 0.40 £ 0.02
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the ThT-quenching effect of urea by the same
procedure as described for the unseeded
fibrillation curves (Figure S1). This correction
included quantification of the remaining monomer
concentration to determine the percentage of
fibrillated protein at the time of termination of the
experiment (Figures 5, Middle panel and S7
Middle Column). Note that the seeded fibrillation
curves may not have reached equilibrium by the
time of termination, since we were only interested
in the elongation kinetics immediately after
seeding, and the graphs should not be compared
directly to percentage of aggregated protein of the
unseeded curves (Figure 3, Middle column). We
monitored the initial rate of elongation (i.e. the
slope around time zero) of the seeded fibrillation
curves. This value declined in a log linear fashion
with the concentration of urea (Figures 5 and S7).
Interestingly, the addition of seeds rescued the
fibrillation of the deletion mutants, AR2R3 and
AR1R2R3 which was otherwise inhibited already
at low concentrations of urea in the unseeded
fibrillation experiments. This allowed us to analyse
the fibrillation kinetics of these mutants over a
wider [urea] range to obtain m-values associated
with the initial elongation rate of the FapC variants
(summarized in Table 4). FapC WT and AR2
showed the lowest m-values followed by AR1
while deletion of two or three repeats resulted in
dramatically larger m-values. Thus, deletion of
repeats resulted in higher kinetic m-values. Of
note, the elongation rate of AR3 appeared to be
largely unaffected up to 4 M of urea, whereafter
the elongation rate suddenly plummets as the
[urea] increases (Figure S7). This indicates a
change in fibrillation mechanism above 4 M.

Small-angle X-ray scattering confirms more
compact fibrils in a destabilized mutant

Finally, we used small-angle X-ray scattering to
investigate if the larger m-values obtained by

compactification during fibril elongation. For this
analysis, we compared WT FapC with the mutant
lacking all three repeats, AR1R2R3. We started
out by investigating the initial states of both
proteins, where an Indirect Fourier Transformation
routine was applied to obtain the forward
scattering /(0) which can be used to calculate the
mass of the scattering species. The obtained
mass values are expressed in number of
monomers (# mon) in Table 5 by dividing with the
monomer mass for WT FapC (23.6 kDa including
the His-tail terminal extension) and AR1R2R3
(18.9 kDa). This showed that neither samples
display a pure monomer state; rather, they both
form complexes consisting of 67 monomers on
average.

The initial state of FapC WT was fitted on arbitrary
scale with a linear Gaussian polymer model
containing the radius of gyration and a constant
background (Table 5). It was not possible to
obtain a good fit of the initial state of FapC
AR1R2R83 using this model, as it could only be
optimized to a x? value of 12.2 which is far from
the ideal value of unity. Data were instead fitted
with a polymer star model on arbitrary scale,
which allows for the number of random coil arms
to be fitted (for a linear Gaussian polymer model
this is per definition fixed at two) along with the
radius of gyration for the arms and a constant
background (Table 5), where the number of arms
was also optimized. The star model does not fit
perfectly (x* = 5.51). This is probably due to
polydispersity in the length of the arms and
between the particles, which the model does not
take into account. A dimensionless Kratky plot
(Figure S8) shows that both samples are unfolded
as the signal does not have a maximum at
qRy = 1.7 as for folded Proteins and stays
constant at larger gR, values. !

As both data sets can be described as a random
coil, they are mainly unfolded (see sketch in
Figure 6). The need for the star model for FapC

deleton of repeats reflected a larger AR1R2R3 indicates that the initial state is slightly
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Figure 5. Left panel: Normalized fibrillation curves of FapC WT (35 uM) in 0—8 M urea after addition of seeds. The
curves are based on ThT fluorescence. Middle column: The percentage of aggregated FapC WT was determined by
SDS-PAGE analysis and plotted as a function of [urea]. Right panel: The rate constant of elongation, Kepon
(determined from the slope of elongation phase) was log-transformed and plotted as a function of urea. Linear
regression was performed on the plot to obtain the m-value for k-
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Table 5 Modelling parameters from fitting of SAXS data

Final state

Initial state

)I

kDa
nm3

Cribril (
0.24
0.46

kDayh
nm)

MPL (

AR°®

o

Cini (

# arms®

Rgam (A)°

# mon?

Sample

2 (f)

3.4+ 0.1 31

34 +0.8
42

1.08
1.24

0.009
0.13

110 + 12
37 =

0.815 155 + 12

5.51

6.2+0.3
6.7

FapC WT

61

2.41 + 0.05

+0.5

2.7 £ 0.1

0.1 55.6 + 1.1 0.7

FapC AR1R2R3

& Number of monomers calculated from 1(0).
® Radius of gyration for the whole structure.

° Radius of gyration for each individual arm.

4 Number of polymer arms extending from the center.

f Radius of the short axis of the fibril cross section.
9 Aspect ratio between the short and long axis of the fibrillar cross section.

¢ Estimated compactness of the initial state calculated assuming a sphere with radius of Rg.
" Mass per length of the fibrils.

I Estimated compactness of the fibrils calculated by dividing MPL with area of ellipsoidal cross section.

I The simple model with one polymer chain is equivalent to a star model with two arms.
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more compact. We have tried to quantify the
compactness by dividing the mass of the average
particle with the volume by assuming a sphere
with radius Ry. This confirms that the initial state
of FapC AR1R2R3 is more compact (0.13 £03)
compared to FapC WT (0.009 Xg),

Next, we measured the fibril states of both
proteins using SAXS. The fibril states were
measured after 25 hours for FapC WT and 168
hours (7 days) for FapC AR1R2R3 where
fibrillation  plateaued according to  ThT
fluorescence (Figure S9(A) and (B)). There are no
FapC WT monomers left in solution at the end of
fibrillation (Figure S9(C)). On the other hand,
FapC AR1R2R3 still showed a considerable
amount of monomer left in solution at this stage.
This was quantified by constructing a standard
curve using two dilution series of a freshly
desalted monomer on a SDS-PAGE (control
dilution series 1 and 2, Figure S9(D)). Based on
this, we calculate that 58.1 +/- 7.3% SD of the
soluble protein was incorporated into fibrils. The
mass of the fibrillar state cannot be determined as
I(0) cannot be estimated from the low-q behavior
since it does not levels off at a plateau value for g
approaching zero. Instead the mass per length
(MPL) can be calculated by determining the /(0) of
the cross section (/(O)cs). This is possible
because a long one-dimensional fibril will give a
contribution following a g~ slope (see blue line in
Figure 6) that takes into account the scattering
from the large dimension, leaving the signal from
the cross section. To calculate the MPL, we also
need to know the concentration of fibrils in the
sample. For FapC WT (which is 100%
incorporated into fibrils) this corresponds to the
concentration of monomer (1.0 mg/mL), whereas
for FapC AR1R2RS3 this is 58% of the initial
monomer concentration (0.58 mg/mL). However,
in our calculation of MPL, we can neglect
monomeric FapC AR1R2R3 because the initial
state of FapC AR1R2R3 has a much lower signal
(notice the y axis is log(/(q)) compared to the
fibrils due to the large mass difference. We obtain
a MPL of 31 and 61 kDa/nm for FapC WT and
AR1R2R3, respectively (Table 5), demonstrating
clearly that FapC AR1R2R3 has a significantly
higher MPL than WT.

The fibril states were fitted on arbitrary scale as
an infinitely long cylinder with an ellipsoidal cross
section. Furthermore, a random coil scattering
contribution with By = 20 A with a fitted overall
scale was added to the model to describe the data
at mid to high g (g > 0.05 A™"). In this g region the
random coil scattering has a high signal compared
to the form factor for a cylinder. Therefore, the
contribution from random coil is evident in this g
region despite the lower concentration and size.
As the contribution is only evident in a narrow q
region, the size of the random coil cannot be
fitted. Instead, a reasonable value was estimated
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Figure 6. SAXS data and fits for initial and final states
for FapC WT and FapC AR1R2R3. Sketches show the
models used for each of the samples. For the initial state
of FapC AR1R2R83 is shown with three arms that each
contains around two monomers, giving ca. 6 monomers.
The cylinder cross sections are shown with the fitted
aspect ratios and the ratio between the short axis of the
two models is calculated from fitted values. Data for
model fits are listed in Table 5. The blue line of g
shows how the scattering of an infinitely long one-
dimensional cylinder will behave at low q.

for Ry based on the predicted loop regions of FapC
WT fibril (30—40 amino acids*“and the whole length
of the FapC AR1R2R3 monomer left in solution
(132 amino acids). We used the empirical relation
Ry = 1.927 N°°% where N is the number of amino
acids.*® For loop regions this lies between 15 and
17 A and for FapC AR1R2R3 monomer it is 36 A.
To compare fit values more easily, we set the con-
tribution to 20 A for both samples.

For FapC WT, the random coil contribution is
thought to originate from the loop regions that are
of a considerable size and predicted to be
disordered even in the fibril state (see
Supplementary Information and Figures S10-12
for a bioinformatic discussion of the identification
of loop and repeat regions in the FapC sequence).
For FapC AR1R2R3, this random coil contribution
could also be due to loop regions, but is most
likely an effect of the considerable amount of
monomer still in solution. We find that the radius
of the short axis is larger for FapC AR1R2R3 (42
compared to 34 A), whereas the cross section of
FapC WT is more elongated (aspect ratio 3.4
compared to 2.4) (Table 5). Sketches of the cross
sections with relative scales in accordance with
fitting parameters are shown as insets in Figure 6.
By calculating the area of each of the cross
sections, the MPL can be converted to a
compaction with units mass per volume. This
shows that the compactness of FapC AR1R2R3
(0.46 kDa/nm®) is significantly larger than for
FapC WT (0.24 kDa/nm®). Also, the increase in

12

compaction is greater for FapC AR1R2R3
(0.33 kDa/nm®) than FapC WT (0.23 kDa/nm?®),
commensurate with the increased m-value for
FapC AR1R2R3. Note that when these fibril
compactions are converted to g/cm?, it is clear
that both fibril structures are less compact (0.41
and 0.76 g/cm?®) than the expected 1.4 g/cm?® for a
globular compactly folded protein.

Discussion

Fibrillation sensitivity to urea reflects changes
in surface area burial and predominantly
affects nucleation and elongation

Our work demonstrates that fibrillation of both
CsgA and FapC is sensitive to urea, though urea
does not change the overall fibrillation mechanism
for FapC WT (and by inference not CsgA either).
Removal of repeats from FapC clearly increased
the protein’s sensitivity to urea, particularly the
strongly destabilized variants FapC AR2R3 and
FapC AR1R2R3, whose fibrillation was quenched
at relatively low concentrations of urea, except
when adding preformed seeds (which bypasses
the nucleation step). Seeded fibrillation
experiments provided elongation m-values, which
were significantly higher for deletion mutants
lacking two or three repeats. Using SAXS, we
showed that the compactness of the deletion
mutant, AR1R2R3 was larger compared to WT
FapC in both the initial state (pre-fibril) and in the
final fibril state. In addition, the change in
compactness from initial to fibril state was larger
for AR1R2R3 compared to WT FapC, consistent
with the kinetic m-values (although the latter only
reports on the activation step).

The basis for these m-values, i.e. a log-linear
relationship  between rate constants and
denaturant concentration, echoes the folding and
unfolding of globular proteins.** The ability to mea-
sure these m-values is aided by the unfolded nature
of these proteins in the (largely) monomeric initial
state, which by all accounts compels them to
undergo a folding step in order to form nuclei or to
attach and fold onto the growing ends of fibrils. Such
a folding step involves a large reduction in SASA
and can therefore be counteracted by urea.

By extracting molecular rates relating to
nucleation, k,,and elongation, kg, using linear
regression we were able to obtain kinetic m-
values for these individual steps in the fibrillation
process. These data indicated that the activation
steps of both primary nucleation and elongation
were affected by urea, seemingly to the same
extent. However, care must be taken when
analyzing the lag time of unseeded fibrillation
curves, since the duration of the lag time is not
only dependent on the primary nucleation rate but
also on the elongation rate and secondary
processes such as secondary nucleation and
fragmentation rates. When using the linear
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regression method to extract rate constants from
the fibrillation kinetics, it must be kept in mind that
Knue and kgon are pseudo-elementary rate
constants which are composites of multiple
elementary steps similar to the parameters
obtained by the Finke-Watzky analysis.** There
may therefore be microscopic processes hidden
under the averaged rate constants, which are also
affected by urea. The webserver programme Amy-
loFit can provide more precise information about
how these processes are affected by urea. FapC
fibrillation is best explained by a mechanism includ-
ing primary nucleation, elongation and fragmenta-
tion.?® Using a global curve-fitting analysis, we
found that urea mainly reduces fibrillation-related
folding and association (i.e. nucleation and growth),
rather than fragmentation. This makes sense from
the perspective of burial of surface area, since frag-
mentation leads to a smaller change in SASA on a
monomer-unit level than the two other processes.

Seeding of FapC fibrillation simplifies
fibrillation kinetics and reveals increased
compaction in destabilized mutants

From our unseeded fibrillations curves, we did not
observe a simple correlation between the m-values
and the number of repeats in FapC. Considering
that m-values are known to correlate with the
amount of buried surface area during folding,>>%°
one would expect that a lower number of repeats
would lead to a lower SASA (also during the activa-
tion step) and therefore a lower m-value. However,
as explained above, the analysis of unseeded fibril-
lation curves is challenged by the complexity of the
fibrillation mechanism which leads to composite
rate constants. This phenomenon is also apparent
from the higher magnitude of the apparent elonga-
tion rate constant, ko, in the seeded reactions ver-
sus the unseeded reactions. The rate of elongation
is dependent on both the elongation rate constant,
the monomer concentration and the fibril number
concentration.®” By adding a high concentration of
sonicated seeds, the fibril number concentration is
dramatically increased, thereby increasing the over-
all rate of elongation. Since kg0, is determined from
the slope of the elongation phase, kgon is higher in
seeded reactions. In contrast to seeded reactions,
the fibril number concentration is a limiting factor
for unseeded reactions, which makes kg, Strongly
dependent on nucleation rates. The elongation rate
constant of seeded reactions can therefore be con-
sidered a “cleaner” parameter to compare between
protein constructs since it only depends on the elon-
gation rate of the reaction whereas the elongation
rate constants of unseeded reactions are also
affected by the nucleation rates. The m-values
based on rate constants extracted from unseeded
fibrillation curves may therefore be composite val-
ues reporting on the sum of multiple molecular
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steps. To simplify this, we therefore used seeded
fibrillation to bypass the nucleation step.

A high concentration of seeds was needed to
effectively eliminate the lag phase of FapC
fibrillation. This can be explained by the low
degree of secondary nucleation existing in the
system®® compared to e.g. Ap*® and o-
synuclein.”® The m-values calculated from the
seeded fibrillations curves were solely associated
with the activation step of elongation. We were sur-
prised to find that deletion of repeats resulted in
higher m-values as this possibly reflected that
otherwise solvent exposed parts of the protein were
incorporated into the fibril during elongation. This
would require a relatively large change in the overall
fibril construction. Considering that the repeat-less
mutant AR1R2R3 is able to fibrillate, it is perhaps
not surprising that the weakening of the amyloido-
genic core caused by removal of repeat sequences
can be somewhat compensated for by including a
larger portion of otherwise exposed protein regions
into the amyloid backbone, thus creating a more
compact fibril. Rosetta analysis (which predicts
amyloid propensity at the hexapeptide level*’indi-
cates that regions outside the imperfect repeats
also have significant aggregation propensity (Fig-
ure S13). We used SAXS analysis to confirm that
fibrils formed by AR1R2R3 were more compact
than WT FapC fibrils. However, given the low stabil-
ity of these fibrils according to both the sensitivity of
their formation to urea and extreme lack of resis-
tance to formic acid®’, this compaction is likely to
be quite ineffective and suggests an inferior packing
arrangement, simply because the imperfect repeats
form a much more optimized cross-f structure.
Interestingly, the initial (unfolded) state of
AR1R2R3 was also more compact than WT FapC
but the change in compactness from the initial state
to the fibril state remained larger for AR1R2RS3,
which was consistent with our observation of a lar-
ger m-value for AR1R2R3 compared to WT FapC.

In the seeded fibrillation experiments, larger m-
values compared to WT FapC were not only seen
in the extreme example where all three repeats
were deleted. Deletion of two repeats (AR1R3 and
AR2R3) or even a single repeat (AR2) also
resulted in larger m-values compared to WT
FapC. In view of the likely relation between m-
values and compactness of the fibril TS (which
again provides an indication of the compactness
of the resulting fibril), this suggest that the removal
of repeats from FapC does not simply lead to
modular removal of the deleted repeat sequences
from the mature fibril core. On the contrary, there
seems to exist a certain degree of flexibility in
terms of which parts of the sequences are
incorporated into the fibril. This flexibility allowed
FapC mutants to form fibrils of normally non-
amyloid regions. This may be an important fact to
consider in the development of rationally designed
inhibitors aimed to block the interaction of specific
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amyloidogenic regions of a protein. Based on our
results which suggested significant architectural
chances in the mature fibril of deletion mutants, it
is tempting to speculate that FuBA can also
circumvent blocking interactions of inhibitory
compounds by changes in the fibril architecture.
Although FapC deletion mutants are able to forms
fibrils in vitro, it remains to be seen if these fibrils
are functional in vivo. Indeed, previous work
showed that deletion of repeats weakened the
stability of fibrils and led to increased
fragmentation during fibril formation which would
most Iikelg attenuate the function of these fibrils
in vivo.?®

Increased fragmentation rates may
compensate for decreased nucleation and
elongation rates

In our experiments, the AR3 mutant showed a
different behavior than the remaining FapC
variants. In the unseeded fibrillation curves, the
slope of the elongation curve was essentially
unaffected by increasing [urea] and the lag time
was only moderately affected compared to other
FapC variants. In the seeded fibrillation data for
ARS, we observed a sharp transition at 4 M urea
in the log elongation rate versus [urea] plot. This is
indicative of a transition of the elongation
mechanism as urea increases above 4 M. It has
previously been shown that removal of R3 makes
FapC particularly vulnerable to fragmentation
during fibrillation.“® Considering this increased ten-
dency for fragmentation, the presence of urea
may increase fragmentation even further of the
AR3 mutant. Although the nucleation and elonga-
tion rates of AR3 are most likely reduced by urea,
we speculate that the overall fibrillation rate is not
dramatically reduced because of a compensating
effect caused by an urea-induced increase of the
fragmentation rate. Above a certain concentration
of urea, the reduction in the primary fibrillation pro-
cesses may eclipse the compensating acceleration
of the fragmentation rate, leading to a sharp drop in
overall elongation around 4 M.

The core of the FuBA fibril contains an
evolutionarily optimized number of residues

Repeat sequences are commonly found in FUBA
and are known from several proteins besides CsgA
and FapC.*®*° The number of repeat sequences is
4-5 in CsgA homologs in enterobacteria but varia-
tion in the number of repeats sequences is seen
in CsgA homologs in other bacteria.”® The number
of repeat sequences in FapC homologs is 3 in
Pseudomonas strains and in the majority of other
genera, although a few exceptions with either fewer
or more repeat sequences are known.'® We found
similar kinetic m-values for the two WT proteins,
CsgA and FapC in our linear regression analysis
and for the m-value associated with elongation rate.
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This may reflect a similar amount of SASA between
the two proteins during the activation step of elon-
gation (and by inference during the whole elonga-
tion step). Interestingly, CsgA and FapC contain a
similar number of residues in repeat sequences
(~109 and ~111 respectively) despite the large dif-
ference in size and overall composition. This indi-
cates that the protein packing seen in WT CsgA
and FapC provides optimal fibrillation kinetics and
fibril stability.

Materials and Methods

Expression and purification of CsgA WT and
FapC variants

Recombinant FapC variants were expressed and
purified as described previously.”® CsgA WT was
expressed and purified according to the same pro-
tocol as FapC with the main difference that the
CsgA WT construct was expressed in a pET11d
plasmid encoding His-tagged CsgA WT with ampi-
cillin resistance. Colonies and cultures expressing
CsgA were therefore grown on agar plates and in
Lysogeny Broth media containing 100 pg/mL
ampicillin.

FuBA fibrillation assays monitored by ThT
fluorescence

Fibrillation of CsgA and FapC variants in 0-8 M
urea was monitored using ThT fluorescence as
follows: CsgA or FapC in elution buffer (8 M
GdmCl, 50 mM Tris-HCI, 500 mM imidazole, pH
8) was buffer exchanged into either buffer 1
(50 mM Tris-HCI, pH 7.4) or buffer 2 (buffer 1 with
8 M urea) using PD-10 desalting columns (GE
Healthcare) according to the manufacturer's
protocol. The protein concentration was estimated
by measuring the absorbance at 280 nm using a
NanoDrop 1000 (ND-1000 Spectrophotometer,
Scientific, U.S.A.) (See Supplementary Table S1
for extinction coefficients and molecular weights).
Protein in buffer 1 was mixed in different ratios
with protein in buffer 2 to obtain 40 uM CsgA or
35 uM FapC in 0-8 M urea in steps of 0.5 M
denaturant. 1.2 mM ThT in buffer 1 was added to
all samples to a final concentration of 40 pM.
100 puL was added to a black clear-bottomed 96
well plate (Costar, Corning). Fibrillation was
monitored at 37 °C in a CLARIOstar platereader
(BMG Labtech) with excitation at 448 nm and
emission at 485 nm at a gain of 1550.
Measurements were made every 2 min and
double orbital shaking at 200 RPM was applied
between reads. The data was processed in
KaleidaGraph (Synergy Software). Urea buffers
were always stored frozen and thawed
immediately before use to avoid decomposition of
urea to isocyanic acid and carbamylation of
protein samples.®’
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SDS-PAGE quantitation of aggregation

Samples at the stationary stage were transferred
to Eppendorf tubes and centrifuged at 13,500 rpm
for 15 min to pellet the fibrils. Then 25 pL
supernatant from each sample was mixed with
5 pL 6x SDS loading buffer, heated at 95 °C for
5 min, and analyzed by SDS-PAGE on a 15%
poly-acrylamide Bis-Tris gel. The protein bands of
the SDS-PAGE gel were quantified using Imaged
and normalized wusing control samples of
monomeric CsgA and FapC protein of a known
concentration.

Normalization and correction of kinetic data

All fibrillation curves were corrected for the
quenching effect of urea on the ThT signal and
normalized to show percentage of aggregated
protein as a function of time (Figure S1). This was
done before any kinetic analysis was performed
on the fibrillation curves. First, the percentage of
aggregated protein was determined immediately
after the experiment was ended using SDS-PAGE
analysis as described above. Next, the raw
fibrillation curves were baseline corrected by
subtracting values obtained from ThT blanks
without protein and the end-level plateau of the
fibrillation was adjusted to the percentage
determined by SDS-PAGE analysis. The
corrected and normalized fibrillation curves now
showed the true percentage of aggregated protein
as a function of time.

Analysis of kinetic parameters from CsgA and
FapC fibrillation curves

To obtain model-free values for lag times and
elongation rates, linear regression was performed
on the linear area of the normalized fibrillation
curves. The slope of the elongation phase gives
us the apparent elongation rate Kgon. The
nucleation rate constant k... is defined as 1/,
where t,g is the time point for the intercept of the
ThT fluorescence baseline with the elongation
phase.

Determination of the fibrillation mechanism of
FapC WT O M or 4 M urea

Fibrillation of FapC WT was monitored at 8-
92 uM protein in 0 and 4 M urea as described in
the previous section. Due to the significant
reduction in ThT fluorescence by urea, we
screened different ThT concentrations and found
that the best signal was obtained at 40 uM ThT in
0 M urea and at 360 uM ThT in 4 M urea. In
accord with our previous analyses of FapC
fibrillation,® time curves were fitted with a fragmen-
tation dominated model with the programme
AmyloFit.®” We used global curve fitting where only
one kinetic parameter was allowed to vary for each
curve at increasing [urea]. The curves were fitted by
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the model with variation in either elongation rate
constant (k,), nucleation rate constant (k,) or frag-
mentation rate constant (k). The same experimen-
tal procedure and analysis was performed for CsgA
WT.

Seeded FapC fibrillation assays monitored by
ThT fluorescence: Fibrillation of FapC variants
(85 uM monomer) in 0-7 M urea was monitored
after addition of 19.5 pM seeds. The procedure
was identical to the one for the unseeded
fibrillation assays except that ThT was added to
100 uM and the volume of each sample was
increased to 180 pL. Measurements were made
every 1 min and double orbital shaking at 200
RPM was applied for 7 s between reads.

Small angle X-ray scattering (SAXS)

SAXS data were obtained for FapC AR1R2R3 in
the initial state using the in-house laboratory
instrument HyperSAXS>? (NanoSTAR from Bruker
AXS) that uses an Excillum liquid Ga metal jet
source (Aga = 1.34) and scatterless slits.”> > SAXS
data for FapC WT in the initial state and fibril states
for both samples were measured on another in-
house Bruker AXS Nanostar instrument using a
rotating Cu anode (Ac, = 1.54 A), also with scatter-
less slits.*® All data are plotted as a function of g
defined as g = (4nsin(0))/A, where 26 is the scatter-
ing angle. FapC AR1R2R3 samples were mea-
sured with a concentration of 1 mg/mL for 0.5 h at
20 °C. FapC WT samples were measured at
1 mg/mL for 10 min at 20 °C. Buffer was subtracted
and data converted to absolute scale using the
SUPERSAXS package (Olivera & Pedersen,
unpublished) and the scattering from a MilliQ water
sample measured at 20 °C. The overall forward
scattering, /(0), and the forward scattering of the fib-
rillary cross settion, /(0)cs, were determined by the
home-made program WIFT®"*® that performs an
indirect Fourier transformation, where the contribu-
tion of the long fibrils dimension were taken into
account when calculating /(0)cs as described in>® /
(0) was used for calculating the mass for the initial
states as M= I(0)/(cx p?,), where cis the concentra-
tion and p,, is the excess scattering length density
of the protein per unit mass, which is set to
2.0 x 10'° cm/g. The initial states were fitted with
either a linear Gaussian polymer model®® (WT) or
a Gaussian star polymer model,®" where the num-
ber of arms is fitted (AR1R2R3). Conversion
between the radius of gyration Ry of the whole
structure and that of an arm Ry ,.m for the star model
was done using R = (3 —2) x B>, where nis
the average number of arms. The fibril state is fitted
with a model of an infinitelg long cylinder with an
ellipsoidal cross section.*#°* Furthermore, a scaled
contribution of polymers with a radius of gyration of
of 20 A is added, as this was found to be necessary
to adequately describe the data at high q. For FapC
WT, this contribution most likely stems from the
large loop regions and for FapC AR1R2R3 it proba-
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bly stems from the considerable amount of mono-
mer left in solution.

Accession Numbers

CsgA: UniProtKB - P28307.
FapC: UniProtKB - C4IN70.
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