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STRUCTURAL BIOLOGY

Structural basis of Pseudomonas biofilm-forming
functional amyloid FapC formation

Kasper Holst Hansen'?t, Mert Golcuk’t, Chang Hyeock Byeon1, Abdulkadir Tunc’,
Emilie Buhl Plechingerz, Morten K. D. Dueholm?, JamesF. Conway’, Maria Andreasen?,

Mert Gur®*, Umit Akbey'*

Biofilm-protected Pseudomonas aeruginosa causes chronic infections that are difficult to treat. FapC, the major
biofilm-forming functional amyloid in Pseudomonas, is essential for biofilm integrity, yet its structural details remain
unresolved. Using an integrative structural biology approach, we combine a solution nuclear magnetic resonance-
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based structural ensemble of unfolded monomeric FapC, a ~3.3-angstrom-resolution cryo-electron microscopy
(cryo-EM) density map of FapC fibril, and all-atom molecular dynamics (MD) simulations to capture the transition
from the unfolded to folded monomer to the fibrillar fold, providing a complete structural view of FapC biogenesis.
Cryo-EM reveals a unique irregular triple-layer f§ solenoid cross- fibril composed of a single protofilament. MD
simulations initiated from monomeric and fibrillar FapC mapped structural transitions, offering mechanistic insights
into amyloid assembly and disassembly. Understanding FapC reveals how Pseudomonas exploits functional amy-
loids for biofilm formation, and establishes a structural and mechanistic foundation for developing therapeutics

targeting biofilm-related infection and antimicrobial resistance.

INTRODUCTION

Amyloids are found across diverse organisms, from bacteria to hu-
mans, and are commonly associated with protein misfolding and
aggregation into fibrils linked to neurodegenerative diseases (I, 2).
A subgroup of amyloids, functional bacterial amyloids, in contrast
plays essential biological roles, particularly in biofilm formation (3).
Biofilm-forming functional amyloids (FAs) serve as key structural
components within microbial communities, embedded in extracel-
lular matrix polymers composed of polysaccharides, amyloid pro-
teins, and extracellular DNA (4). Biofilm-producing bacteria are a
serious health concern, given that 80% of all chronic human infec-
tions are either related to or caused by both biofilm formation and
biofilm-mediated resistance to antimicrobial and antibiotic thera-
pies (5). Fighting biofilm-protected bacteria requires detailed struc-
tural information of biofilm components for a directed targeting
by pharmaceutics. Yet, such structural information remains scarce,
creating a critical gap that hinders the development of targeted ther-
apeutics in chronic biofilm-associated infection treatments. High-
resolution structural determination of FA fibrils in bacterial biofilms
represents a promising approach to design antibiofilm agents, disrupt
biofilms, and improve treatments for chronic infections.

The biofilm-forming Gram-negative Pseudomonas aeruginosa is
recognized by the World Health Organization (WHO) as one of the
15 most critical human pathogens responsible for chronic infections
such as those seen in cystic fibrosis (6, 7). In Pseudomonas, the Fap
(functional amyloid in Pseudomonas) system plays a central role in
biofilm formation and is tightly regulated. This system is encoded by
the Fap operon, which consists of six proteins: FapA to FapF (8, 9).
FapA functions as a translational regulator of FapAB, and previous
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studies, including our own, suggest that FapA may also act as a
chaperone or chaperone-like protein that influences amyloid forma-
tion (9-12). The main extracellular FAs secreted in the Pseudomonas
biofilm are FapB and FapC, with FapC being the predominant com-
ponent. Both proteins are intrinsically disordered as monomers,
and FapB serves as a nucleator for FapC polymerization (8, 9). More-
over, FapE has been detected in native Fap fibrils in the Pseudomonas
biofilm (9). Upon secretion into the biofilm environment, these pro-
teins assemble into highly ordered cross-f amyloid filaments, form-
ing the structural scaffold of biofilms. Other Fap system components
include FapD, a protease that modifies Fap proteins, and FapF a tri-
meric membrane transporter responsible for secreting Fap proteins
into the biofilm matrix.

In recent years, we and others have characterized the biophysical
and kinetic properties of FapC (8, 9, 13-19). However, structural stud-
ies have been limited in resolution, leaving detailed structures of FapC
monomers and fibrils unknown. Using solution nuclear magnetic reso-
nance (NMR), we previously provided the complete resonance assign-
ment of FapC and FapA from P. aeruginosa, identifying secondary
structure propensities (SSPs) for these intrinsically disordered pro-
teins (IDPs) and characterizing their interactions (3, 12, 19, 20). How-
ever, no high-resolution structure of FapC has been determined to
date, either in its monomeric or fibrillar state. The only available struc-
tural models include one derived from sequence covariance data (21)
and an AlphaFold2 (AF) artificial intelligence/machine learning-
generated monomeric model (AF database accession: C4IN70; model:
AF-C4IN70-F1-v4). However, nearly half of the residues in the AF
model are predicted with low or very low confidence, as indicated by
the prewdicted local distance difference test scores: 6.8% very high
confidence (>90), 55.2% high confidence (70 to 90), 20% low confi-
dence (50 to 70), and 18% very low confidence (<50). Furthermore,
because the AF model represents a single FapC monomer, it does
not account for intersubunit interactions essential for fibril forma-
tion and stability.

Here, we present the high-resolution structural description of
both the monomeric and fibrillar forms of FapC from Pseudomonas
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derived from in vitro samples. Using solution NMR, we characterize
the ensemble conformations of FapC in its unstructured monomer-
ic state. To resolve the fibrillar structure, we used cryo-electron mi-
croscopy (cryo-EM) to generate a high-resolution density map and
used the AF model as a starting reference for developing a refined
fibrillar FapC model. This cryo-EM-based structure was further val-
idated and refined using all-atom molecular dynamics (MD) simu-
lations, which assess structural stability and investigate the role of
protein-protein interactions within the fibril, particularly between
neighboring FapC subunits. Our MD simulations reveal that the AF
model aligns more closely with our MD-optimized monomeric
cryo-EM fibril model, whereas in the fibrillar state (simulated as a
trimer), the MD simulation stabilizes at around our cryo-EM-
derived fibril structure. By combining conventional and steered MD
(SMD) simulations, we characterized intermediate conformational
states and transitions, bridging the gap between the experimentally
determined unfolded monomer and the fibrillar structure of FapC.
Together, our findings provide a comprehensive model for the full
biogenesis of FapC, covering its unstructured monomer, structured
monomer, fibrillar state, and intermediate conformations. Under-
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standing the structural basis of FapC FA formation is a crucial step
toward deciphering Pseudomonas biofilm biogenesis and will ulti-
mately facilitate the rational design of amyloid-modifying agents to
combat persistent Pseudomonas infections.

RESULTS

Ensemble description of monomeric FapC

The historical domain organization consensus of FapC in UK4
P. aeruginosa (NR1L1R2L2R3C, residues 25 to 250) is based on ami-
no acid composition and repeat occurrence. FapC contains three
imperfect repeats (R1 to R3, ~30 residues each), two loops (L1 and
L2, ~35 of 43 residues), and N/C-terminal regions (~37 of 21 resi-
dues) (Fig. 1A and fig. S1). The secondary structure elements of the
unfolded FapC monomer, derived from our complete resonance as-
signment, closely match the AF-predicted monomer model and cor-
respond to areas with a high level of confidence in the AF prediction
(19). However, they deviate substantially from the traditional domain
consensus (fig. S1). Moreover, FapC is homologous to other Fap
protein members, such as to FapB and FapE (fig. S2). To characterize
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Fig. 1. Solution NMR-based ensemble description of monomeric unfolded FapC. (A) Domain consensus of FapC FA. (B) 2D 'H-">N HSCQ spectrum of FapC, with
representative resonance assignments. (C) FapC ensemble description from solution NMR. Ten minimum-energy structures of ~10,000 calculated structures are shown for
representation. (D) Alignment of three FapC repeats (R1 to R3) for structures in (C). (E) PCA and (F) RMSF analysis of FapC ensemble structures.
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the unfolded monomer, we used high-resolution three-dimensional
(3D) solution NMR, confirming that FapC behaves as an IDP. The
well-resolved cross-peaks in the 2D '"H-">N heteronuclear single-
quantum coherence (HSQC) spectrum (Fig. 1B) are concentrated
within a narrow proton chemical shift range, indicative of its IDP na-
ture, shown with selected assignments, and for the full assignment,
see our original assignment work (19).

Using site-specific chemical shifts and nuclear Overhauser effect
(NOE) distance restraints (fig. S3), we generated an extensive en-
semble of ~10,000 minimum-energy monomeric FapC structures.
This large dataset allows unbiased analysis of FapC’s highly flexible
monomeric state, a strategy successfully applied to other IDPs (22).
The overlay of the 10 lowest-energy structures, aligned using the
full-length sequence (Fig. 1C), shows a root mean square deviation
(RMSD) of ~40 A, reflecting the conformational heterogeneity. No-
tably, the repeat regions (R1 to R3) aligned with lower RMSD values
(7 to 10 A), suggesting a shared structural propensity among the re-
peats (Fig. 1D).

To further analyze structural variability, we performed principal
components analysis (PCA) on the NMR ensemble (23). Projection
onto the first two principal components (PCs) followed by k-means
clustering did not yield clearly separated conformational states. We
divided the structures into three structural groups to select starting
conformations for MD simulations, capturing the observed confor-
mational heterogeneity (Fig. 1E). Residue-specific root mean square
fluctuation (RMSF) analysis quantified the flexibility of each region
across the NMR ensemble (Fig. 1F) and revealed distinct flexibility
patterns within the FapC domains: R3 exhibited the lowest RMSF
values, followed by R2 and R1. These regions correspond to f3 sheet—
rich segments in both the cryo-EM structure and AF model (Figs. 2
and 3). In contrast, the N- and C-terminal regions displayed the
highest RMSEF, consistent with their unstructured nature and high
flexibility predicted by both cryo-EM and AE.

Folding pathway from the unfolded FapC monomer into the
folded monomeric conformation initiated by the § sheet
nucleation in R2/R3

To identify the key FapC folding steps from the unfolded IDP
monomer into the folded monomer, we performed MD simulation
on representative NMR-determined monomers. For each of the three
ensemble groups in the PCA (Fig. 1E), we selected the FapC struc-
ture that was the closest to the arithmetic average of all structures as
input for the MD simulations. We performed three separate 1000-ns
MD runs for each of the three selected FapC monomers, yielding a
total of nine simulations and a 9000-ns cumulative simulation time.
We quantified the progression and extent of secondary structure
formation in the MD simulations relative to the predicted AF folded
monomer (Fig. 3C). Early in the folding process, the R3 repeat ex-
hibited the highest propensity for p sheet formation, reaching more
than 40% secondary structure content in three of the nine simula-
tions by the end of each run. Similarly, R2 achieved more than 30%
secondary structure content in four of the nine simulations. In con-
trast, R1 and L2 displayed lower 3 sheet formation propensity (<20%),
suggesting that R3 and R2 play a dominant role in the initial folding
events, as well as the layers containing these repeat regions (layer 3
with R3 and layer 2 with R2). These findings correlate with previous
mechanistic studies of FapC truncation mutants comprising differ-
ent numbers of repeats, which showed that FapC lacking R2, R3 has
the longest lag phase in fibril formation (13, 15). The removal of

Hansen et al., Sci. Adv. 11, eadx7829 (2025) 24 September 2025

repeat regions has additionally been linked to decreased aggregate
stability through increased solubility in SDS and formic acid, and
the removal of R2, R3 resulted in the declined number of amino acid
residues driving the aggregation process (16, 24). R2 has also been
found to be crucial for lipid-induced aggregation of FapC (25). This
supports our MD results and the critical role of R3 in FapC fibriliza-
tion (fig. S4B).

The correlation between higher SSP in MD simulations and low-
er RMSF values in the NMR ensemble suggests that regions with
reduced flexibility are more likely to adopt their  sheet-rich con-
formations early in the folding process. This supports a sequestered
folding mechanism, where p strand-rich repeat regions serve as ini-
tial nucleation sites for the correct alignment of layers within a sin-
gle FapC monomeric seed. Once this critical step is established, the
subsequent folding of additional layers follows in a sequential man-
ner, ultimately leading to the formation of the folded FapC mono-
mer and its final fibril assembly.

Unfolded monomers display structural propensity similar to

fibrillar FapC

To quantify the structural transition of FapC from its unfolded mo-
nomeric state to the fibrillar conformation, we performed thioflavin
T (ThT) fluorescence assays and synchrotron radiation circular di-
chroism (SR-CD) spectroscopy. The ThT assay monitors fibril for-
mation, as ThT selectively binds to p sheet-rich fibrils, producing
a fluorescence response, whereas both unfolded and folded FapC
monomers remain nonfluorescent (fig. S5). We observe an expo-
nential curve lag phase in the aggregation kinetics for 50 pM FapC
(fig. S5), in good agreement with previous FapC aggregation kinet-
ics studies (12, 15). In parallel, SR-CD spectroscopy was used to as-
sess the secondary structures of freshly desalted IDP unfolded FapC
monomers and mature fibrils collected at the end point of the ThT
fibrillization assay. Deconvolution of the SR-CD spectra reveals a
shift from predominantly disordered monomers (29% f strand, 8%
a helix, and 63% loop/disordered) into fibrils with a predominantly
B sheet structure (40% P strand, 10% o helix, and 50% loop/disor-
dered). This is consistent with the minimum shifting from ~200 nm
in monomers to ~220 nm in fibrils. Unexpectedly, the unfolded mo-
nomers contain a relatively high amount of p sheet propensity (30%),
indicating structured elements in the unfolded monomers, correlat-
ing moderately with SSPs obtained by solution NMR (62% f strand,
8% o helix, and 30% loop/disordered, with a maximum propensity
of ~20%) (19). The higher p sheet ratio could be due to the initiation
of aggregation in the samples during the preparation time following
desalting as a result of fast fibrilization of FapC. This would result in
an SR-CD spectrum representing an ensemble measurement con-
taining signal contribution from structural elements from both the
unfolded monomer and folded monomer/fibril. Comparative analy-
sis of SR-CD data and NMR secondary structural characterization
provides site-specific insights into the structural similarities of the
unfolded monomer and fibrillar FapC. These findings suggest that
specific secondary structure elements present in the unfolded mo-
nomer may serve as nucleation sites during fibril initiation and for-
mation, guiding the transition toward the mature fibrillar state.

Structure of fibrillar FapC by cryo-EM

Negative-stain micrographs of purified FapC fibrils revealed homo-
geneous filaments suitable for cryo-EM-based helical reconstruc-
tion and structure determination (Fig. 2A). A total of 6969 movies
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Fig. 2. Cryo-EM characterization of fibrillar FapC. (A) Negative-stain EM micrograph of FapC fibrils. (B) Cryo-EM-based reference-free 2D class average. The ordered fi-
bril core and the fuzzy coat densities are indicative of rigid and flexible parts, respectively. (C) 2D *C-"3C solid-state MAS NMR experiments probing rigid (via CP) and
flexible (via INEPT) fractions of the FapC fibril. (D) FapC cryo-EM density map at a high contour setting and four different orientations around the fiber elongation axis.
(E) Structure of a single FapC subunit composed of three layers embedded in the CryoSPARC density map (red) and the DeepEM-enhanced map (light gray). See fig. S8
for different density contour settings. (F) FapC model in the cryo-EM density. (G) Details of the three-layer structure of the FapC fibril subunit. Layers, layer crossovers,
p sheets, and the flexible/rigid loop regions are indicated. (H) Representation of the three unique layers within the subunit. The residue numbers representing the start/end

of the layers are marked. Full residue numbers are given in fig. S14.

was collected, and the structure analysis was followed by the Cryo-
SPARC-based helical reconstruction approach we previously devel-
oped for the phenol-soluble modulin a1 (PSMal) FA (fig. S6) (26).
High-quality, reference-free 2D classification resulted in a single
dominant class that showed clear layering of staggered f strands
(Fig. 2B and fig. S6). Unlike PSMa1, a-synuclein, and other amyloid
fibrils (26, 27), no evidence of polymorphism was observed in
FapC fibrils.

The 2D class averages indicated that FapC fibrils are composed of
a single protofilament with distinct high- and low-contrast regions.
The high-contrast region corresponds to a rigid core ~40 A in width
that is surrounded by the lower-contrast areas that correspond to

Hansen et al., Sci. Adv. 11, eadx7829 (2025) 24 September 2025

flexible loop, linker, and terminal regions, resulting in an overall fi-
bril width of 80 to 90 A (fig. S7). To further investigate structural
heterogeneity and disorder, we recorded high-resolution 2D *C-"C
solid-state NMR (ssNMR) spectra on isotope-labeled FapC fibrils
(Fig. 2C). Overlaying spectra that selectively capture rigid (via CP)
and flexible (via INEPT) regions revealed near-complete chemical
shift coverage of amino acid types (fig. S3), confirming substantial
dynamic differences within the fibrils (Fig. 2E), consistent with our
previous findings (15).

For 3D helical reconstruction, we refined the cryo-EM data with-
out applying symmetry constraints. The helical parameters were de-
termined to be ~14.6 A rise per FapC monomer (corresponding to
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Fig. 3. Structural properties of the FapC fibril from cryo-EM and MD simulations. (A) The core of the FapC fibril has an S-shaped density. (B) Structural features of the
FapC fibril. (C) RMSD distributions of MD-sampled conformations of FapC performed as single and trimeric units, calculated relative to the cryo-EM fibril model (first
panel) and to the time-averaged structure obtained from MD simulations initiated from the AF model (third panel). RMSD values were calculated based exclusively on C,
atoms of the f strand regions observed in the cryo-EM model. Blue and red arrows indicate the RMSD bins from which representative FapC conformations were selected
for visualization. The second panel from the left shows a representative FapC conformation from trimeric FapC MD simulations (red) superimposed onto the cryo-EM
structure (gray). The fourth panel illustrates a representative conformation of FapC from the single-unit FapC MD simulations (blue) superimposed onto the average
structure derived from AF-initiated MD simulations (AF-MDav; yellow). (D) Comparison of FapC secondary structure elements from solution NMR of the unfolded mono-
mer, AF monomer model, and cryo-EM fibril model.

three layers of ~4.85 A each) and a —2.3° helical twist per monomer,  alignment not encountered in smaller, less flexible p solenoid fibrils
yielding a crossover distance of ~1150 A for a 180° turn comprising ~ such as PSMal and CsgA or in planar amyloids like a-synuclein
~80 FapC units and ~240 layers (Fig. 2D). The final 3D density map (26, 28, 29).

revealed a well-resolved rigid core with continuous backbone con- Our previous solution NMR analysis and current SR-CD analysis
nectivity and some visible side-chain density at an estimated resolu-  of monomeric FapC indicate similar SSPs with the AF model (19),
tion of ~3.3 A (fig. S7). The density map delineates three structural ~ further supporting its validity. Using the cryo-EM density as a guide,
regions: (i) the rigid core with strong density, (ii) a semiflexible part ~ we built the fibrillar FapC structural model by iteratively refining the
around the core with weaker density, and (iii) a fuzzy coat with no  initial AF model with ChimeraX ISOLDE MD to resolve steric clashes
discernible structure with low density at low-contour levels (figs. S7  and unfavorable conformations. The final FapC fibrillar structure
and S8). While most side-chain density was unresolved, the overall ~ was validated using PHENIX (30, 31) and exhibited excellent stereo-
cryo-EM map provided sufficient resolution for structural modeling  chemical quality with 97% of residues in favored Ramachandran
and refinement using the AF-predicted structure as the initial tem-  regions with no outliers, along with low clash and MolProbity scores
plate (Figs. 2, D to F, and 3, A and B). The limited resolution of cer-  (table S1). This cryo-EM-based fibril structure comprised 48% f strand,
tain regions likely stems from flexibility and the unique three-layer 2% a helix, and 59% loop/disordered regions. However, we note some
fold of FapC fibrils, which present more challenges for subunit ambiguity in low-density regions because of flexibility/disorder, which

Hansen et al., Sci. Adv. 11, eadx7829 (2025) 24 September 2025 50f15
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would slightly modify the secondary structure ratios, although these
segments align well with the density at lower contour levels (Figs. 2E
and 3A and fig. S8).

Novel structural features of the FapC fibril

The cryo-EM structure of fibrillar FapC reveals a cross-f fibril with
a distinct three-layer p solenoid conformation, where flexible turns
connect the layers (Fig. 2G). The p strands are slightly tilted out of
plane (~15°) relative to the fibril axis (Fig. 2, F and G), similar to the
short PSMal fibrils but in contrast to the planar B sheet arrange-
ment observed in CsgA (26, 29). The cryo-EM density map (Fig. 2F)
includes 12 FapC monomers that form a total of 36 stacked layers
and accommodates residues 34 to 238. The termini (residues 25 to
33 and 239 to 250) are absent from the density, indicating high flex-
ibility in these regions, consistent with the NMR results. Each three-
layer subunit consists of residues 38 to 99 (layer 1), 100 to 164 (layer
2), and 165 to 236 (layer 3). The fibril architecture comprises five
strands per layer that collectively form five extended P sheets span-
ning all three layers (Fig. 2, G and H). A top view reveals an inter-
leaved double U-shaped fold (Fig. 2, E and H).

The cryo-EM model of FapC shows several key differences with
the AF model fold (Fig. 2G), including curved and twisted f strands
that are instead straight in the AF prediction. The three central
strands (P strand nos. 2 to 4, comprising residues 55 to 57, 63 to 96,
120 to 122, 128 to 161, 183 to 185, and 203 to 234) align closely with
the AF model, forming an S-shaped rigid core with the strongest
density (Fig. 3A and fig. S8). These strands define the most stable
regions of the fibril. Conversely, p strand no. 1 appears more disor-
dered, deviating from the AF model, while p strand no. 5 is notably
shorter than predicted. Low-density regions in both the sharpened
and DeepEM-enhanced density maps are disordered and flexible and
correlate with the local resolution map and with low-confidence ar-
eas in the AF model (fig. S8).

The cryo-EM model supports the three-layer p solenoid fold pro-
posed by AF by clear repeating patterns in the cryo-EM density that
are separated by 14.6 A (Fig. 2D). However, the stacking order with-
in an individual FapC monomer appears irregular in the fibril confor-
mation, following a 2-1-3 layer arrangement rather than the expected
1-2-3 (Fig. 3B). The N-terminal region of each FapC in the filament
periodically extends out of the density every three layers, serving as
a reference point for fibril alignment (Fig. 3B). The density at the
crossover region suggests partial disorder within the three-layer fold
but still supports the overall stacking architecture. Three unique side
chains that are on the outer surface, Tyr'*?, Thr"’, and Glu'”, are re-
solved in the cryo-EM density, reinforcing the AF-predicted layer
organization (Fig. 3B). However, given the current resolution, alter-
native layer arrangements cannot be entirely ruled out. The cryo-
EM density confirms that FapC adopts a three-layer p solenoid fold
with an S-shaped rigid core featuring curved f strands, disordered
regions, and an irregular layer stacking pattern. While the structure
aligns with the AF model in many aspects, deviations in strand cur-
vature, layer order, and flexible regions highlight the unique dynam-
ic nature of FapC fibrils comprising both rigid and flexible areas.

Oligomeric interfaces are crucial for the fibrillar FapC fold

AF predicts the structure of FapC based primarily on its amino acid
sequence but is not yet well suited to predict amyloid fibril struc-
tures because of methodological limitations and available training
data (32). In contrast, the cryo-EM map is obtained from FapC fibrils
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where each FapC subunit makes extensive intra- and intermolecular
contacts. Consequently, the cryo-EM structural model differs from
the AF-predicted FapC monomer model by reflecting the impact of
the oligomeric environment. The RMSD between the two full-
length structures (all Cy atoms, residues 34 to 238) is 6.8 A, indicat-
ing substantial differences; however, this value is strongly influenced
by flexible loop regions where AF predictions show high structural
uncertainty (Fig. 3). In comparison, the structured regions show less
divergence in the overall p strand conformation (RMSD: 5.2 A),
particularly in the S-shaped core region (RMSD: 4.6 A) (fig. S9).

To explore the origin of structural differences between the cryo-
EM fibril structure and the AF monomer model, we performed
three independent 1-ps-long MD simulation runs, initiated from (i)
the AF monomer model, as well as three 400-ns-long MD simula-
tion runs each initiated from (ii) one subunit of the cryo-EM-derived
fibril structure and (iii) a trimer from the cryo-EM model to retain
the packing effects in the filament. To quantify the structural simi-
larity, we compared the RMSD of the f sheet regions in the cryo-EM
model with the structures from the MD simulations (Fig. 3C). Sim-
ulations initiated from the AF monomer model (i) were averaged
(termed AF-MDav) and maintained moderate RMSD values of ~5.6 A
for all C, atoms and ~1.5 A for the B strand C, atoms compared to
the initial AF model. The low-confidence regions of the AF model,
which predominantly correspond to unstructured regions, deviated
significantly from their initial conformations and exhibited high
flexibility during the MD simulations. In contrast, the p strand con-
formations remain largely stable. AF-MDav (Fig. 3C) serves as a
reference to determine whether the cryo-EM FapC structure would
deviate from its fibrillar fold and shift toward an AF-like conforma-
tion or instead remains close to its original state. Simulations initi-
ated from the cryo-EM FapC structure as a single unit (ii) diverged
significantly from the initial structure, showing a clear tendency to
deform toward the AF conformation (p strand RMSD values, cor-
responding to distribution peaks in Fig. 3, were 6.3 A relative to the
initial cryo-EM structure and 4.5 A relative to AF-MDav). This sug-
gests that without intermolecular contacts, an isolated single FapC
tends to adopt a more AF-like conformation. To assess the role of
subunit-subunit interactions, we simulated the cryo-EM FapC struc-
ture in a trimeric arrangement (iii) as a control condition (Fig. 3).
The top and bottom FapC units were constrained at C, atoms, while
the central subunit remained free to move during the MD simula-
tions. Unexpectedly, this unconstrained central subunit retained its
cryo-EM fold, exhibiting a f strand RMSD distribution peak of 2.7 A
relative to the cryo-EM structure, and did not shift toward the AF-
MDav average conformation (p strand RMSD of 5.5 A) (Fig. 3).

These MD results suggest that the earliest folded monomeric
FapC conformations differ from those found in the mature fibrillar
state, yet the core structure remains largely similar. We propose that
the MD-optimized monomeric structures represent a nascent FapC
fold, which undergoes subtle conformational changes driven by
protein-protein interactions within the fibril to reach the mature fi-
brillar (seed or seeding-competent) conformation. This seed or seed-
like state subsequently assembles into fibrils via elongation. However,
the precise mechanism underlying this conformational transition re-
mains to be elucidated.

Key transition steps in FapC folding and unfolding
To investigate the key stages of the folding mechanism, we per-
formed SMD simulations to systematically unfold the folded FapC
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structure, assuming that folding occurs in the reverse order of un-
folding. Using the AF-predicted monomeric fold, the initial mono-
meric FapC conformations were extracted from equilibrated MD
trajectories at time points of 100, 200, 300, and 400 ns. These served
as starting structures for the SMD simulations. The choice of the AF
folded monomeric model was based on its relevance to the early
folded FapC conformation, which is expected to transition into the
seeding-competent fibrillar FapC fold. In total, 12 separate 700-ns-
long SMD simulations were conducted (totaling to 8400 ns). To
identify key structural transition events, we monitored inter—f3 sheet
and interlayer distances, which provide insight into the “unfolding”
process as a potential reverse-folding mechanism (Fig. 4). Given
that FapC adopts a unique three-layer fold, it was essential to ana-
lyze unfolding in three dimensions. Inter—f sheet distances captured
conformational changes in the xy plane, and interlayer distances
tracked unfolding along the z axis (fiber axis). On the basis of the
distribution of rupture or separation events in inter—f sheet and inter-
layer contacts, the most likely unfolding pathway proceeds through
five steps: (i) sheets 1 and 2 separate; (ii) layers 1 and 2 dissociate
within sheet 1, while sheets 2 and 3 remain intact; (iii) sheets 3 and
4 separate; (iv) layers 1 to 3 dissociate; and (v) lastly, sheets 3 and 4
detach completely, leading to a fully unfolded state that has lost all
tertiary structure (Fig. 4 and fig. S4).

When combined with our MD simulations initiated from the
NMR-based unfolded FapC monomer, which monitored the initial
stages of the folding pathways, the SMD simulations provide detailed
molecular insights into the complete folding/unfolding mechanism
of FapC (Fig. 4). Our simulations suggest that secondary structure
formation (within individual B sheets and layers) precedes tertiary
organization (i.e., the correct arrangement of layers in the final 3-1-
2 order). However, this does not rule out the possibility that some
tertiary contacts may form concurrently or even before all second-
ary structural elements have fully matured.

DISCUSSION

We have applied an integrative structural biology approach to char-
acterize the diverse states of the FA FapC from Gram-negative
P, aeruginosa that present a holistic picture of amyloid fibril forma-
tion in the context of biofilm-forming FAs. The three distinct states
(unfolded monomer, folded monomer, and fibril) illustrate the dy-
namic biogenesis of FapC involving substantial structural reorgani-
zation and conformational changes and highlight key regulatory steps
and potential intervention points.

The large structural ensemble generated using our previously de-
termined chemical shift assignments, together with the NOE spec-
troscopy (NOESY) restraints reported above, provides a robust
framework for evaluating structural features of the unfolded FapC
monomer. Although adopting a largely random coil conformation,
the unfolded monomeric FapC exhibits a notable SSP of ~20% that
follows closely the AF folded monomer model (19), suggesting a
smooth transition from the IDP/unfolded state to the folded mono-
meric conformation. Our MD-optimized AF model, and consequently
also AF, represents this folded FapC monomer as an intermediate
stage in fibrillization that will form the final fibrillar FapC fold de-
termined by cryo-EM upon conformational changes. The overall sec-
ondary structure composition remains relatively constant throughout
these transitions between the unfolded monomer (despite its low
SSP), the AF monomer model, and the fibrillar cryo-EM structure
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(Fig. 3G). SR-CD spectroscopy supports these secondary structural
percentages and also indicates a greater proportion of f sheet con-
formations in the fibrillar FapC (8% o helix, 29% f sheet, and 63%
disordered/turns) compared to the monomer (10% a helix, 40% f
sheet, and 50% disordered/turns) (fig. S5). These SR-CD measure-
ments are ensemble measurements and may reflect a mixed state com-
prising both unfolded and folded/semifolded monomers. Notably,
solution NMR-derived SSPs correlate with these CD-based ratios.

The cryo-EM fibril structure, alongside the AF monomer model,
reveals domain arrangements distinct from the NR1LIR2L2R3C
consensus for FapCys_50 (9, 21). The original domain arrangement
is based on sequence determination of the three imperfect repeats
and does not take the structural elements into account. Our struc-
tural model expands upon the previously defined repeat regions (R1
to R3), demonstrating that the three-layer fibril fold not only incor-
porates these repeats but also uses the previously designated loop
regions as integral structural elements. While our prior work dem-
onstrated that truncating these loops affects fibrillization, the previ-
ously undetermined cryo-EM fibril model provides the structural
basis for this observation, showing that loops L1 and L2 form f sheet
regions that contribute directly to the fibril core. This model explains
why aggregation has previously been observed for FapC even after
the deletion of R1, R2, and R3 (13). The observed three-layer archi-
tecture substantially extends the repeat regions while minimizing loop
flexibility (figs. S1 and S14), leading to a compact and stable fibril struc-
ture. Moreover, individual and multiple sequence alignments of Fap
proteins, except the membrane pore FapF, indicate sequence homol-
ogy within Fap proteins (fig. S2). The alignment of FapC in particu-
lar with FapB is highly relevant to the in vivo native FA formation and
biofilm maturation, as both of them were detected in the mature
fibrils in Pseudomonas, as also observed for Escherichia coli CsgA/B FA
system (9, 33). The structural similarity of our cryo-EM FapC structure
and FapB AF model supports this and a possible nucleation/templating
function of FapB.

PCA analysis of unfolded FapC monomer ensembles confirmed
the absence of distinct subpopulations, while RMSF analysis high-
lighted the structural alignment of R2 and R3 with the lowest scores.
The N- and C-terminal regions, as well as the longer loop regions (L1
and L2), remain highly flexible. MD simulations (9 ps in total) of rep-
resentative IDP monomer structures revealed a stepwise transition path-
way to the folded monomeric state. f sheet formation was defined using
the STRIDE algorithm implemented in VMD (34), whereby a residue is
assigned to a P} sheet only if it simultaneously forms a hydrogen bond
with a neighboring strand and exhibits backbone @/y angles within
the characteristic p strand region of the Ramachandran map. Notably,
the R3 region displayed the highest pro-pensity to adopt a 3 sheet struc-
ture, exceeding 40% secondary-structure formation in three of nine
independent trajectories, whereas the R2 region followed closely, sur-
passing 30% in four of nine simulations; this hierarchy of early f strand
formation mirrors the lower backbone RMSF values detected for R3
and R2 in the NMR ensemble, underscoring their relative rigidity
and reinforcing the view that these two repeats act as primary nucle-
ation hotspots during the unfolded-to-folded transition. In contrast,
R1 and L2 showed minimal secondary structure formation. These
data suggest that the unfolded-to-folded monomer transition is ini-
tiated by the key R3 region, which serves as a nucleation interface,
followed by the stepwise formation of intramolecular § strands and
then layers. This model is in good agreement with our previous
observations that the removal of R3 alone, or R2 and R3 together,

7 of 15

GZ0Z ‘62 Jequeldss uo BI0°80US 105 MMM,/:SANY WO | P3PE0 JUMOC



SCIENCE ADVANCES | RESEARCH ARTICLE

A MD to monitor folding

500 ns 1000 ns

C-ter 0 0 0 [ [ 0 o o o C-ter 0 0 0 0 o o o o o

R3 | 01429 0 0 o o © 007143 01429 02857 R3 |007143 o 0

L2 onn o 0.1667 ° . ° oann . L2 | 02222 ‘ o o
R2 |007692 01538 007692 . o ° 01538 o 01538 R
L1 |o1eer 025 0 0 ° 025 o017 01667 O L1 |00833 . 008333

g
3

R1 02 o o 01333 01333 02647 o R1 0 02 0 02 02 o o 0 0 02
N-ter 0 0 0 [ o oonea o 02857 Q1429 N-ter | 01429 0 0 o 0.1429 o 0 ona [ L
MD1 MD2 MD3 MD4 MD5S MD6 MD7 MD8 MD9 MD1 MD2 MD3 MD4 MDS MD6 MD?7 MD8 MDY ’
B SMD to monitor unfolding Orange Magenta
o Layer-1 . s Layect
e 10 .o .oo 1 .o -
§ L] . .-. g L] -‘ . .
g HEPRA EN o[ fos
“ * o0 < . -
I S o o
2 e o . .
50100 150 200 250 X0 160 400 450 100 s S0 100 150 200 250 X00 IO 400 450 0
i Time (n8) " Time (ns)
Layer-2 . Layer-2
§ s oo. .o § s . . .
2 il N I 2 o tel I°
$ 50100 150 200 230 X0 80 400 4%0 00 50100 150 200 250 200 280 40 450 0
Tire (rs) Tems (n8)
il % Layer3 BRI EE Loyer3
.c o oo » oo
 NEEEET TS
3 " 3 o [ ae]
2 e Y I A
o . e o
40100 150 200 730 X0 380 400 4%0 00 50100 150 00 250 300 30 40 4% W0
Time (ra) Time (ns)
C Combined picture: Transition from unfolded monomer into fibril
J
NMRI/IDP ¢ MD MD MD MD
o
S
M )
C /s
Cryo-EM/ AF-MDav /
fibrillar monomeric SMD SMD MD

Fig. 4. MD simulations tracking the transition from the unfolded monomer to the fibril. (A) MD simulations were initiated from the monomeric unfolded FapC NMR
structures, shown in Fig. 1E. The MD simulations were run for 1 ps, and the changes in the secondary structure formation were monitored. The heatmap shows the percent-
age of the secondary structure formed in each FapC consensus domain for each individual run relative to the AF-MDav. The left heatmap represents structures at 500 ns,
while the right reflects the end of the simulations at 1000 ns. (B) To probe the FapC unfolding mechanism and pathway, we performed SMD simulations, which were initi-
ated from MD-equilibrated AF models, and monitored the changes in key distances that determine the FapC fibril fold for three layers and four f§ sheets. The schematic
representations (left) illustrate protein conformations with dashed lines indicating measured distances between selected C, atoms (highlighted by orange and magenta
beads). These distances were chosen to track the dissociation of fibril-like interactions between f} sheets and layers. The dot plots (right panels, titled “Orange” and “Ma-
genta”) indicate simulation time instances when these distances surpass a 12-A threshold, signaling substantial structural rearrangements or separation events. Those
that did not reach the 12-A threshold within the simulation time are shown at the 500-ns time point. Dots in these plots are color coded, consistent with the dashed lines
in the schematic representations, clearly linking each measured distance to its corresponding position within the protein structure. Layers 1, 2, and 3 are depicted in blue,
green, and red, respectively. (C) Selected conformations from MD simulations (MD9, initiated from NMR structures) and SMD simulations (SMD2) illustrate the progression
from the unfolded NMR structure through partially folded intermediate states to a folded monomeric state and ultimately to a fully folded fibrillar structure. See fig. S4 for

more details.
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results in an extended lag phase compared to full-length FapC and
the removal of other repeats (13). The transition from the unfolded
to folded monomer as part of the aggregation pathway is likely to
occur shortly after secretion of FapC through the FapF transmem-
brane pore. This is due to both the high aggregation propensity
of FapC, the presence of the extracellular FapB nucleator, and the
absence of periplasm chaperone FapA, similar to the CsgA/B and
CsgC biofilm-forming FA system in E. coli (11, 12, 35). The unfolded
FapC monomer therefore could only exist as a transient species in
the periplasm environment, which may then be secreted as an un-
folded monomer, which will transition into the folded monomer
and then the fibril fold extracellularly. The small pore size of FapF
also supports this hypothesis, which would only allow unfolded
monomeric FapC to be secreted rather than the folded monomer or
fibrillar folds (36). The presence of the dedicated Fap operon with
various members also indicates a delicate control of FapC/B/E fibril-
ization until all FA members are secreted to the extracellular matrix.

Cryo-EM analysis revealed that FapC forms a homogeneous fi-
bril composed of a single protofilament with a ~40-A-diameter rigid
core featuring well-ordered p strand stacking, surrounded by a ~50-A
flexible “fuzzy coat” The estimated resolution of ~3.3 A aligns with
previously reported biofilm-forming FA fibril structures, including
CsgA (up to ~4 A by cryo-EM), PSMal (~3.4 A by cryo-EM), TasA
(1.6/~3.5 A by x-ray crystallography and cryo-EM), and PSMa3
(1.5 A by x-ray crystallography) (26, 29, 37-40). Notably, native FapC
filaments extracted from P. aeruginosa biofilms have an average
width of 8 + 2 nm, similar to the in vitro-assembled FapC fibrils,
as observed previously for CsgA and TasA (fig. S5) (29, 38). The
in vitro filaments are longer compared to the in vivo filaments
likely due to extensive processing of the in vivo fibrils during the
extraction protocol.

Our all-atom MD simulations of different FapC structural states
underscore the role of oligomeric interfaces in stabilizing fibril archi-
tecture. While the AF folded monomer model remained relatively
stable, the single cryo-EM fibril subunit exhibited significant devia-
tions, shifting toward an AF-like structure. However, the trimeric
cryo-EM fibril model maintained structural integrity, emphasizing
the importance of subunit-subunit interactions in fibril stabilization.

The fuzzy coat constitutes nearly half of the cryo-EM density,
consistent with MD simulations and low-confidence regions in AF
predictions that highlight structural disorder and flexibility (figs. S7
and $8), unlike other biofilm-forming FAs such as CsgA, TasA, and
PSMal. 2D ssNMR spectra probing rigid (via CP) versus flexible
(via INEPT) fibril signals/parts support the coexistence of these in
mature FapC filaments (fig. S3B). Intermediate flexibility/dynamics
isoleucine signals may occur on both types of ssNMR spectra de-
pending on their motional timescales. For example, there are five
isoleucines in FapC: one in disordered f sheet 1, two in f sheet 2 at
the beginning of the core region, and two in f sheet 3 in the core.
These overall support the presence of rigid and flexible/disordered
regions in FapC. This suggests a unique role of FapC in biofilm matrix
formation and interactions. The helical twist of FapC fibril is small
due to its three-layer architecture, reducing apparent twisting three-
fold, with a —2.3° twist and a rise of ~14.6 A per monomer. While the
handedness remains undetermined, we assumed a left-handed fila-
ment, consistent with common amyloid structures. The fibril adopts a
double U-shaped architecture with an S-shaped core, aligning broad-
ly with AF predictions but deviating notably because of oligomeric
interface interactions and differential flexibility. Whether the FapC

Hansen et al., Sci. Adv. 11, eadx7829 (2025) 24 September 2025

fibril undergoes conformational maturation from a preliminary fold
described by the AF folded monomer model to its final cryo-EM
fibril fold remains an open question, but this has been observed for
a-synuclein and human islet amyloid polypeptide fibrils (27, 41, 42).

Unlike the pronounced polymorphism observed in pathological
amyloids such as a-synuclein, larger biofilm-forming FAs like CsgA
and TasA exhibit remarkable structural homogeneity, both in vitro
and in vivo (29, 38). However, our recent structural analysis of FA
PSMal, a small 21-amino acid peptide, showed that it is polymor-
phic with six different folds (26). In contrast, our cryo-EM data of
FapC reveal a single fibril class, suggesting a highly uniform assembly
process, even in the absence of its in vivo partners, FapB and FapE
(figs. S6 and S10). AF modeling suggests that FapB shares structural
similarity with the FapC fibril core, particularly in p strands 2 and 3,
while exhibiting greater disorder in p strands 1 and 5 (fig. S10). This
aligns with the flexible regions identified in MD simulations and
supports the hypothesis that FapB templates FapC fibril formation.
Overall, these support the consensus that the FapC fibril is partially
disordered and templated by FapB having a similar fold and gives
structural insights into Fap biogenesis.

Despite their functional differences, f} solenoid fibrils share com-
mon interstrand hydrogen bonding and hydrophobic core packing
with charged residues at the surface to maintain fibril integrity
(figs. S10 and S11). Het-S and CsgA adopt a well-ordered f solenoid
fold with tightly packed layers, whereas FapC and HELLF exhibit in-
creased structural flexibility because of longer loop regions extend-
ing from the fibril core (29, 43, 44). From these, Het-S and HELLF
represent intracellular FAs, and CsgA and FapC represent extracel-
lular FAs, which highlights the p solenoid fold as a robust macro-
structure used universally in different organisms in amyloid fibril
construction. Canonical ordered stacking of layers is observed in all
of these amyloids (layer 1-2-3 or 1-2-3-4-5). However, our cryo-EM
density map does not rule out the irregular three-layer  solenoid
fold (layer 3-1-2) of the AF folded monomer model (Fig. 3B), where
layer 1 is sandwiched between layers 2 and 3. Nevertheless, the ir-
regular FapC layer organization is supported by the cryo-EM densi-
ties and the layer-crossing region observed. Such an organization
would suggest a sequestered FapC folding pathway facilitated by flex-
ible loop regions that guide correct layer positioning. The presence of
extended loop and turn regions in FapC enables this irregular three-
layer fold. MD and SMD simulations support this hypothesis, pro-
viding insights into the sequential order of layer formation.

The electrostatic potential map of FapC filaments reveals charge
distribution patterns that may contribute to fibril stability (figs. S7
and S11). Hydrophobic interactions play a key role in assembly, sta-
bilizing intersheet contacts and facilitating monomer incorporation.
These structural, electrostatic, and hydrophobic properties likely
influence Pseudomonas biofilm formation and interactions of FapC
with extracellular DNA and polysaccharides. Moreover, the type of
amino acid distribution in the FapC structure (fig. S12) indicates
that the S-shaped core is composed of both polar and hydrophobic
residues. The noncore (flexible, disordered, or loops) region is com-
posed of larger number of charged residues particularly at the ex-
tended out of plane long loop in Layer 3 that may induce interactions
with other biofilm components. The mixed polar/hydrophobic residue
composition in the core of the FapC structure is distinct from other
abovementioned functional B solenoid amyloids (as well as from
pathologic amyloids) that comprise the segregation of hydrophobic
residues to the core and the polar residues to the exterior (figs. S10 and
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S11). These structural features may have strong implications in
terms of how FapC and its layers fold to form its correct three-layer
fibrillar fold and how the charged residues do not repel each other
between and within layers. The structural basis for the layer stacking
could be initiated by the repeat regions that together form the S-
shaped fibril core and additionally derived by hydrogen bonding
between P strands in layers and f sheets, along with charged/
hydrophobic residues interacting with each other and forming hy-
drogen bonds within the layers by side chain-side chain and side
chain-backbone interactions, as shown in fig. S12.

Another interesting observation made from our cryo-EM FapC
structure is the positions of the glycine residues as f sheet breakers,
which were observed for the functional/fungal amyloids, CsgA,
Het-S, or HELLF (29, 43, 44). Here for FapC, similarly, the glycines
are in general located at the end of p sheets, except two glycines that
are found in the P sheets in both our structure and the AlphaFold
model (fig. S13).

Last, our results suggest that the transition from an unfolded mono-
mer to fibrillar FapC proceeds through multiple structural states,
with key intermediates likely mirroring its assembly and disassembly
pathways (Fig. 5): state 1, unfolded monomer with preformed sec-
ondary structure elements; state 2, intermediate folded monomeric

conformation that forms a stable cross-p structure through small-scale
structural rearrangements; state 3, small conformational changes that
adjust the folded monomer to the fibrillar fold; state 4, cross-p FapC
mature filaments that form by a stable cross-f network. The fibril dis-
assembly pathway likely mirrors its assembly process, with specific
conformational states serving as key intermediates.

In summary, the fibrilization initiation model we present here
provides a complete structural and mechanistic understanding of
FapC assembly and the biogenesis of FA in pathogenic P. aeruginosa
biofilm formation. This information serves as a foundation for devel-
oping antibiofilm and antiamyloid therapeutics to combat biofilm-
associated antimicrobial resistance. The strong structural correlation
between AlphaFold predictions and experimental models, along
with the ability of MD simulations to refine and bridge structural gaps
through biophysically meaningful refinements, highlights the predic-
tive power of computational approaches in amyloid research. The dis-
tinct organizational features of FapC suggest a specialized assembly
mechanism that differs from other known functional and pathologic
amyloids. Understanding these structural and functional characteris-
tics not only deepens our knowledge of bacterial biofilms but also in-
forms broader amyloid research, including potential applications in
biotechnology and disease-related amyloid studies.
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Fig. 5. Structural model for FapC biofilm-forming FA formation. Combining solution NMR, MD/SMD simulations, and cryo-EM, we present the structural basis of FapC
FA fibril formation in Pseudomonas comprising monomer-to-fibril structural transition via a folded monomeric intermediate. The top panel shows the ThT assay used to
monitor fibrilization formation. Middle panel describes the key steps. The bottom panel describes the remarkable structural transition and conformational change in FapC
biogenesis: from unfolded monomer, to folded monomer and finally to fibrillar FapC. a.u., arbitrary units.
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METHODS

FapC preparation

Bacterial plasmids were transformed into the BL21(DE3) E. coli
bacteria containing the recombinant FapC residues between 25 and
250. The first 24 amino acids form the signal sequence that is cleaved
upon secretion and not part of the functional fibril in vivo (2I). All
unlabeled samples were prepared in LB media. Isotope labeling for
NMR studies was carried out by growing in minimal media contain-
ing "’N-ammonium chloride (1 g/liter) as the nitrogen source and
C-p-glucose (2 g/liter). The glycerol stocks were grown overnight
in LB media. The overnight culture cells were harvested and resus-
pended in the large growth media with appropriate antibiotic. These
cultures were grown in a shaker incubator at 37°C until the optical
density at 600 nm reached a value between 0.8 and 1.0. The cultures
were induced with 1 mM isopropyl-f-Dp-thiogalactopyranoside final
concentration and grown for another 4 hours at 37°C. Cells were
harvested by centrifugation [6000 relative centrifugal force (RCF)
for 20 min at 4°C]. The cells were then lysed using a sonicator in
lysis buffer [50 mM tris, pH 8, and 8 M guanidinium chloride
(GuHCI)], and then the soluble lysate was separated from the in-
soluble cell debris using centrifugation (6000 RCF for 20 min at
4°C). Purification was done by using HisPur Ni-NTA resin (Thermo
Fisher Scientific) by step-eluting the N-terminally His-tagged FapC
in imidazole-containing lysis buffer. The molecular weight of FapC
is 23.755 kDa. The soluble lysate solution was incubated overnight at
4°C with Ni-NTA resin. The resin was separated by centrifugation
(6000 RCF for 20 min at 20°C), and the supernatant was decanted
off. The resin was washed with 35 ml of lysis buffer and centrifuged
to separate the resin. Additional washes and step elutions were done
in a similar manner following this order: 35-ml wash with lysis buf-
fer and 25-ml elutions of 30, 60, 120, 300, and 500 mM imidazole
buffers. Elutions were pooled and concentrated using a spin filter
concentrator with 3000 molecular weight cutoff.

Expression and purification of native Pseudomonas sp. UK4
Fap fibrils

Electrocompetent UK4 Afap cells were prepared from 6 ml of over-
night culture grown in LB medium at 30°C (45). Briefly, cells were
harvested by centrifugation (7500g, 10 min), washed twice in 4 ml of
300 mM room-temperature sucrose, and lastly suspended in 100 pl
of 300 mM sucrose. Five microliters of pMMB190Tc-UK4fap plas-
mid (~400 ng/pl) was added to the electrocompetent cells, and 40 pl
of the suspension was transferred to a 1-mm-gap electroporation
cuvette (10). Electroporation was performed with a Micro Pulser
electroporator (Bio-Rad, Hercules, CA) using 1.25-kV pulses. One
milliliter of LB medium was applied directly after electroporation,
and the sample was transferred to a 15-ml tube and incubated (28°C,
200 rpm, 2 hours). One hundred microliters of the transformations
was plated on LB agar plates containing tetracycline (50 pg/ml), and
the plates were incubated at 30°C until visible colonies appeared (1
to 3 days). A colony of the transformed cells was grown overnight in
10 ml of LB medium containing tetracycline (50 pg/ml), and 100 pl
of the overnight culture was spread on a nematode growth medium
(NGM) agar plate [peptone (2.5 g/liter), NaCl (3.0 g/liter), choles-
terol (5 mg/liter), and agar (17.5 g/liter)] with tetracycline (50 pg/ml).
The nematode growth medium was used as we have found that it
reduces the production of contaminating exopolysaccharides com-
pared to LB and Freund’s complete adjuvant media. The plate was
incubated (28°C, 3 days), after which biomass was harvested by
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scraping the plate using a cell scraper and transferred to a 2-ml mi-
crocentrifuge tube with a screw cap for amyloid purification. The har-
vested biomass was suspended in 900 pl of buffer (10 mM tris-HCI,
pH 8.0) and homogenized using a pipette. Three hundred microliters
of enzyme mix [ribonuclease A (0.4 mg/ml), deoxyribonuclease I
(0.4 mg/ml), lysozyme (4 mg/ml), 4 mM MgCl,, and 0.4% Triton
X-100] was added to the suspended cells, and the cells were lysed by
three times freeze-thawing using a —80°C freezer and a water bath
at 37°C. The suspension was then incubated (37°C, 2 hours, without
shaking) to allow the enzymes to digest the peptidoglycan and nu-
cleic acids. After the incubation, 133 pl of 20% SDS was added and
the sample was boiled for 5 min in a water bath to unfold and solu-
bilize nonamyloid proteins. The sample was centrifuged (16,000g,
10min), and the supernatant was discarded. The pellet was resus-
pended in 1200 pl of buffer, after which 133 pl of 20% SDS was add-
ed and heating and centrifugation were repeated. The sample was
hereafter washed twice with 1.2 ml of buffer by centrifugation and
resuspension and lastly resuspended in 250 pl of buffer.

Aggregation kinetics

Samples in 8 M GuHCl were desalted using PD Minitrap G-10 col-
umns (Cytiva) into 20 mM sodium phosphate (pH 7.8) and 0.02%
(w/v) sodium azide. Sample concentrations were measured using
UV280. The FapC concentration was adjusted to 50 pM with 20 mM
sodium phosphate (pH 7.8) and 0.02% (w/v) sodium azide, and ThT
was added to a final concentration of 200 mM. Fifty-microliter vol-
umes of samples were loaded into Corning 3881 (Sigma-Aldrich)
plates. The ThT fluorescence response was measured at a Tecan Spark
at 442/482-nm excitation/emission every 10 min for 48 hours at
37°C. All measurements were done as triplicates.

Synchrotron radiation circular dichroism (SR-CD)

The SR-CD spectra of the FapC aggregates and monomers were col-
lected at the AU-CD beamline of the ASTRID2 synchrotron, Aarhus
University, Denmark. Aggregated FapC was centrifuged (13,000 rpm
for 60 min), supernatants were discarded, and the pellet was resus-
pended in the same volume of 20 mM phosphate buffer (pH 7) and
sonicated for 2 s using a probe sonicator. Following purification and
desalting, the monomer sample was desalted a second time using a
PD-10 column to remove additional GuHCI. Three to five successive
scans over the wavelength range from 180 to 280 nm were recorded
at 25°C, using a 0.2-mm-path-length cuvette, at 1-nm intervals with
a dwell time of 2 s. All SR-CD spectra were processed and subtracted
from their respective averaged baseline (solution containing all com-
ponents of the sample, except the protein), smoothing with a seven-
point Savitzky-Golay filter and expressing the final SRCD spectra in
mean residual ellipticity. The SR-CD spectra were deconvoluted us-
ing DichroWeb (46, 47) to obtain the contribution from individual
structural components. Each spectrum was fitted using Selecon3,
Contin, and CDSSTR programs with the SP180 reference dataset
(48), and an average of the structural component contributions from
the three analysis programs was used.

Nuclear magnetic resonance (NMR)

NMR spectra of uniformly BN isotope-labeled FapC FL (FapCss_350:
226 amino acids, without the signal peptide and with the N-terminal
His-tag) were recorded at Bruker Avance III 600, Avance 700, and
Avance IT 900 MHz spectrometers equipped with 5-mm triple reso-
nance TCI cryoprobes. These experiments were used to assign FapC
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as previously published (19). Samples with a protein concentration
of ~0.3 mM in 50 mM sodium phosphate, 30 mM dithiothreitol,
1 mM Dg-dextran sulfate sodium, 10% deuterium oxide, and pH 7.4
buffer were placed in 5-mm NMR sample tubes with a total volume
of 500 pl. Samples were prepared freshly before performing the
NMR experiment. The following experiments were used in accom-
plishing the full assignment: 2D HN HSQC and 3D HNCACB,
HN(CO)CACB, CC(CO)NH TOCSY, H(CCCO)NH TOCSY, and
HBHA(CO)NH. The 3D "*C-edited/'°N-edited NOESY HSQC ex-
periment was used to further confirm the assignment. Here, further
analysis of the NOSEY experiment was done to generate NOE dis-
tance restraints for structure calculations. All spectra except 3D
NOESEY were processed using Topspin 3 (Bruker Biospin). NMR-
Pipe was used to process the time-shared 3D NOESY experiment
NMRPipe (49). The NOE restraints were manually generated with
the use of CCPNmr Analysis 3 (50). The 'H chemical shifts were
referenced to 0 ppm (parts per million) by using dextran sulfate so-
dium as an internal standard added to the NMR samples. The "*C
and "°N chemical shifts were indirectly referenced by using the 'H
frequency as explained previously (51).

ssNMR experiments were performed on a Bruker Avance III 750
spectrometer equipped with a 3.2-mm triple resonance HCN LT
magic angle spinning (MAS) probe. The homonuclear 2D *C-">C
correlation spectra were recorded with 20-ms dipolar-assisted rota-
tional resonance (DARR) or 10-ms through-bond correlation spec-
troscopy (TOBSY) polarization mixing schemes (52, 53). Thirty-two
scans were recorded for 512 increments with 1- to 2-s recycle delay.
SPINALG64 heteronuclear decoupling was applied using ~90-kHz ra-
dio frequency strengths on protons (54). A contact time of 2 ms was
used for the CP spectrum. All spectra were processed using Topspin
3.6 (Bruker Biospin).

Monomeric structural ensemble calculation by solution NMR
From the NOESY experiments, 706 total NOE restrains were manu-
ally generated. With the chemical shifts, TALOS was used to gener-
ate 352 dihedral angles (55). The anneal.py protocol in XPLOR-NIH
was used to perform the structure calculations with the NOE and
dihedral angle restrains (56). Approximately 10,000 structures were
generated from this calculation with low violations. Chemical shift
assignments can be found in the Biological Magnetic Resonance Data
Bank for FapC FL (no. 51793).

Negative-stain EM sample preparation and data collection
Four hundred-mesh copper grids with a continuous carbon film were
glow discharged for 90 s. Approximately 3 pl of FapC was applied to
grids and left for 10 s before side blotting on filter paper. Grids were
stained with 2% (w/v) uranyl acetate for 10 s before side blotting on
filter paper. Micrographs were recorded on a Tecnai TF20 micro-
scope (Thermo Fisher Scientific, MA) with a field emission gun oper-
ating at 200 kV equipped with a TVIPS XF416 complementary metal-
oxide semiconductor camera (TVIPS GmbH, Gilching, Germany).
No further processing was done to the micrographs shown.

Cryo-EM sample preparation and data collection

Quantifoil R2/1 Cu 300-mesh holey carbon grids (Protochips,
Morrisville, NC) were glow discharged for 45 s at 25 mA using an
EmiTech K100X (Quorom Technologies Ltd., Laughton, ES, UK). Three
microliters of FapC (0.5 mg/ml) was applied to grids, blotted for 6 s,
and plunge frozen in liquid ethane using a Vitrobot Mark IV plunge
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freezer with a blot force of zero (Thermo Fisher Scientific) maintain-
ing 4°C and 99% humidity. Vitrified grids were stored in liquid nitro-
gen until imaging. Data collection was performed at the University of
Pittsburgh Cryo-EM Center. A Titan Krios G3i was used, operating
at 300 kV with a Selectris energy filter and Falcon 4i camera under
the control of EPU version 3.2 software (Thermo Fisher Scientific).
Nominal magnification was 165,000% (pixel size of 0.72 A), and im-
ages were collected with the energy filter slit width set to 10 eV and
underfocus ranging between —0.5 and —2.0 pm. Exposures were 4.8 s
for a total dose of ~45 electrons/A”. A total of 8870 movies was col-
lected as movies in EER format.

Helical reconstruction

All data processing was performed in CryoSPARC version 4.5 (57).
Movies were drift corrected using Patch Motion Correction. Patch
CTF was used to estimate contrast transfer function (CTF) param-
eters. Particle picking was performed with Filament Tracer using
template-free mode with estimates of fibril dimensions from AF and
prior refinement work on FapC. Approximately 762,000 particles
were extracted with a box size of 300 pixels and then manually cu-
rated to a resolution estimate of 6 A or better for further analysis.
At this point, only one type of 2D class was observed, indicating
the presence of a single type of FapC filament. A single round of
reference-free 2D classification was used to remove the noisiest par-
ticles. To remove further noise from the particle set, two rounds of
2D classification and six rounds of 3D classification were performed.
3D classification was run in simple initialization mode using a sol-
vent mask generated from an initial helical reconstruction. Particles
were then reconstructed using helical refinement with symmetry
estimates of —2.5° twist, 14.7 A rise, and C1 symmetry. Afterward,
particles were CTF refined using global and local CTF refine. Parti-
cles were reconstructed once more using the same symmetry param-
eters. Last, a single round of 2D classification was used to remove
the final bit of noise from the particle set. The now ~72,000 particles
were reconstructed into the final density map using helical refine-
ment. The final map had a rise of 14.562 A and a twist of —2.266°.
The overall resolution estimated by CryoSPARC was ~3.3 A accord-
ing to the gold standard Fourier shell correlation cutoff at 0.143. The
final map was sharpened by using DeepEMhancer (58).

Model building and validation

Model building was performed with UCSF ChimeraX 1.8 (59) using
the real-time MD software package ISOLDE (30). The AF FapC
model (AF database accession: C4IN70; model: AF-C4IN70-F1-v4)
was used as a starting point because of the overlap of the predicted
model to the cryo-EM density. No AlphaFold3 prediction was gen-
erated for this study. Instead, we used the public AF database entry
AF-C4IN70-F1-v4 as our starting template. AF database models are
produced automatically with the AF monomer pipeline, which
builds a multiple sequence alignment, runs five stochastic inference
seeds, and retains the structure with the highest internal confidence
(predicted template modeling score) (60, 61). Consequently, the da-
tabase provides a single high-confidence monomeric conformation.
By contrast, AlphaFold3, released after our simulations, is trained
specifically for multichain complexes and nucleic acid/ligand inter-
actions and may result in different protein conformations as for the
FapC case (60, 61). To build the FapC structural model, we used
both the CryoSPARC density map and DeepEM tight target map.
The latter represents much better resolution particularly with regard
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to side-chain densities; however, it has weaker densities at some of
the p strand regions. The model was improved by iterative fitting in
ISOLDE to fix clashes and unfavored conformations. Last, segments
of f strands favoring sequences were identified and the direction of
the backbone was manually adjusted to facilitate f§ sheet hydrogen
bonding. The final model was validated by PHENIX (30, 31). The
final FapC fibril model has excellent Ramachandran scores with
97% favored and 3% allowed orientations, which were obtained with
low clash/MolProbity scores with a high density to model overlap.
See table S1 for details. Cryo-EM density data were deposited to the
Electron Microscopy Data Bank with accession code EMD-49649.
The final FapC model was deposited to the Protein Data Bank with
accession code INQD.

MD simulations

The atomic models of FapC, derived from NMR data, cryo-EM data,
and the AF database model (AF database accession: C4IN70; model:
AF-C4IN70-F1-v4), were placed in a cubic box of TIP3P water with
dimensions of 160 A along each Cartesian axis. The systems were
neutralized and brought to a physiological ionic concentration of
150 mM KCl, resulting in a total of ~400,000 atoms per system. All
preparatory steps, including solvation and ionization, were per-
formed using VMD. MD simulations were performed in NAMD 3
(62), with the CHARMM36 all-atom force field (63), using a 2-fs
time step. The temperature was maintained at 310 K by Langevin
dynamics with a damping coefficient of 1 ps™", and the pressure was
kept at 1 atm using the Langevin Nosé-Hoover method (oscillation
period of 100 fs and damping timescale of 50 fs). A 12-A cutoff was
used for van der Waals interactions, and long-range electrostatic in-
teractions were computed by the particle-mesh Ewald method. The
systems underwent two rounds of energy minimization and equili-
bration. In the first round, the protein coordinates were fixed, while
the system was minimized for 10,000 steps, followed by 2-ns equili-
bration to allow the solvent to relax around the protein. In the second
round, the protein was released, and another 10,000 steps of mi-nimi-
zation were performed, followed by a 4-ns stabilization phase under
harmonic restraints of 1 kcal mol™" A~2 on the C, atoms. Afterward,
all restraints were removed, and the system was further equilibrated
for 4 ns before the production phase. For each atomic model of FapC,
three independent MD simulations were performed. During the pro-
duction phase, coordinates were saved every 0.1 ns and used for all
subsequent analyses.

SMD simulations

SMD is a computational technique in which external force is applied
to specific atom(s) to guide conformational changes along a pre-
defined pathway (64). FapC conformations were aligned along the x
axis by designating the C, atom of the N-terminal residue (Gly*’) as
the fixed point and the C, atom of the C-terminal residue (Phe®?)
as the pulling point, thereby defining the vector along which the
external force in SMD simulations was applied. To accommodate
the extension in the pulling direction, the systems were resolvated in
a water box providing 130-A padding along the pulling axis and 25 A
padding in the perpendicular directions. Constant-velocity SMD
simulations were performed with a pulling velocity of 0.1 A/ns and
a spring constant of 100 kcal mol™" A™2, where a dummy atom con-
nected by a spring to the steered atoms was pulled at the specified
velocity. After 100-A pulling, the fixed and pulling atoms were reas-
signed, because the original N and C termini became unstructured.
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The new fixed and pulling atoms were set to the N and C termini of
the structured fold (table S2), enabling continued simulation of the
mechanical unfolding behavior for the remaining structured regions
in a controlled manner.

Principal components analysis (PCA)

PCA is a statistical method that identifies dominant patterns of struc-
tural fluctuations by reducing the dimensionality of protein confor-
mational ensembles. The FapC structures obtained from NMR were
aligned using the C, atoms. The FapC structures obtained from the
NMR ensemble were first superimposed on their C, atoms to mini-
mize the RMSD, which measures the average atomic displacement
between protein structures. Using these aligned coordinates, the co-
variance matrix was constructed as C = <(R —(R)(R- (R))T> (23).
Here, R is the 678-dimensional configurational vector composed of
the instantaneous coordinates of the 226 C, atoms of FapC, and (R)
is the ensemble average of R. The diagonal elements of the covariance
matrix C (where i = j) represent the atomic mean square fluctuation,

expressed as < (ARi)2 >, whose square root corresponds to the RMSF,

and both measures indicate the degree of flexibility of individual at-
oms in the structural (NMR) and conformational (MD) ensembles.

C was then diagonalized via eigenvalue decomposition to extract the
3N

PCs:C= Gl-pipiT. Here, p; denotes the ith PC, and o, is the cor-
i=1

responding eigenvalue (variance), which quantifies the magnitude of
motion along that PC. The PCs are ranked in descending order on
the basis of their variances 6;. Because PC1 and PC2 have the largest
variances, they capture the dominant motions in the structural
(NMR) and conformational (MD) ensembles. To project each con-
formation onto the ith PC, the following operation was performed:
r; = piT(R— (R)). These projections (r;) provide insights into the con-
formational dynamics of FapC along the ith PC.

Supplementary Materials
This PDF file includes:

Figs.S1to S14

Tables S1and S2
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