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Abstract

Amyloids, protein, and peptide assemblies in various organisms are crucial in physio-
logical and pathological processes. Their intricate structures, however, present signifi-
cant challenges, limiting our understanding of their functions, regulatory mechanisms,
and potential applications in biomedicine and technology. This study evaluated the
AlphaFold2 ColabFold method's structure predictions for antimicrobial amyloids,
using eight antimicrobial peptides (AMPs), including those with experimentally deter-
mined structures and AMPs known for their distinct amyloidogenic morphological
features. Additionally, two well-known human amyloids, amyloid-f and islet amyloid
polypeptide, were included in the analysis due to their disease relevance, short
sequences, and antimicrobial properties. Amyloids typically exhibit tightly mated
B-strand sheets forming a cross-p configuration. However, certain amphipathic
a-helical subunits can also form amyloid fibrils adopting a cross-a structure. Some
AMPs in the study exhibited a combination of cross-a and cross-p amyloid fibrils,
adding complexity to structure prediction. The results showed that the AlphaFold2
ColabFold models favored a-helical structures in the tested amyloids, successfully
predicting the presence of a-helical mated sheets and a hydrophobic core resembling
the cross-a configuration. This implies that the Al-based algorithms prefer assemblies
of the monomeric state, which was frequently predicted as helical, or capture an
a-helical membrane-active form of toxic peptides, which is triggered upon interaction

with lipid membranes.
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they can accumulate in a harmful way or adopt alternative structures,

resulting in conditions like neurodegeneration and amyloidosis. How-

Antimicrobial peptides (AMPs) play a critical role in the immune sys-
tem of organisms across all kingdoms of life and are the first line of
defense against pathogens.! AMPs often self-assemble and some
form ordered supramolecular structures that resemble amyloids.22*
Amyloids vary in sequence, length, composition, and function, and are

secreted by organisms from all kingdoms of life. In some instances,

ever, amyloids can still fulfill their intended functions in their native,
oligomeric, or fibrillar states.

Amyloid fibrils are composed of subunits stacked perpendicular
to the fibril axis, typically forming cross-p sheets.?* A cross-o form of
amyloid also exists in which subunits form a-helical mated sheets.>®°

Despite the tightly mated sheets that anchor their fibril structure,
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amyloids are highly polymorphic, even within the same sequence, with
the extreme possibility of a different secondary structure at the fibril
form.23152324 Thijs |atter observation has been demonstrated by
recent structures of amyloidogenic AMPs.'41518 The self-assembly
properties and polymorphism of amyloids distinguish them from glob-
ular and membrane proteins, which constitute the majority of avail-
able protein structures.?®> This makes amyloid structure determination

t,2>~2? while structural information remains nec-

and prediction difficul
essary for understanding their functions and mechanisms, discovering
modulators of their activities, and designing novel amyloid sequences
for biomedical and technological applications.

With the recent development of new methods for predicting pro-
tein structure, such as AlphaFold, there is potential for predicting
amyloid structure. In this challenging field, we investigated the current
capabilities of these methods. AlphaFold2 (AF2) was introduced at the
14th Critical Assessment of Protein Structure Prediction (CASP) in
2020 and uses innovative neural network architectures and training
methods.®® The training of AF2 is based on the evolutionary, physical,
and geometric constraints of experimental three-dimensional protein
structures deposited in the Protein Data Bank (PDB) to predict the
structure of proteins or their complexes from sequence.*® To make
the AF2 algorithm more accessible, a collaborative “Jupyter note-
book” hosted by Google called ColabFold has been established.®* This
platform allows researchers without computational expertise or
resources to use the AF2-ColabFold algorithm to model the structures
of protein monomers, homo- and hetero-oligomeric complexes.®?

In this study, our aim was to evaluate the capability of
AF2-ColabFold-multimer in accurately predicting the structures of a
new class of amyloidogenic AMPs. These AMPs, namely PSMa3, uperin
3.5, and aurein 3.3, have recently been characterized at a high resolu-
tion and found to form cross-a and cross-p amyloid fibrils.2>1%1> Addi-
tionally, we examined a specific fragment (residues 17-29) of LL37, a
human antimicrobial and immunomodulator, which assembles into a
distinct a-helical fibril structure that is non-amyloid in nature.r’” Fur-
thermore, we included models of AMPs without experimentally deter-
mined structures but with known morphological features, such as

citropin 1.3, cyanophlyctin, bombinin H4, and dolabellanin-B2.*8 Finally,
our analysis also encompassed two well-known pathological amyloids,
namely amyloid-p (AB) and islet amyloid polypeptide (IAPP). We chose
these particular human amyloids because of their short lengths, with
42 and 37 amino acids, respectively, and because both are known to

display antimicrobial activity.32-%¢

2 | RESULTS

Table 1 lists the sequences of the peptides analyzed, and the number
of subunits tested. Table S1 lists the key features of the leading
AF2-ColabFold predicted models.

21 | AF2-ColabFold models partially recapitulate
the mated «-helical sheets of the cross-a amyloid fibril
of bacterial PSMa3

PSMa3 is a cytotoxic and lytic 22-residue peptide of the PSM family
secreted by Staphylococcus aureus. The crystal structure of PSMa3
(PDB id: 5155) revealed, for the first time, a cross-a fibril, a unique
amyloid morphology composed on amphipathic a-helices.>® The
cross-a is an assembly of molecules stacked perpendicular to the fibril
axis, further forming tightly mated sheets, as in the canonical cross-f
amyloid, but with each molecule forming «-helices rather than
B-strands. Recently determined cryo-EM structures of PSMa3 (PDB
id: 7TOX, 7SZZ) confirmed the cross-a configuration and further
showed a supramolecular assembly of the mated a-helical sheets into
nanotubes.®” Notably, the cross-a configuration was also observed for
the longer, 44-residue PSMp2, which forms a helix-turn-helix motif,
demonstrating another possibility for mated helical sheet-based
assembly.3” To compare the AF2-ColabFold models with the crystal
and cryoEM structures, we evaluated the modeled monomer, decamer
(10-mer), pentadecamer (15-mer), eicosamer (20-mer), 25-mer and
30-mer PSMa3.

TABLE 1 Tested peptide sequences and AF2-ColabFold multimeric models analyzed.
Number of subunits
Protein Sequence 1 10 15 20 25 30 35 40
Citropin-1.3 GLFDIIKKVASVIGGL \% \% \% \% \%
Cyanophlyctin FLNALKNFAKTAGKRLKSLLN \Y \Y \ \ \ \
Bombinin H4 LIGPVLGLVGSALGGLLKKI \% \% \% \%
Dolabellanin-B2 SHQDCYEALHKCMASHSKPFSCSMKFHMCLQQQ \ \ \ \ \
Aurein-3.3 GLFDIVKKIAGHIVSSI \ \ \ \
Uperin-3.5 GVGDLIRKAVSVIKNIV \% \% Vv \% \%
LL37(17-29) FKRIVQRIKDFLR \ \ \ \
PSMa3 MEFVAKLFKFFKDLLGKFLGNN \Y \Y \ \ \ \
IAPP KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY \% \% \% \%
Amyloid beta (1-42) DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA \% \% \%

Note: Names, sequences, and number of subunits used as input in various AF2-ColabFold experiments. “V” indicate experiment that has been conducted.
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Comparison between experimental and predicted structures of PSMa3. (A,B) The crystal structure of PSMa3 (PDB: 5155). (C,D)

The AF2-ColabFold first ranked model of a decamer (10-mer). In panels (A,C), the view is along the fibril axis, with PSMa3 colored by sheet, with
marked distances between sheets and between a-helical subunits along the sheet. In panels (B,D), PSMa3 is shown in a surface representation

colored by hydrophobicity according to the scale bar.

AF2-ColabFold prediction for monomeric PSMa3 yielded an
a-helical structure with a high confidence measure, namely the pre-
dicted local-distance difference test (pLDDT) score, for all models
(Figure S1a). For multimer predictions, the closest model with similar-
ity to the experimental cross-a structure was the first ranked model of
the decameric (10-mer) PSMa3. This model showed two mated paral-
lel a-helical sheets, as in the experimental structures, yet the a-helices
and mated sheets were not as tightly packed (Figure 1a,c). Specifically,
in the crystal structure, the distance between a-helical subunits along
each sheet is 10.5 A, and the distance between mated sheets, orthog-
onal to the fibril axis, is 12.6 A>® In the AF2-ColabFold 10-mer
model, the corresponding distances are 12.8-16.6 A between
a-helices and ~ 16 A between sheets, resulting in a more loosely
packed fibril (Figure 1c), which lacks most of the interhelical polar
interactions observed in the experimental structures. In both the
experimental and predicted structures, the amphipathic a-helices are
arranged so that the interface between sheets is hydrophobic, forming
a large hydrophobic core along the fibril (Figure 1b,d). To quantify the
tightness of the packing, we compared the solvent accessible surface
area (SASA) buried within the fibril. Values for all SASA and interheli-
cal and inter-sheet distances are presented in Table S1. In the PSMa3
crystal structure, the buried surface area of a single a-helix is 1150A2,
representing 50% of its total SASA,?° compared to 62242 (24% of the
total SASA) in the 10-mer model. Overall, for a multimer of
10, AF2-ColabFold succeeded in predicting the general configuration
of mated a-helical sheets, but with looser packing of the helices com-

pared to the experimentally determined structures, which present an

apparently much less stable configuration. Notably, although the
pLDDT of all five models is similar and all individual subunits were
predicted as a-helices, the four models ranked second to fifth did not
resemble the cross-a configuration, and included a barrel and unlikely
assemblies with clashes between subunits (Figure S2d,e).

Another AF2-ColabFold model that resembles the cross-a config-
uration is that of a pentadecamer (15-mer), and in particular, the sec-
ond ranked model, which shows two mated parallel a-helical sheets
with a hydrophobic core, but again, not as tightly packed as in the
experimental structures (Figure 2a). Specifically, the distances
between the a-helices range from 13.7 A to 18.8 A, and between the
sheets from 14 A to 19.5 A. Corresponding to the large distance
between subunits, the SASA of a central a-helix was 361A2 (14% of
the total SASA), which is much lower (less is buried) compared to the
experimental structure. Although all five models share the same
pLDDT score, the first ranked model of the 15-mer also showed two
mated a-helical sheets but with several subunits detached from the
assembly. The third and fifth ranked models showed an arrangement
resembling a globular shape, and the fourth ranked model resembled a
barrel (Figure S3).

The second ranked model of the eicosamer (20-mer) PSMa3
showed a 12-subunit core of mated sheets with six peptides from
each sheet, with distances of 14-19.6 A between o-helices along the
sheet, and 15.4-19.5 A between the two sheets. The buried SASA of
one helix was 466 AZ (18%), indicating a packing that is looser than
the 10-mer but tighter than the 15-mer. The rest of the subunits were

scattered around this core. This suggests that adding more subunits
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surprisingly predicts disassembly of the fibril-like arrangement com-
pared to the 10- and 15-mers. The other ranked models showed
diverse assemblies of a-helices, including helical sheets, spirals, and
barrel-like helical clusters that are not very tightly packed (Figure S4).
Adding more subunits, of 25- and 30-mers, leads to further deviation
from the cross-a configuration, showing different shapes that attempt
more globular-like clusters, but with loose packing of the helices com-
pared to the cross-a tight fibril packing (Figures S5 and Sé).

Overall, the predictions of PSMa3 multimers show a pLDDT score
around 40 on a scale of 0-100, indicating low confidence and struc-
tural diversity. Some of the models predicted mated a-helical sheets
similar to the cross-a fibril arrangement, but with a looser packing
compared to the experimental structure and often with surrounding
detached subunits. The supramolecular nanotube structure shown by
the cryoEM structure of PSMa3%” was not recapitulated, even
by modeling of a larger number of subunits. It is noteworthy that in
some of the predicted models, the PSMa3 o-helixes spiral, echoing
the structures shown by Zhang and co-workers using designed

peptides.>®

2.2 | AF2-ColabFold models of uperin 3.5
recapitulate some cross-a features, and fail to predict
the cross-f configuration

Uperin 3.5 is an AMP secreted on the skin of Uperoleia mjobergii
(Australian toadlet). This peptide displays a secondary structure switch
and can form both cross-p and cross-a amyloid fibrils, both of which
have demonstrated by high-resolution structures and biophysical
measurements.'**> The cross-a crystal structure (PDB id: 6GS3)t°
resembled the PSMa3 fibril with mated sheets of stacked o-helices,

hydrophobic

FIGURE 2 AF2-ColabFold second
ranked model of pentadecameric (15-mer)
PSMa3. (A) PSMa3 model is viewed along
the fibril axis and colored by sheets,
showing distances between subunits and
sheets. (B) Surface representation colored
by hydrophobicity as indicated by the
scale bar.

but while the latter showed a parallel orientation of the a-helices
along the sheets, uperin 3.5 showed an interesting feature of an anti-

215 (Figure 3a,b). This revealed a

parallel orientation of the a-helices
surprising feature of parallel and antiparallel sheets, formed not only
by B-strands, but also by a-helices. The cross-f form of uperin 3.5 was
determined by cryo-EM (PDB id: 7QV5), showing a three-blade sym-
metric propeller of nine peptides per fibril layer including tight p-sheet
interfaces®* (Figure 3e). This revealed a remarkable ability of a natural
sequence to switch between different secondary structures depend-
ing on the environmental conditions. In particular, lipids mimicking a
membrane environment induced the transition into the cross-a
form.2>%?7%2 To compare the AF2-ColabFold models with the crystal
and cryoEM structures, we evaluated the modeled monomer, decamer
(10-mer), eicosamer (20-mer), 25-mer, and 30-mer uperin 3.5.

The AF2-ColabFold prediction for monomeric uperin 3.5 is an
a-helical structure in all five ranked models, with an average pLDDT
score of ~90 (Figure S7). All models of the decamer (10-mer), with an
average pLDDT score of ~40, consisted of clusters of helices reas-
sembling a globular fold (Figure S8). One of the subunits in the fourth
ranked model of the 10-mer showed a random coil with no deter-
mined secondary structure (Figure S8). The five models of the 20-mer
uperin 3.5 also showed diverse arrangements despite having similar
pLDDT scores. The second and third ranked 20-mer models showed
some remote resemblance to spiraling o-helical mated sheets
(Figure S9).

Starting with 25-meric subunits, a higher similarity to cross-a was
observed. The third ranked 25-meric uperin 3.5 shows two mated
sheets of a-helices, one with eight subunits and the other with seven
(Figure 3), while the rest of the a-helices are scattered around (not
shown). The sheets contain a-helices parallel to each other, as in

PSMa3,2 and not antiparallel as in the crystal structure of uperin
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FIGURE 3 Comparison between experimental and predicted structures of uperin 3.5. (A,B) The crystal structure of uperin 3.5 (PDB: 6GS3).
(C,D) The AF2-ColabFold 3rd 25-meric ranked model. (E) The cryo-EM cross- structure (PDB: 7QV5). In panels (A-D), the view is along the fibril
axis. For clarity, only the core arrangement of 15 helices is shown, without the scattered subunits present in the model. In panels (A,C), uperin 3.5
is colored by sheets, and the distances between sheets and between two antiparallel and parallel neighboring subunits along the sheet are
marked. In panels (B,D), uperin 3.5 is shown in a surface representation colored by hydrophobicity, as indicated by the scale bar. In panel (E), the
view is along the fibril axis with a slight tilt, with uperin 3.5 colored by p-sheets.

3.5.15 The antiparallel orientation of the uperin 3.5 a-helices allowed
for a tight packing, with an interhelical distance of 9.8 A and inter-
sheet distance of 8.6 A (Figure 3a). In the model, the distances are
much larger, with interhelical distances of ~15 A in one sheet and
14.5-19 A in the other, and inter-sheet distances of 13-18.6 A
(Figure 3c). Accordingly, while the buried SASA of one a-helix in the
crystal structure is 752A2 (40% of the total SASA), in the model, it is
only 194 A2 (10%) for a representative helix, highlighting the much
looser packing of the model. With all 25-mer models having the same
averaged pLDDT score of ~40, they showed diverse arrangements
including clusters of helices in globular or spiral shapes (Figure S10).
An interesting observation is that the top-ranked model for the
30-meric uperin 3.5 showed a-helical mated sheets that were curved
and spiraling in a parallel orientation (Figure 4). In this model, each
sheet has an equal number of subunits and is more tightly packed than
the 25-mer model, but not as tightly as the crystal structure. The
model can be divided into two regions, with one section consisting of

straight sheets and the other of spiraling sheets. The straighter part

showed interhelical distances of ~14.6 A in one sheet and ~12.5 A in
the other, and an inter-sheet distance of ~12 A (Figure 4a). The bur-
jed SASA of a representative helix is 454 AZ (24% of the total SASA).
The spiraling part had interhelical distances of ~14.4 A in one sheet
and ~14.6 A in the other, and an inter-sheet distance of ~12.3 A
(Figure 4b). The buried SASA of one representative helix is 363 A2
(19% of the total SASA). Importantly, the sheets are oriented to main-
tain a hydrophobic core between the sheets. All 30-mer models have
the same averaged pLDDT score of ~40, and they showed diverse
arrangements including clusters of helices in globular or spiraling
shapes (Figure S11), similar to the 25-mer models. In the fourth- and
fifth-ranked 30-mer models, some of the subunits form random coils
Notably,
AF2-ColabFold models we evaluated predicted an antiparallel orienta-

with no defined secondary structure. none of the
tion of the helical sheets (Figure 3a). Furthermore, the predictions did
not anticipate the cross-p configuration, which is formed by a three-
blade symmetric propeller of nine peptides per fibril layer including

tight p-sheet interfaces (Figure 3e).
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FIGURE 4 AF2-ColabFold prediction of the first-ranked model of the 30-mer uperin 3.5. Only the core arrangement of 22 helices is shown,
excluding eight scattered subunits that exist in the model but are not shown for clarity. (A,B) Two orientations of the model are shown, colored by
sheets, indicating distances between subunits and sheets. The bold dotted line indicates the transition from aligned to spiraling subunits.

(C) Surface representation colored by hydrophobicity, as indicated by the scale bar.

2.3 | AF2-ColabFold failed to predict the kinked
cross- fibril of aurein 3.3 and instead showed
arrangements of spiraling and curved a-helical mated
sheets

Aurein 3.3 is an amphibian AMP isolated from the Litoria/Ranoidea
raniformis (southern bell frog). Like uperin 3.5, aurein 3.3 showed a
secondary structure switch in the fibrillar form to include both
a-helical and p-rich conformations.® The cryo-EM structure of aurein
3.3 revealed a cross-p fibril consisting of six peptides per fibril layer,
all with kinked B-sheets allowing for a rounded compactness of the
fibril** (Figure 5e). This unique assembly has been correlated with
reversible and functional amyloid formation.**~*® We modeled the
monomer, decamer (10-mer), eicosamer (20-mer), 25-mer and 30-mer
and 40-mer aurein 3.3.

The predicted monomeric aurein 3.3 was a-helical, with a high
pLDDT score of ~90 for the first 13 of 16 residues (Figure $S12). The
multimer predictions were all a-helical subunits and failed to predict
the B-rich configuration. The decamer (10-mer) models, which had a
similar pLDDT score, showed a clustering of helices into a globular-
like shape with clashes between subunits (Figure S13). From

20 subunits and up, the models were better packed into intriguing
fibrils composed of a-helices. The first ranked model of the eicosamer
(20-mer) showed 16 subunits arranged in two a-helical sheets, resem-
bling cross-a, but with a twist between helices and curved sheets, so
that the helices along each sheet are not strictly parallel or antiparallel
to each other, resulting in clashes between atoms (Figure S14d,e). The
second ranked model showed a core of eight helices, similar to
the spiraling cross-a amyloid-like structures®® (Figure 5a). Within this
region, the averaged distances between a-helical subunits along the
two mated sheets were 12.7 and 12.6 A, and the averaged distance
between sheets was 14.7 A. The buried SASA of a representative
helix was 811A2 (43.5% of the total SASA), indicating tight packing,
similar to the cross-a structure of PSMa3. This arrangement also reca-
pitulated the hydrophobic core between the sheets (Figure 5b). The
third ranked model, similar to the fifth ranked model, showed pairs of
mated spiraling a-helical sheets curved into a doughnut shape, retain-
ing the core between the paired sheets (Figure 5c,d). The 20-mer
models differed from each other and showed a similar pLDDT score
of ~40 (Figure S14).

Models with a higher number of aurein 3.3 subunits (25-, 30- and
40-mers) supported the spiraling and curving cross-a into a spiraling
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FIGURE 5 Comparison between experimental and predicted structures of aurein 3.3. (A-D) AF2-ColabFold models of 20-mer aurein 3.3,
including the spiraling cross-a core of the second ranked model (A,B) and the third ranked model (C,D). The structures are either colored by
sheets, showing the distances between subunits and sheets (A,C) or shown in a surface representation colored by a hydrophobicity scale as
indicated (C,D). (E) The cryo-EM cross-p structure of aurein 3.3 (PDB: 7QVé) is shown along the fibril axis the p-sheets in different colors.

fibril rather than the typical elongated fibril (the 25-mer models are
shown in Figure 6). The second, fourth, and fifth ranked models of the
25-mer aurein 3.3 showed an average inter-sheet distance of 13.6,
21, and 15 A, respectively. The distance between subunits along the
two sheets was 17.4 A and 16.5 A for the second ranked model, 16.4
and 15.9 A for the fourth ranked model, and 18 and 18.6 A for the
fifth ranked model (Figure 6a,c; Figure S15f). The buried SASA for a
single helix in the second ranked model varied along the structure,
with two examples of 722 and 150A2 (38.6% and 7.8% of the total
SASA, respectively). In the fourth and fifth ranked models, the buried
SASA for a single helix was 183A2 (9.8%) and 171A2 (9.1%), respec-

tively. Overall, these spiraling curved fibrils are not as tightly packed

as the cross-a crystal structures of PSMa3 or uperin 3.5, but share the
hydrophobic core between the helical sheets (Figure 6b,d;
Figure S15g). The third ranked model of the 25-mer showed a differ-
ent, rounded shape (Figure S15). Surprisingly, in the first ranked
25-mer model, some of the subunits were random coils, while its aver-
age pLDDT score was higher than the other models (Figure S15). The
models of the 30-mer aurein 3.3 recapitulated some of the features of
the 10- and 25-mer models (Figure S16). Overall, the AF2-ColabFold
predictions for aurein 3.3 were mostly similar to PSMa3 and the

spiraling cross-o of designed peptides,>>38

along with more extreme
curving and spiraling of the fibril itself. There was no evidence of

kinked p-sheets as determined by cryo-EM (Figure 5e).
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FIGURE 6 AF2-ColabFold predictions of the 25-mer aurein 3.3. The second (A,B) and fourth (C,D) ranked models are colored by sheet,
showing inter-sheet and interhelical distances (A,C), or displayed in a surface representation colored by hydrophobicity, as indicated by the scale

bar (B,D).

24 | AF2-ColabFold failed to predict the non-
amyloid a-helical fibril structure of human LL37
(17-29)

LL37 is a host defense peptide cleaved from hCAP18, the only human
cathelicidin.#?*° LL37 forms an amphipathic o-helix that self-
assembles into fibrils, which are critical for DNA binding and activ-
ity.17#751 The LL37 fragment containing residues 17-29 is an active
antibacterial core and the shortest fragment that retains antiviral
activity."? The crystal structure of LL37(17-29) (PDB id: 6S6M;
Figure S17a,b) revealed a unique self-assembly of amphipathic helices
into a densely packed, elongated hexameric fibril with a central pore.
The fibril is composed of four-helix bundles with a hydrophobic core

that are further assembled through a network of polar interactions.'”

To evaluate the predictive ability of AF2-ColabFold for this unique
fibril structure, we modeled the monomer, decamer (10-mer), eicosa-
mer (20-mer), and 30-mer LL37(17-29).

The monomeric model of LL37(17-29) is a-helical with flexible
termini (Figure S17). The models for the decamer (10-mer), eicosamer
(20-mer), and 30-mer LL37(17-29) showed different assemblies of
helices with no specific order, are mostly loose, do not resemble the
crystal structure or any known ordered fibril, and had a wide range of
pLDDT scores (Figures $18-520). Several individual subunits also lost
the o-helical structure and exhibited random coils (as shown in
Figure S19f). Overall, AF2-ColabFold was not successful in predicting
the unique helical fibril of LL37(17-29) compared to the predictions
of PSMa3 and uperin 3.5, which recapitulated some of the cross-a

features.
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FIGURE 7 AF2-ColabFold models of amyloid-forming AMPs without experimental structures. (A,B) The first ranked model of the 20-mer
citropin 1.3. (C,D) The second ranked model of the eicosamer (20-mer) bombinin H4. Yellow circles mark clashes between subunits in panel (C).
(E,F) The third ranked model of the 25-mer bombinin H4, with eight sparse subunits removed for clarity. Panels (A,C,E) are colored by sheets,
showing inter-sheet and interhelical distances. In gold are subunits that do not participate in the continuous sheets. Panels (B,D,F) are in a surface

representation colored by hydrophobicity, as indicated by the scale bar.

2.5 | Amyloid-forming AMPs without experimental
structures

We have previously identified and characterized AMPs that self-
assemble into cross-a and cross-f§ amyloids, some with the ability to
switch conformations over time or induced by lipids.*® These include
the amphibian citropin 1.3, cyanophlyctin, and bombinin H4,853-5°
as well as dolabellanin-B2 secreted by sea hares.'®°® We selected
these four peptides because they have different structural proper-
ties.®® While cyanophlyctin is unstructured in solution, also in the
presence of lipids, it adopts a cross-a conformation in the fibril form,
and its helicity is further induced by the presence of membrane lipids.
Citropin-1.3 and bombinin H4 are unstructured in solution but adopt
a helical conformation in the presence of membrane lipids. In the fibril
state, citropin-1.3 forms a cross-p structure, but the presence of lipids
induces the helical state. Bombinin H4 forms a cross-a fibril, and its
helicity is also promoted by lipids. In contrast to most AMPs tested,
which are unstructured or helical in solution, dolabellanin-B2 adopts a
B-rich conformation in solution and in the fibril form, with a minor
helical population in the fibril form, and is insensitive to the presence
of lipids. Considering these biophysical properties,'® we evaluated the
AF2-ColabFold models of the monomeric and multimeric forms of
these AMPs (Figure 7; Figures 521-541).

All monomeric models of the four peptides were a-helical with

relatively high pLDDT scores, with dolabellanin-B2 showing a helix-

turn-helix prediction (Figures S21, S26, S32, and S37). There was no
evidence for a f-rich structure for any of these AMPs in the mono-
meric or any of the multimeric models described below
(Figures S21-5S41), even for dolabellanin-B2 that is predominantly
B-rich, even in solution and with lipids.*® Among all AF2-ColabFold
models of these peptides, three recapitulate the continuous a-helical
mated sheets, one for citropin 1.3 and two models of bombinin H4.
None of the models of cyanophlyctin, tested up to 40-mers
(Figures S26-S31), or dolabellanin-B2, tested up to 30-mers
(Figures S37-541), showed a fibril-like form or mated sheets.

The first ranked eicosameric (20-mer) model of citropin 1.3
resembled the parallel cross-a structure of PSMa3 and was even as
tightly packed (Figure 7a). Specifically, the averaged distances
between a-helical subunits along each of the two sheets were 10.7
and 10.1 A, respectively, and the averaged distance between the
sheets was 11.4 A. The buried SASA of one helix was 944.3A? (55.3%
of the total SASA), thereby showing the most densely packed model
among all peptides evaluated here. The addition of citropin 1.3 sub-
units (in the 25-mer and 30-mer) resulted in the loss of the fibril-like
assembly (Figures S24 and S25), similar to the case of PSMa3. Never-
theless, we observed a smaller assembly of three-helical bundles
forming a triangular shape with a hydrophobic core, within the second
ranked model of the 20-mer and fifth ranked model of the 25-mer
citropin 1.3 (Figures S23 and 524). We wonder whether this assembly
might represent a stable oligomeric structure.
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The second ranked eicosameric (20-mer) model of bombinin H4
contained clashes between atoms although the packing is rather loose
(Figure 7c). Specifically, the averaged interhelical distances along the
two sheets were 13.4 and 13.9 A, and the averaged inter-sheet dis-
tance was 20.7 A. The buried SASA of one helix is 146.1 A? (21.4% of
the total SASA). The third ranked 25-mer bombinin H4 model also
showed a loose packing, with averaged interhelical distances along
the two sheets of 14.6 and 14.9 A, and an averaged inter-sheet dis-
tance of 19.4 A (Figure 7e). The buried SASA of one helix is 100.2 A?
(4.7% of the total SASA). In all three models shown, the hydrophobic
pattern indicates a hydrophobic core and a hydrophilic surface similar
to the experimentally determined cross-a structures (Figure 7b,d,f).

2.6 | Models of human pathological amyloids with
antimicrobial activity, Ap and IAPP

Human amyloids are notorious for their involvement in neurodegener-
ative diseases such as Alzheimer's and Parkinson's, in which protein
plaques accumulate in the brain. Alzheimer's-associated Ap is a
42 (or 40) residue long peptide derived from amyloid precursor pro-
tein.>” IAPP is a 37-residue peptide associated with Type 2 diabetes,
present in various organs, most commonly in the pancreas, and is usu-
ally associated with insulin, and involved in glucose metabolism and
homeostasis.>® Both IAPP and ApB are unstructured proteins that can
form cross-f amyloids.>?° In the presence of anionic bilayer micelles,
they adopt a soluble a-helical structure, which is thought to accelerate
fibrillation and cross-p formation.>?¢17%% |APP and Ap demonstrate
antimicrobial activity,32333%3¢ thereby exhibiting functional similari-
ties with the AMPs. Their characteristics, including their short length,
the display of both a-helical and f-rich states, and their antimicrobial
activity, make IAPP and AB optimal candidates for assessing the pre-
dictions of AF2-ColabFold. We conducted an evaluation of the
AF2-ColabFold models of these human amyloids in comparison to
the models of the AMPs.

The AF2-ColabFold monomeric model of AB1-42 is unstructured,
as previously reported.®® The pLDDT score of the monomeric Ap is
lower than that of any of the other monomeric models tested here
(Figure S42), perhaps due to its greater length. In the model of deca-
meric (10-mer) A, most of the subunits are also unstructured, but in
the first, second, and fourth ranked models, some regions are a-heli-
cal, and in the third and fifth ranked models some regions form short
B-sheets, but most of them consist of clashing p-strands (Figure S43).
The models of eicosamer (20-mer) AB showed a similar trend, with
some models partially structured as helices (Figure 544).

IAPP is known to be unstructured in solution.’’ The
AF2-ColabFold monomeric models, with similar pLDDT scores, are
a-helical (Figure S45), resembling the helical structure of IAPP in a
membrane mimicking environment.®¥%? In all decameric (10-mer),
pentadecameric (15-mer), and eicosameric (20-mer) models, the sub-

units are a-helical, with no B-strands detected, while the C-terminal

part has a lower pLDDT score, showing unstructured regions. In con-
trast to the unstructured assembly of the Ap models, IAPP predictions
show a-helices clustering in various forms, but not as mated sheets
(Figures S46-548).

2.7 | Cross-a architecture is rare among proteins
with experimental structures

The search for structural similarity of different helical assemblies
derived from the PSMa3 cross-a fibril structure, namely arrangements
of 4-6 helices in the same or mated sheets, yielded several results,
mostly from synthetic sequences or truncations of natural
sequences.®*~® Most of the resulting similar structures showed multi-
ple a-helical assemblies of helix-loop-helix bundles, but none of them
were continuous sheets or repetitive units forming fibrils.”~7° This
supports the rarity of a-helices stacked perpendicular to the fibril axis
in the databases.

2.8 | Secondary structure switchers are rare
among proteins with experimental structures

The secondary structure switch in the fibril form, demonstrated at
high resolution for uperin 3.5*'® and suggested for additional
amyloid-forming ~ AMPs based on secondary  structure
measurements,'® may be one of the reasons hindering correct model-
ing of amyloid fibril structures. We sought to analyze the prevalence
of secondary structure switchers among proteins with known experi-
mental structures. Specifically, we searched the PDB for pairs of
highly similar protein chains, as described in Section 4, which contain
helical structure in one chain and extended secondary structure in the
other chain for at least half of their length.

The analysis yielded only five proteins that have PDB structures
with two different secondary structures (Table S2): human A, prion
protein, and glucagon, amphibian uperin 3.5, and bacterial cold shock
protein CspA. Except for the latter, the resulting structures are all
from proteins that form amyloids, although this feature was not
specified in the search parameter. The structure of CspA was deter-
mined as a folded protein containing pB-sheets and as a cotransla-
tional helical folding intermediate (Figure 8), which explains the
differences in structure. For human Ap, prion protein, and glucagon,
the differences arise from comparing the a-helical form of the pro-
tein in its soluble monomeric or oligomeric state, with the cross-f
fibril form (examples are provided in Figure 8 and full list of PDBs is
given in Table S2). Uperin 3.5 is the only example in the PDB, as far
as the analysis could identify, where the same sequence shows both
helical and extended conformations in the fibril form. This demon-
strates the rarity of secondary structure switchers, at least among
proteins with known structures, which may have influenced AF2

training.
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FIGURE 8 Proteins of known PDB
structure observed in two different
secondary structures. The structures
show a-helical configuration in solution
and cross-p in the fibril form of AB1-42
(PDB 11YT,”* 2MXU”?) (A,B), human prion
protein (PDB 1FKC,”® 7QIG”%) (C,D), and
glucagon (PDB 1GCN,”® 6NZN7”%) (E,F).
The structures of CspA are shown as a
cotranslational helical folding intermediate
(PDB 2L15”7) (G) or as a folded protein
containing p-sheets (PDB 70T57%) (H))
(G,H). (B,D,F) The fibril forms are colored (C)
by chain.

(E)

(@)

2.9 | Model accuracy and statistics

While discussing the results, it is important to take into consideration
the estimated prediction accuracy. AF2 provides a per-residue accu-
racy measure called pIDDT, which represents confidence level on a
0-100 scale, 100 being perfect. AlphaFold assigned pIDDT values in
the range of 90 for the monomers, indicative of very high confidence.
Notwithstanding, however, values dropped considerably (range of
about 20-40) for multimers, indicating much lower confidence. AF2
also provides an estimate of the predicted deviation between each
residue of the model from the correct structure after superimposition
of one pair of corresponding residues. This estimate, called predicted
alignment error (PAE), is reported in A RMSD. Overall, very low PAE
values (near 0) were assigned for predicted superimposition within

each of the monomers (intra-monomer) both alone and within the

(A) PDB: 11T (B)

PDB: 1FKC

PDB: 2L15

Amyloid-B(1-42)

PDB: 2MXU

Prion protein

(D) PDB: 7QIG

Glucagon

(F) PDB: 6NZN

context of the multimers, indicating that the predicted structure of
the monomers would superimpose nearly perfectly on the real struc-
ture. However, PAE values between monomers (inter-monomer) were
rather high, indicating very low confidence in the relative orientations
of one monomer with respect to others. Overall, AF2 appears highly
confident in the individual monomeric structure but is much less cer-
tain about how they pack against each other. AF2 provides another
metric known as sequence coverage, which represents the number of
sequences per position during the multiple sequence alignment phase.
Notably, for IAPP, there are around 900 sequences in the alignment,
but more than half of these have less than 50% identity. For A, aur-
ein 3.3, and PSMag3, the coverage is approximately 80, 5, and 4 homol-
ogous sequences, respectively, with three-quarters of these
sequences having more than 80% identity. All other proteins tested

have a sequence coverage of only 2-3, with 100% identity.
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3 | DISCUSSION

Our research focused on functional amyloids with antimicrobial activ-
ity, including peptides secreted by a variety of organisms, ranging
from prokaryotes to eukaryotes, as well as two human amyloids
known to be involved in diseases that also display antimicrobial activ-
ity. Although many amyloids play important physiological roles in vari-
ous organisms and are expected to be subjected to evolutionary
selection pressure, they are fundamentally different from globular and
membrane proteins, which make up most of the available protein
structures.?> Amyloid-forming proteins and peptides are often
unstructured in solution and highly polymorphic when assembled,
with their morphology frequently affected by environmental factors
such as pH, salts, lipids, metal ions, nucleic acids, post-translational
modifications, other proteins, and other factors.”? An extreme case of
polymorphism is different secondary structure in highly similar
sequences. Our analysis of the PDB has shown that among all protein
structures, only one bacterial cold shock protein and four eukaryotic
amyloids exhibit complete secondary structure polymorphism, subject
to our definition. Such massive switch was observed either when
comparing soluble to fibrillar structures in the case of human Ap, prion
and glucagon, or two fibrillar forms in the case of uperin 3.5 (Table S2;
Figure 8). This presents an extremely small group, a water-drop in the
sea of all known structures used for the training of AF and similar
methods. Furthermore, the training of the AF2 model is primarily
based on low-order oligomers and may be less applicable to
higher-order oligomers and fibrils, in addition to the general lack of
confidence in oligomers relative to monomers.2° In this study, we
examined how these biases in training sets and the inherent polymor-
phism and self-assembly properties affect amyloid structure predic-
tion using advanced artificial intelligence (Al)-based methods,
particularly AF2 via the ColabFold algorithm.3* While discussing the
results, it is important to take into consideration the estimated predic-
tion accuracy described in Section 2.

A significant observation is that most of the predictions reported
here were based on a-helical structures, and did not encompass any
B-rich assemblies, even though our test cases included uperin 3.5, aur-
ein 3.3, AB, and IAPP, for which cross-p structures were observed
experimentally,**>881
fibrils. Specifically, the AF training set comprised 155 204 PDB entries
released prior to August 28, 2019.3° When we compared these struc-

and such assemblies are a hallmark of amyloid

tures with the AmyPro database, a repository of amyloid proteins
documented in scientific literature,2? we identified 77 B-rich amyloid
structures (including redundant sequences) (0.05% of the training set)
and one cross-a structure of PSMa3 (PDB id: 5155; 0.00064% of the
training set). It is difficult to ascertain the extent to which a single or a
few dozen structures could influence the AF2 algorithm and its accu-
racy. However, the growing presence of amyloid polymorphic struc-
tures in the PDB offers hope that future algorithms will be able to
identify these unique features. Another consideration regarding the
accuracy of prediction is the short length of the sequences tested
here. Among the 270 304 chains of structures in the PDB that were
released prior to August 28, 2019, 32 125 (11.9%) of those are

shorter than 42 amino acids, which is our longest tested peptide (Ap).
Although this proportion is not particularly high, it is certainly not neg-
ligible. Another important factor to consider in the analysis is the ratio
of helical structures to p-rich structures in the training set. A statistical
analysis of the PDB, using the structural classification of proteins
(SCOP), revealed that among the structures released before August
28, 2019, there were 18 881 proteins primarily composed of a-helices
and 29 123 proteins mainly composed of p-strands (Table S3). There-
fore, it is unlikely that the training set would have a disproportionate
representation of helices, both in general protein structures and spe-
cifically among amyloids. Alternatively, there could be other factors
contributing to the significant inclination toward a-helical models in
the predicted structures. One plausible explanation for the predicted
helical configuration of the multimer could be its influence by the pre-
dictions of the monomeric or soluble states, which for some of the
cross-p amyloids, are either unstructured or helical. Another potential
explanation could be the functional significance inherent in the pro-
tein structures, given that the membrane-active form is frequently
helical, as is the oligomeric form of several amyloids.

Both PSMa3 and uperin 3.5 were predicted by AF2 to exhibit
cross-a-like mated helical sheets (Figures 1-4), aligning with their
observed formation of cross-a fibrils in experimental structures. How-
ever, there is a nuance: PSMa3 predominantly adopts a helical

28384 \whereas uperin 3.5 tends to form cross-p fibrils

conformation,
unless external factors, such as lipids, induce its helicity.*> Addition-
ally, uperin 3.5 and PSMa3 exhibit contrasting helical orientations
along their sheets. Uperin 3.5 has an antiparallel orientation, while
PSMa3 is parallel. This distinction is further highlighted by their differ-
ing thermostabilities. Uperin 3.5 demonstrates greater stability, poten-
tially due to its more stable alternate cross-p conformation.*>®> Such
differences likely originate from their respective sequences, as indi-
cated by the divergent outcomes of our AF2 prediction. It is notewor-
thy that when multimeric predictions involved over 20 subunits, the
predicted PSMa3 models started to unfold into sparse helices
(Figures 3 and 4; Figures S2-S6). Conversely, uperin 3.5 only began to
display fibril-like mated helical sheets when modeled as a 25-mer or
larger (Figures 3 and 4). To comprehensively understand these varia-
tions in multimeric order, which impact the assembly and dispersion
of helices, further experimental cross-a structures are essential.

In the case of AMPs without known experimental structures, the
models did not predict a p-rich form, even though experimental data
showed that three out of the four tested AMPs had cross-p structures,
and dolabellanin-B2 even displayed a -rich propensity in solution
(Figures 7; Figures S21-541). However, interestingly, the most tightly
packed model of mated a-helical sheets that resembled the cross-a
configuration among all tested peptides and multimers was the
20-mer citropin 1.3 (Figure 7). This amphibian AMP was shown by
biophysical measurements to assumes a p-rich fibril configuration but
can be induced into an a-helical conformation in the presence of
membrane lipids in solution and in the fibril form,*® similar to
uperin 3.5.1%

In addition to the observed a-helical sheets that resemble the

cross-a configuration, we also frequently found predictions of
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a-helices clustered in a globular-like shape, particularly in the 10-mer
models of numerous peptides (Figure 5; Figure S5, S6, S9-511, S13,
$18, S20, S22, S24, 525, S27-S30, and S33-536). This phenomenon
might be attributed to a bias in the training set, which is predomi-
nantly composed of globular proteins. Other recurrent shapes
included spiraling helices and doughnut-like assemblies; however,
these were often loosely packed and unlikely to form stable
assemblies.

We observed an overall limitation in AF2's prediction of amyloid
multimers, with an unexpected preference for mated a-helical sheets.
Previous studies showed other types of proteins, whose AF models
differed from the experimental structures, included intrinsically disor-
dered regions (IDRs) and membrane proteins.248” Additionally, limita-
tions in structure prediction were reported for some proteins that
bind essential compounds for their structural integrity and function,
such as heme groups, zinc ions, and metal ions. Consequently, tools
like AlphaFill were developed to enrich AF models with ligands and
co-factors.®8 The polymorphism of amyloid fibrils might also mirror
the challenges in predicting the structural dynamics of proteins under-
going allosteric-induced large conformational changes. AF generates a
few models that can potentially sample structures at different loca-
tions on the energy landscape, but not necessarily capture all allosteric
conformations or provide a low reliability score.®¢ Another factor
leading to low confidence scores of AF2 models is the small number
of homologous sequences. To address this issue, a new deep-
learning-based algorithm, AlphaFold-Eva, was developed to evaluate
AF predictions for proteins with limited homologous sequences by
learning geometry information from complex structures.®’ A general
limitation of Al-methods trained on structural information alone may
be related to the “epigenetic dimension of protein structure,” a term
that encompasses all environmental parameters affecting structures
beyond the amino acid composition.”® Overall, there is still room for
improvement in multimeric predictions,”® yet future developments in
this field are promising, as suggested by a recent report demonstrating
that AlphaFold-Multimer successfully predicts homomeric and hetero-
meric interfaces.®®

In conclusion, the predictions made by AF2-ColabFold-Multimer
for amyloid peptides with antimicrobial properties did not align with
the more common cross-f amyloid configuration. Instead, they pre-
dominantly favored a-helical structures, including paired o-helix
sheets with a hydrophobic core, akin to the cross-a configuration.
Prior to initiating the structure prediction of amyloidogenic AMPs, we
anticipated limitations due to their self-assembling, highly polymor-
phic nature, short sequence length, and the absence of homologous
sequences. Surprisingly, the ability of AF2 to predict cross-a-like con-
figurations was a positive outcome, especially given that the training
set included 77 B-rich amyloids compared to a single cross-a structure,
and a higher number of all-p proteins compared to all-a proteins
(Table S3). Notably, the models did not predict the more common
cross-f amyloid configuration, which may suggest that this preference
for helices stems from the prediction of the monomeric/soluble state.

We hypothesize that the training of Al-based algorithms may enable

the identification of sequence-related information associated with
evolutionarily driven active states, potentially leading to a more accu-
rate simulation of the membrane-active a-helical form of many of

these toxic peptides.

4 | METHODS

4.1 | Structure prediction

To predict the 3-dimensional structures, we used the AlphaFold col-
laborative “jupyter notebook” hosted by google called ColabFold,*!
which allows the prediction of protein monomers, homo- and hetero-
oligomeric complexes.®! We tested 10 different peptides, six with
known atomic structure in fibril form deposited in the PDB and four
with no experimental structure, but for which the secondary structure
has been investigated using circular dichroism (CD), attenuated total
internal  reflection Fourier transform infrared spectroscopy
(ATR-FTIR), and x-ray fiber diffraction.’® We used the default parame-
ters of ColabFold, and varied the number of subunits, as described in
Table 1. To assess the accuracy of each prediction, we employed the
following AlphaFold statistics: (a) pLDDT, which estimates the confi-
dence of the prediction; (b) sequence coverage plot, indicating the
number of sequences per position during the multiple sequence align-
ment step; and (c) PAE, representing the expected positional error
when aligning the true and predicted structures for each residue.
These evaluation metrics are presented for each AlphaFold prediction

we conducted in Figures S1-548.

4.2 | Structure visualization and analysis

Visualization and analysis of the predicted and known structures were
performed using UCSF ChimeraX version 1.4.72 Interhelical and inter-
sheet distances were calculated by first determining the center of
mass of each subunit using the “measure center” command, and then
using the “distance” command between selected centers of mass. To
quantify the compactness of the packing, we compared the SASA bur-
ied within the fibril, calculated using the “measure buriedarea” com-
mand in ChimeraX. We selected a subunit located at the center of the
cross-a assembly and measured the area buried within the multimer
complex. The percentage of buried area was calculated from the total
surface area of the selected chain, rounded to one decimal place.
Values for all SASA and interhelical and inter-sheet distances are pre-
sented in Table S1.

4.3 | Search for structures resembling the cross-a
configuration of PSMa3

Different helical packings derived from the PSMa3 cross-a structure

(arrangement of 4-6 helices in the same or mated sheets) were
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searched for structural similarity using TopSearch,”® which allows
structure alignment against all PDB entries released before April
18,2018.7

44 | Searching the PDB for identical sequences
with different secondary structures

All entries in wwPDB were downloaded from the PDB archive in
mmCIF format. Entries were filtered for the following criteria: poly-
peptide (L) chain type, at least 70% of residues resolved in the atomic
structure, and at least half of the modeled residues assumed a helical
or extended secondary structure, as determined by the publisher of
the structure, or automatically assigned by DSSP.”* Each chain that
passed the filtering was classified, and 66 985 helical chains and 9409
extended chains were found. Each extended chain was matched to
the helical chains using Diamond”> BLASTP with minimum sequence
identity of 80% and minimum coverage of 80% for both chains. A
total of 74 matches were found, including 1 pair of CspA, 2 pairs of
uperin 3.5, 14 pairs of Ap, 14 pairs of glucagon, and 43 pairs of human
prion. The exact pipeline and code are available at https://github.
com/GabiAxel/pdb-similar-sequence-different-secondary-structure.

The results are given in Table S2.

AUTHOR CONTRIBUTIONS

Peleg Ragonis-Bachar: Conceptualization; investigation;
writing - original draft; methodology; visualization; formal analysis;
writing - review and editing; data curation. Gabriel Axel: Investiga-
tion; writing - review and editing; methodology; formal analysis. Sha-
Ben-Tal:

Conceptualization; writing - review and editing; supervision. Rachel

har Blau: Formal analysis; investigation.  Nir
Kolodny: Conceptualization; formal analysis; supervision. Meytal Lan-
dau: Conceptualization; funding acquisition; writing - original draft;

writing - review and editing; supervision; data curation.

ACKNOWLEDGMENTS

We acknowledge research support from the Israel Science Foundation
(Grants No. 2111/20 [Meytal Landau] and 1764/21 [Nir Ben-Tal]) and
the Cure Alzheimer's Fund (Meytal Landau). Nir Ben-Tal's research is
supported in part by the Abraham E. Kazan Chair in Structural Biology,
Tel Aviv University. We would like to acknowledge the use of Open-
Al's GPT-3 model and DeeplL Write to improve the quality of writing
in this study.

PEER REVIEW

The peer review history for this article is available at https://www.
webofscience.com/api/gateway/wos/peer-review/10.1002/prot.
26618.

DATA AVAILABILITY STATEMENT
The data that supports the findings of this study are available in the

supplementary material of this article.

ORCID
Meytal Landau

https://orcid.org/0000-0002-1743-3430

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Huan Y, Kong Q, Mou H, Yi H. Antimicrobial peptides: classification,
design, application and research Progress in multiple fields. Front
Microbiol  [Internet]. 2020;11:582779. doi:10.3389/fmicbh.2020.
582779

Tayeb-Fligelman E, Tabachnikov O, Moshe A, et al. The cytotoxic
Staphylococcus aureus PSMa3 reveals a cross-a amyloid-like fibril. Sci-
ence [Internet]. 2017;355(6327):831-833. doi:10.1126/science.
aaf4901

Tayeb-Fligelman E, Salinas N, Tabachnikov O, Landau M. Staphylococ-
cus aureus PSMa3 cross-a fibril polymorphism and determinants of
cytotoxicity. Structure [Internet]. 2020;28(3):301.e6-313.e6. doi:10.
1016/j.5tr.2019.12.006

Salinas N, Colletier JP, Moshe A, Landau M. Extreme amyloid poly-
morphism in Staphylococcus aureus virulent PSMa peptides. Nat Com-
mun [Internet]. 2018;9(1):3512. doi:10.1038/541467-018-05490-0
Zhao H, Sood R, Jutila A, et al. Interaction of the antimicrobial peptide
pheromone Plantaricin A with model membranes: implications for a
novel mechanism of action. Biochim Biophys Acta. 2006;1758(9):
1461-1474. doi:10.1016/j.bbamem.2006.03.037

Sayegh RSR, Batista IF, de Melo RL, et al. Longipin: an amyloid antimi-
crobial peptide from the Harvestman Acutisoma longipes (Arachnida:
Opiliones) with preferential affinity for anionic vesicles. PLoS One.
2016;11(12):e0167953. doi:10.1371/journal.pone.0167953

Wang M, Huang M, Zhang J, Ma Y, Li S, Wang J. A novel secretion
and online-cleavage strategy for production of cecropin A in Escheri-
chia coli. Sci Rep. 2017;7(1):7368. doi:10.1038/s41598-017-07411-5
Lyu Y, Fitriyanti M, Narsimhan G. Nucleation and growth of pores in
1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC)/cholesterol
bilayer by antimicrobial peptides melittin, its mutants and cecropin
P1. Colloids Surf B Biointerfaces. 2019;173:121-127. doi:10.1016/j.
colsurfb.2018.09.049

Singh PK, Ghosh D, Tewari D, et al. Cytotoxic helix-rich oligomer for-
mation by melittin and pancreatic polypeptide. PLoS One. 2015;10(3):
€0120346. doi:10.1371/journal.pone.0120346

Auvynet C, El Amri C, Lacombe C, et al. Structural requirements for anti-
microbial versus chemoattractant activities for dermaseptin S9. FEBS J.
2008;275(16):4134-4151. doi:10.1111/j.1742-4658.2008.06554.x

Juhl DW, Glattard E, Lointier M, Bampilis P, Bechinger B. The revers-
ible non-covalent aggregation into fibers of PGLa and magainin 2 pre-
serves their antimicrobial activity and synergism. Front Cell Infect
Microbiol. 2020;10:526459. doi:10.3389/fcimb.2020.526459

Wang G, Narayana JL, Mishra B, et al. Design of antimicrobial pep-
tides: progress made with human cathelicidin LL-37. Adv Exp Med Biol.
2019;1117:215-240. doi:10.1007/978-981-13-3588-4_12

Domanov YA, Kinnunen PKJ. Antimicrobial peptides temporins B and
L induce formation of tubular lipid protrusions from supported phos-
pholipid bilayers. Biophys J. 2006;91(12):4427-4439. doi:10.1529/
biophysj.106.091702

Buicker R, Seuring C, Cazey C, et al. The Cryo-EM structures of two
amphibian antimicrobial cross-p amyloid fibrils. Nat Commun. 2022;
13(1):4356. doi:10.1038/s41467-022-32039-z

Salinas N, Tayeb-Fligelman E, Sammito MD, et al. The amphibian anti-
microbial peptide uperin 3.5 is a cross-a/cross-p chameleon func-
tional amyloid. Proc Natl Acad Sci U S A. 2021;118(3):e2014442118.
doi:10.1073/pnas.2014442118

Zhao H, Jutila A, Nurminen T, W.ickstrom SA, Keski-Oja J,
Kinnunen PKJ. Binding of endostatin to phosphatidylserine-
containing membranes and formation of amyloid-like fibers. Biochem
Int. 2005;44(8):2857-2863. doi:10.1021/bi048510j

85UBD 17 SUOWILLIOD BAIFER1D 3|l jdde 8y} Aq pausenob a1e Sapie WO ‘88N JO s3I 10y Akeiq i 8UIUO A8|IM UO (SUORIPUOD-PUR-SWSYLOD A8 | 1M ARe1q)|BU1|UO//SANY) SUORIPUOD PUe SWie L 83 88S * [1202/TT/82] Uo ARiqiT auljuo A|IM ‘[pess| aueiyooD Ag 8T992°104d/200T 0T/10p/Wod: A3 ImAfeiq 1 puluo//sciy wouy papeojumod ‘2 *¥20Z ‘YET0L60T


https://github.com/GabiAxel/pdb-similar-sequence-different-secondary-structure
https://github.com/GabiAxel/pdb-similar-sequence-different-secondary-structure
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/prot.26618
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/prot.26618
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/prot.26618
https://orcid.org/0000-0002-1743-3430
https://orcid.org/0000-0002-1743-3430
info:doi/10.3389/fmicb.2020.582779
info:doi/10.3389/fmicb.2020.582779
info:doi/10.1126/science.aaf4901
info:doi/10.1126/science.aaf4901
info:doi/10.1016/j.str.2019.12.006
info:doi/10.1016/j.str.2019.12.006
info:doi/10.1038/s41467-018-05490-0
info:doi/10.1016/j.bbamem.2006.03.037
info:doi/10.1371/journal.pone.0167953
info:doi/10.1038/s41598-017-07411-5
info:doi/10.1016/j.colsurfb.2018.09.049
info:doi/10.1016/j.colsurfb.2018.09.049
info:doi/10.1371/journal.pone.0120346
info:doi/10.1111/j.1742-4658.2008.06554.x
info:doi/10.3389/fcimb.2020.526459
info:doi/10.1007/978-981-13-3588-4_12
info:doi/10.1529/biophysj.106.091702
info:doi/10.1529/biophysj.106.091702
info:doi/10.1038/s41467-022-32039-z
info:doi/10.1073/pnas.2014442118
info:doi/10.1021/bi048510j

RAGONIS-BACHAR ET AL.

PROTEINS WI LEY 279

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Engelberg Y, Landau M. The Human LL-37(17-29) antimicrobial pep-
tide reveals a functional supramolecular structure. Nat Commun.
2020;11:3894. doi:10.1038/s41467-020-17736-x

Ragonis-Bachar P, Rayan B, Barnea E, Engelberg Y, Upcher A,
Landau M. Natural antimicrobial peptides self-assemble as a/f cha-
meleon amyloids. Biomacromolecules. 2022;23(9):3713-3727. doi:10.
1021/acs.biomac.2c00582

Gour S, Kumar V, Singh A, et al. Mammalian antimicrobial peptide
protegrin-4 self assembles and forms amyloid-like aggregates: assess-
ment of its functional relevance. J Pept Sci. 2019;25(3):e3151. doi:10.
1002/psc.3151

Wang CK, King GJ, Conibear AC, et al. Mirror images of antimicrobial
peptides provide reflections on their functions and amyloidogenic
properties. J Am Chem Soc. 2016;138(17):5706-5713. doi:10.1021/
jacs.6b02575

Baltutis V, O'Leary PD, Martin LL. Self-assembly of linear, natural
antimicrobial peptides: an evolutionary perspective. Chempluschem.
2022;87(12):e202200240. doi:10.1002/cplu.202200240

Eisenberg DS, Sawaya MR. Structural studies of amyloid proteins at
the molecular level. Annu Rev Biochem. 2017;86:69-95. doi:10.1146/
annurev-biochem-061516-045104

Ragonis-Bachar P, Landau M. Functional and pathological amyloid
structures in the eyes of 2020 cryo-EM. Curr Opin Struct Biol. 2021;
68:184-193. doi:10.1016/j.5bi.2021.01.006

Chiti F, Dobson CM. Protein misfolding, functional amyloid, and
human disease. Annu Rev Biochem. 2006;75:333-366. doi:10.1146/
annurev.biochem.75.101304.123901

Pinheiro F, Santos J, Ventura S. AlphaFold and the amyloid landscape.
J Mol Biol. 2021;433(20):167059. doi:10.1016/j.jmb.2021.167059
Zielinski M, Réder C, Schroder GF. Challenges in sample preparation
and structure determination of amyloids by cryo-EM. J Biol Chem.
2021;297(2):100938. doi:10.1016/j.jbc.2021.100938

Serpell LC, Radford SE, Otzen DE. AlphaFold: a special issue and a
special time for protein science. J Mol Biol. 2021;433(20):167231.
doi:10.1016/j.jmb.2021.167231

Integrative structural biology in the era of accurate structure predic-
tion. J Mol Biol. 2021;433(20):167127. d0i:10.1016/j.jmb.2021.167127
Zhang O, Haghighatlari M, Li J, et al. Learning to evolve structural
ensembles of unfolded and disordered proteins using experimental
solution data. J Chem Phys. 2023;158(17):174113. doi:10.1063/5.
0141474

Jumper J, Evans R, Pritzel A, et al. Highly accurate protein structure
prediction with AlphaFold. Nature. 2021;596(7873):583-589. doi:10.
1038/s541586-021-03819-2

Mirdita M, Schiitze K, Moriwaki Y, Heo L, Ovchinnikov S,
Steinegger M. ColabFold: making protein folding accessible to all. Nat
Methods. 2022;19(6):679-682. doi:10.1038/s41592-022-01488-1
Kumar DKV, Choi SH, Washicosky KJ, et al. Amyloid-p peptide pro-
tects against microbial infection in mouse and worm models of Alz-
heimer's disease. Sci Transl Med. 2016;8(340):340ra72. doi:10.1126/
scitranslmed.aaf1059

Soscia SJ, Kirby JE, Washicosky KJ, et al. The Alzheimer's disease-
associated amyloid beta-protein is an antimicrobial peptide. PLoS One.
2010;5(3):€9505. doi:10.1371/journal.pone.0009505

Bourgade K, Garneau H, Giroux G, et al. f-Amyloid peptides display
protective activity against the human Alzheimer's disease-associated
herpes simplex virus-1. Biogerontology. 2015;16(1):85-98. doi:10.
1007/510522-014-9538-8

White MR, Kandel R, Tripathi S, et al. Alzheimer's associated
B-amyloid protein inhibits influenza a virus and modulates viral inter-
actions with phagocytes. PLoS One. 2014;9:e101364. doi:10.1371/
journal.pone.0101364

Wang L, Liu Q, Chen JC, et al. Antimicrobial activity of human islet
amyloid polypeptides: an insight into amyloid peptides' connection

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

with antimicrobial peptides. Biol Chem. 2012;393(7):641-646. doi:10.
1515/hsz-2012-0107

Kreutzberger MAB, Wang S, Beltran LC, et al. Phenol-soluble modu-
lins PSMa3 and PSMpB2 form nanotubes that are cross-o amyloids.
Proc Natl Acad Sci U S A. 2022;119(20):e2121586119. doi:10.1073/
pnas.2121586119

Zhang SQ, Huang H, Yang J, et al. Designed peptides that assemble
into cross-a amyloid-like structures. Nat Chem Biol. 2018;14(9):870-
875. doi:10.1038/s41589-018-0105-5

Calabrese AN, Liu Y, Wang T, et al. The amyloid fibril-forming proper-
ties of the amphibian antimicrobial peptide uperin 3.5. Chembiochem.
2016;17(3):239-246. doi:10.1002/cbic.201500518

Martin LL, Kubeil C, Piantavigna S, et al. Amyloid aggregation and
membrane activity of the antimicrobial peptide uperin 3.5. Pept Sci.
2018;110:24052. doi:10.1002/pep2.24052

John T, Dealey TJA, Gray NP, et al. The kinetics of amyloid Fibrillar
aggregation of uperin 3.5 is directed by the Peptide's secondary
structure. Biochem Int. 2019;58(35):3656-3668. doi:10.1021/acs.
biochem.9b00536

John T, Greene GW, Patil NA, et al. Adsorption of amyloidogenic pep-
tides to functionalized surfaces is biased by charge and hydrophilicity.
Langmuir. 2019;35(45):14522-14531. doi:10.1021/acs.langmuir.9b02063
Luo F, Gui X, Zhou H, et al. Atomic structures of FUS LC domain seg-
ments reveal bases for reversible amyloid fibril formation. Nat Struct
Mol Biol. 2018;25(4):341-346. doi:10.1038/s41594-018-0050-8
Murray DT, Kato M, Lin Y, et al. Structure of FUS protein fibrils and
its relevance to self-assembly and phase separation of low-complexity
domains. Cell. 2017;171(3):615.e16-627.e16. doi:10.1016/j.cell.2017.
08.048

Lu J, Cao Q, Hughes MP, et al. CryoEM structure of the low-
complexity domain of hnRNPA2 and its conversion to pathogenic
amyloid. Nat Commun. 2020;11(1):4090. doi:10.1038/s41467-020-
17905-y

Cao Q, Boyer DR, Sawaya MR, Ge P, Eisenberg DS. Cryo-EM struc-
tures of four polymorphic TDP-43 amyloid cores. Nat Struct Mol Biol.
2019;26(7):619-627. doi:10.1038/541594-019-0248-4

Lee M, Ghosh U, Thurber KR, Kato M, Tycko R. Molecular structure
and interactions within amyloid-like fibrils formed by a low-
complexity protein sequence from FUS. Nat Commun. 2020;11(1):
5735. doi:10.1038/541467-020-19512-3

Hughes MP, Sawaya MR, Boyer DR, et al. Atomic structures of low-
complexity protein segments reveal kinked f sheets that assemble
networks. Science. 2018;359(6376):698-701. doi:10.1126/science.
aan6398

Xhindoli D, Pacor S, Benincasa M, Scocchi M, Gennaro R, Tossi A.
The human cathelicidin LL-37—A pore-forming antibacterial peptide
and host-cell modulator. Biochim Biophys Acta. 2016;1858(3):546-
566. doi:10.1016/j.bbamem.2015.11.003

Sood R, Domanov Y, Pietidinen M, Kontinen VP, Kinnunen PKJ. Bind-
ing of LL-37 to model biomembranes: insight into target vs host cell
recognition. Biochim Biophys Acta. 2008;1778(4):983-996. doi:10.
1016/j.bbamem.2007.11.016

Shahmiri M, Enciso M, Adda CG, Smith BJ, Perugini MA, Mechler A.
Membrane core-specific antimicrobial action of cathelicidin LL-37
peptide switches between pore and nanofibre formation. Sci Rep.
2016;30(6):38184. doi:10.1038/srep38184

Rajasekaran G, Kim EY, Shin SY. LL-37-derived membrane-active FK-
13 analogs possessing cell selectivity, anti-biofilm activity and synergy
with chloramphenicol and anti-inflammatory activity. Biochim Biophys
Acta Biomembr. 2017;1859(5):722-733. doi:10.1016/j.bbamem.2017.
01.037

Wegener KL, Wabnitz PA, Carver JA, et al. Host defence peptides
from the skin glands of the Australian blue mountains tree-frog Litoria
citropa. Solution structure of the antibacterial peptide citropin 1.1.

85UBD 17 SUOWILLIOD BAIFER1D 3|l jdde 8y} Aq pausenob a1e Sapie WO ‘88N JO s3I 10y Akeiq i 8UIUO A8|IM UO (SUORIPUOD-PUR-SWSYLOD A8 | 1M ARe1q)|BU1|UO//SANY) SUORIPUOD PUe SWie L 83 88S * [1202/TT/82] Uo ARiqiT auljuo A|IM ‘[pess| aueiyooD Ag 8T992°104d/200T 0T/10p/Wod: A3 ImAfeiq 1 puluo//sciy wouy papeojumod ‘2 *¥20Z ‘YET0L60T


info:doi/10.1038/s41467-020-17736-x
info:doi/10.1021/acs.biomac.2c00582
info:doi/10.1021/acs.biomac.2c00582
info:doi/10.1002/psc.3151
info:doi/10.1002/psc.3151
info:doi/10.1021/jacs.6b02575
info:doi/10.1021/jacs.6b02575
info:doi/10.1002/cplu.202200240
info:doi/10.1146/annurev-biochem-061516-045104
info:doi/10.1146/annurev-biochem-061516-045104
info:doi/10.1016/j.sbi.2021.01.006
info:doi/10.1146/annurev.biochem.75.101304.123901
info:doi/10.1146/annurev.biochem.75.101304.123901
info:doi/10.1016/j.jmb.2021.167059
info:doi/10.1016/j.jbc.2021.100938
info:doi/10.1016/j.jmb.2021.167231
info:doi/10.1016/j.jmb.2021.167127
info:doi/10.1063/5.0141474
info:doi/10.1063/5.0141474
info:doi/10.1038/s41586-021-03819-2
info:doi/10.1038/s41586-021-03819-2
info:doi/10.1038/s41592-022-01488-1
info:doi/10.1126/scitranslmed.aaf1059
info:doi/10.1126/scitranslmed.aaf1059
info:doi/10.1371/journal.pone.0009505
info:doi/10.1007/s10522-014-9538-8
info:doi/10.1007/s10522-014-9538-8
info:doi/10.1371/journal.pone.0101364
info:doi/10.1371/journal.pone.0101364
info:doi/10.1515/hsz-2012-0107
info:doi/10.1515/hsz-2012-0107
info:doi/10.1073/pnas.2121586119
info:doi/10.1073/pnas.2121586119
info:doi/10.1038/s41589-018-0105-5
info:doi/10.1002/cbic.201500518
info:doi/10.1002/pep2.24052
info:doi/10.1021/acs.biochem.9b00536
info:doi/10.1021/acs.biochem.9b00536
info:doi/10.1021/acs.langmuir.9b02063
info:doi/10.1038/s41594-018-0050-8
info:doi/10.1016/j.cell.2017.08.048
info:doi/10.1016/j.cell.2017.08.048
info:doi/10.1038/s41467-020-17905-y
info:doi/10.1038/s41467-020-17905-y
info:doi/10.1038/s41594-019-0248-4
info:doi/10.1038/s41467-020-19512-3
info:doi/10.1126/science.aan6398
info:doi/10.1126/science.aan6398
info:doi/10.1016/j.bbamem.2015.11.003
info:doi/10.1016/j.bbamem.2007.11.016
info:doi/10.1016/j.bbamem.2007.11.016
info:doi/10.1038/srep38184
info:doi/10.1016/j.bbamem.2017.01.037
info:doi/10.1016/j.bbamem.2017.01.037

280 | WILEY PROTEINS

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

RAGONIS-BACHAR ET AL.

Eur J Biochem. 1999;265(2):627-637. doi:10.1046/j.1432-1327.1999.
00750.x

Mignogna G, Simmaco M, Kreil G, Barra D. Antibacterial and haemo-
lytic peptides containing D-alloisoleucine from the skin of Bombina
variegata. EMBO J. 1993;12(12):4829-4832. doi:10.1002/j.1460-
2075.1993.tb06172.x

Asoodeh A, Azam AG, Chamani J. ldentification and characterization
of novel antibacterial peptides from skin secretions of Euphlyctis cya-
nophlyctis. Int J Pept Res Ther. 2012;18:107-115. doi:10.1007/
s10989-011-9284-6

lijima R, Kisugi J, Yamazaki M. A novel antimicrobial peptide from the
sea hare Dolabella auricularia. Dev Comp Immunol. 2003;27(4):305-
311. doi:10.1016/s0145-305%(02)00105-2

Chen GF, Xu TH, Yan Y, et al. Amyloid beta: structure, biology and
structure-based therapeutic development. Acta Pharmacol Sin. 2017;
38(9):1205-1235. doi:10.1038/aps.2017.28

Réder C, Kupreichyk T, Gremer L, et al. Cryo-EM structure of islet
amyloid polypeptide fibrils reveals similarities with amyloid-p fibrils.
Nat Struct Mol Biol. 2020;27(7):660-667. doi:10.1038/541594-020-
0442-4

Williamson JA, Loria JP, Miranker AD. Helix stabilization precedes
aqueous and bilayer-catalyzed fiber formation in islet amyloid poly-
peptide. J Mol Biol. 2009;393(2):383-396. doi:10.1016/j.jmb.2009.
07.077

Zhang S, lwata K, Lachenmann MJ, et al. The Alzheimer's peptide a
beta adopts a collapsed coil structure in water. J Struct Biol. 2000;
130(2-3):130-141. doi:10.1006/jsbi.2000.4288

Kirkitadze MD, Condron MM, Teplow DB. Identification and charac-
terization of key kinetic intermediates in amyloid beta-protein fibrillo-
genesis. J Mol Biol. 2001;312(5):1103-1119. doi:10.1006/jmbi.2001.
4970

Nanga RPR, Brender JR, Vivekanandan S, Ramamoorthy A. Structure
and membrane orientation of IAPP in its natively amidated form at
physiological pH in a membrane environment. Biochim Biophys Acta.
2011;1808(10):2337-2342. doi:10.1016/j.bbamem.2011.06.012
Shao H, Jao S, Ma K, Zagorski MG. Solution structures of micelle-
bound amyloid beta-(1-40) and beta-(1-42) peptides of Alzheimer's
disease. J Mol Biol. 1999;285(2):755-773. doi:10.1006/jmbi.1998.
2348

Brunette TJ, Parmeggiani F, Huang PS, et al. Exploring the repeat pro-
tein universe through computational protein design. Nature. 2015;
528(7583):580-584. doi:10.1038/nature16162

Fallas JA, Ueda G, Sheffler W, et al. Computational design of self-
assembling cyclic protein homo-oligomers. Nat Chem. 2017;9(4):353-
360. doi:10.1038/nchem.2673

Xiang K, Nagaike T, Xiang S, et al. Crystal structure of the human
symplekin-Ssu72-CTD phosphopeptide complex. Nature. 2010;
467(7316):729-733. doi:10.1038/nature09391

Baradaran R, Berrisford JM, Minhas GS, Sazanov LA. Crystal structure
of the entire respiratory complex I. Nature. 2013;494(7438):443-448.
http://www.nature.com/articles/nature11871

Lucas M, Gershlick DC, Vidaurrazaga A, Rojas AL, Bonifacino JS,
Hierro A. Structural mechanism for cargo recognition by the Retromer
complex. Cell [Internet]. 2016;167(6):1623.e14-1635.e14. doi:10.
1016/j.cell.2016.10.056

Sun S, Gao S, Kondabagil K, Xiang Y, Rossmann MG, Rao VB. Struc-
ture and function of the small terminase component of the DNA
packaging machine in T4-like bacteriophages. Proc Natl Acad Sci U S
A. 2012;109(3):817-822. doi:10.1073/pnas.1110224109
Subramanian R, Ti SC, Tan L, Darst SA, Kapoor TM. Marking and mea-
suring single microtubules by PRC1 and kinesin-4. Cell. 2013;154(2):
377-390. doi:10.1016/j.cell.2013.06.021

Crescenzi O, Tomaselli S, Guerrini R, et al. Solution structure of the
Alzheimer  amyloid  beta-peptide (1-42) in an  apolar

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

microenvironment. Similarity with a virus fusion domain. Eur J Bio-
chem. 2002;269(22):5642-5648. doi:10.1046/j.1432-1033.2002.
03271.x

Xiao Y, Ma B, McElheny D, et al. Ap(1-42) fibril structure illuminates
self-recognition and replication of amyloid in Alzheimer's disease. Nat
Struct Mol Biol. 2015;22(6):499-505. doi:10.1038/nsmb.2991

Zhang Y, Swietnicki W, Zagorski MG, Surewicz WK, Sénnichsen FD.
Solution structure of the E200K variant of human prion protein.
Implications for the mechanism of pathogenesis in familial prion dis-
eases. J Biol Chem. 2000;275(43):33650-33654. doi:10.1074/jbc.
C000483200

Manka SW, Zhang W, Wenborn A, et al. 2.7 A cryo-EM structure of
ex vivo RML prion fibrils. Nat Commun. 2022;13(1):4004. doi:10.
1038/s41467-022-30457-7

Sasaki K, Dockerill S, Adamiak DA, Tickle 1J, Blundell T. X-ray analysis
of glucagon and its relationship to receptor binding. Nature. 1975;
257(5529):751-757. doi:10.1038/257751a0

Gelenter MD, Smith KJ, Liao SY, et al. The peptide hormone glucagon
forms amyloid fibrils with two coexisting p-strand conformations. Nat
Struct Mol Biol. 2019;26(7):592-598. doi:10.1038/s41594-019-
0238-6

Tang Y, Schneider WM, Shen Y, et al. Fully automated high-quality
NMR structure determination of small (2)H-enriched proteins. J Struct
Funct Genomics. 2010;11(4):223-232. doi:10.1007/s10969-010-
9095-6

Agirrezabala X, Samatova E, Macher M, et al. A switch from a-helical
to p-strand conformation during co-translational protein folding.
EMBO J. 2022;41(4):e109175. doi:10.15252/embj.2021109175
Sheng J, Olrichs NK, Gadella BM, Kaloyanova DV, Helms JB. Regula-
tion of functional protein aggregation by multiple factors: implications
for the amyloidogenic behavior of the CAP superfamily proteins. Int J
Mol Sci. 2020;21(18):6530 Accessed November 28, 2022. https://
www.mdpi.com/1422-0067/21/18/6530

Evans R, O'Neill M, Pritzel A, et al. Protein complex prediction with
AlphaFold-Multimer [Internet]. bioRxiv. Preprint posted online. 2022
Accessed August 27, 2023. https://www.biorxiv.org/content/10.
1101/2021.10.04.463034v2

Kollmer M, Close W, Funk L, et al. Cryo-EM structure and polymor-
phism of Ap amyloid fibrils purified from Alzheimer's brain tissue. Nat
Commun. 2019;10(1):4760. doi:10.1038/s41467-019-12683-8
Varadi M, De Baets G, Vranken WF, Tompa P, Pancsa R. AmyPro: a
database of proteins with validated amyloidogenic regions. Nucleic
Acids Res. 2018;46(D1):D387-D392. doi:10.1093/nar/gkx950
Cracchiolo OM, Edun DN, Betti VM, Goldberg JM, Serrano AL. Cross-
o/p polymorphism of PSMag3 fibrils. Proc Natl Acad Sci U S A. 2022;
119(5):e2114923119. doi:10.1073/pnas.2114923119

Zaman M, Andreasen M. Modulating kinetics of the amyloid-like aggre-
gation of S. aureus phenol-soluble Modulins by changes in pH. Microor-
ganisms. 2021;9(1):117. doi:10.3390/microorganisms?010117

Rayan B, Barnea E, Khokhlov A, Upcher A, Landau M. Differential
fibril morphologies and thermostability determine functional roles of
Staphylococcus aureus PSMal and PSMa3. Front Mol Biosci. 2023;
10:1184785. doi:10.3389/fmolb.2023.1184785

Nussinov R, Zhang M, Liu Y, Jang H. AlphaFold, artificial intelligence
(Al), and Allostery. J Phys Chem B. 2022;126(34):6372-6383. doi:10.
1021/acs.jpcb.2c04346

Del Alamo D, Sala D, Mchaourab HS, Meiler J. Sampling alternative
conformational states of transporters and receptors with AlphaFold2.
Elife [Internet]. 2022;11:e75751. doi:10.7554/eLife.75751

Hekkelman ML, de Vries |, Joosten RP, Perrakis A. AlphaFill: enriching
AlphaFold models with ligands and cofactors. Nat Methods. 2023;
20(2):205-213. doi:10.1038/541592-022-01685-y

Xiong H, Han L, Wang Y, Chai P. Evaluating the reliability of Alpha-
Fold 2 for unknown complex structures with deep learning [Internet].

85UBD 17 SUOWILLIOD BAIFER1D 3|l jdde 8y} Aq pausenob a1e Sapie WO ‘88N JO s3I 10y Akeiq i 8UIUO A8|IM UO (SUORIPUOD-PUR-SWSYLOD A8 | 1M ARe1q)|BU1|UO//SANY) SUORIPUOD PUe SWie L 83 88S * [1202/TT/82] Uo ARiqiT auljuo A|IM ‘[pess| aueiyooD Ag 8T992°104d/200T 0T/10p/Wod: A3 ImAfeiq 1 puluo//sciy wouy papeojumod ‘2 *¥20Z ‘YET0L60T


info:doi/10.1046/j.1432-1327.1999.00750.x
info:doi/10.1046/j.1432-1327.1999.00750.x
info:doi/10.1002/j.1460-2075.1993.tb06172.x
info:doi/10.1002/j.1460-2075.1993.tb06172.x
info:doi/10.1007/s10989-011-9284-6
info:doi/10.1007/s10989-011-9284-6
info:doi/10.1016/s0145-305x(02)00105-2
info:doi/10.1038/aps.2017.28
info:doi/10.1038/s41594-020-0442-4
info:doi/10.1038/s41594-020-0442-4
info:doi/10.1016/j.jmb.2009.07.077
info:doi/10.1016/j.jmb.2009.07.077
info:doi/10.1006/jsbi.2000.4288
info:doi/10.1006/jmbi.2001.4970
info:doi/10.1006/jmbi.2001.4970
info:doi/10.1016/j.bbamem.2011.06.012
info:doi/10.1006/jmbi.1998.2348
info:doi/10.1006/jmbi.1998.2348
info:doi/10.1038/nature16162
info:doi/10.1038/nchem.2673
info:doi/10.1038/nature09391
http://www.nature.com/articles/nature11871
info:doi/10.1016/j.cell.2016.10.056
info:doi/10.1016/j.cell.2016.10.056
info:doi/10.1073/pnas.1110224109
info:doi/10.1016/j.cell.2013.06.021
info:doi/10.1046/j.1432-1033.2002.03271.x
info:doi/10.1046/j.1432-1033.2002.03271.x
info:doi/10.1038/nsmb.2991
info:doi/10.1074/jbc.C000483200
info:doi/10.1074/jbc.C000483200
info:doi/10.1038/s41467-022-30457-7
info:doi/10.1038/s41467-022-30457-7
info:doi/10.1038/257751a0
info:doi/10.1038/s41594-019-0238-6
info:doi/10.1038/s41594-019-0238-6
info:doi/10.1007/s10969-010-9095-6
info:doi/10.1007/s10969-010-9095-6
info:doi/10.15252/embj.2021109175
https://www.mdpi.com/1422-0067/21/18/6530
https://www.mdpi.com/1422-0067/21/18/6530
https://www.biorxiv.org/content/10.1101/2021.10.04.463034v2
https://www.biorxiv.org/content/10.1101/2021.10.04.463034v2
info:doi/10.1038/s41467-019-12683-8
info:doi/10.1093/nar/gkx950
info:doi/10.1073/pnas.2114923119
info:doi/10.3390/microorganisms9010117
info:doi/10.3389/fmolb.2023.1184785
info:doi/10.1021/acs.jpcb.2c04346
info:doi/10.1021/acs.jpcb.2c04346
info:doi/10.7554/eLife.75751
info:doi/10.1038/s41592-022-01685-y

RAGONIS-BACHAR ET AL.

PROTEINS WI LEY 281

90.

91.

92.

93.

94.

bioRxiv. 2022 Accessed August 27 2023. https://www.biorxiv.org/
content/10.1101/2022.07.08.499384v1.abstract

Azzaz F, Yahi N, Chahinian H, Fantini J. The epigenetic dimension
of protein structure is an intrinsic weakness of the AlphaFold
program. Biomolecules. 2022;12(10):1527. doi:10.3390/biom1
2101527

Zhu W, Shenoy A, Kundrotas P, Elofsson A. Evaluation of AlphaFold-
multimer prediction on multi-chain protein complexes. Bioinformatics.
2023;39(7):btad424. doi:10.1093/bioinformatics/btad424

Pettersen EF, Goddard TD, Huang CC, et al. UCSF ChimeraX: struc-
ture visualization for researchers, educators, and developers. Protein
Sci. 2021;30(1):70-82. doi:10.1002/pro.3943

Structure-based characterization of multiprotein complexes. Struc-
ture. 2014;22(7):1063-1070. doi:10.1016/j.str.2014.05.005

Kabsch W, Sander C. Dictionary of protein secondary structure:
pattern recognition of hydrogen-bonded and geometrical fea-
tures. Biopolymers. 1983;22(12):2577-2637. doi:10.1002/bip.
360221211

95. Buchfink B, Reuter K, Drost HG. Sensitive protein alignments at tree-

of-life scale using DIAMOND. Nat Methods. 2021;18(4):366-368.
Accessed March 8, 2023. https://www.nature.com/articles/s41592-
021-01101-x

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

How to cite this article: Ragonis-Bachar P, Axel G, Blau S,
Ben-Tal N, Kolodny R, Landau M. What can AlphaFold do for
antimicrobial amyloids? Proteins. 2024;92(2):265-281. doi:10.
1002/prot.26618

85UBD 17 SUOWILLIOD BAIFER1D 3|l jdde 8y} Aq pausenob a1e Sapie WO ‘88N JO s3I 10y Akeiq i 8UIUO A8|IM UO (SUORIPUOD-PUR-SWSYLOD A8 | 1M ARe1q)|BU1|UO//SANY) SUORIPUOD PUe SWie L 83 88S * [1202/TT/82] Uo ARiqiT auljuo A|IM ‘[pess| aueiyooD Ag 8T992°104d/200T 0T/10p/Wod: A3 ImAfeiq 1 puluo//sciy wouy papeojumod ‘2 *¥20Z ‘YET0L60T


https://www.biorxiv.org/content/10.1101/2022.07.08.499384v1.abstract
https://www.biorxiv.org/content/10.1101/2022.07.08.499384v1.abstract
info:doi/10.3390/biom12101527
info:doi/10.3390/biom12101527
info:doi/10.1093/bioinformatics/btad424
info:doi/10.1002/pro.3943
info:doi/10.1016/j.str.2014.05.005
info:doi/10.1002/bip.360221211
info:doi/10.1002/bip.360221211
https://www.nature.com/articles/s41592-021-01101-x
https://www.nature.com/articles/s41592-021-01101-x
info:doi/10.1002/prot.26618
info:doi/10.1002/prot.26618

	What can AlphaFold do for antimicrobial amyloids?
	1  INTRODUCTION
	2  RESULTS
	2.1  AF2-ColabFold models partially recapitulate the mated α-helical sheets of the cross-α amyloid fibril of bacterial PSMα3
	2.2  AF2-ColabFold models of uperin 3.5 recapitulate some cross-α features, and fail to predict the cross-β configuration
	2.3  AF2-ColabFold failed to predict the kinked cross-β fibril of aurein 3.3 and instead showed arrangements of spiraling a...
	2.4  AF2-ColabFold failed to predict the non-amyloid α-helical fibril structure of human LL37(17-29)
	2.5  Amyloid-forming AMPs without experimental structures
	2.6  Models of human pathological amyloids with antimicrobial activity, Aβ and IAPP
	2.7  Cross-α architecture is rare among proteins with experimental structures
	2.8  Secondary structure switchers are rare among proteins with experimental structures
	2.9  Model accuracy and statistics

	3  DISCUSSION
	4  METHODS
	4.1  Structure prediction
	4.2  Structure visualization and analysis
	4.3  Search for structures resembling the cross-α configuration of PSMα3
	4.4  Searching the PDB for identical sequences with different secondary structures

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


