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Abstract

Stimuli-responsive smart materials have attracted great attention with numerous applications
in nanotechnology, sensing, and biomedicine. Suckerin family proteins found in squid ring
teeth represent such a class of peptide-based smart materials with their self-assemblies
featuring excellent thermo-plasticity and pH-dependence. Similar to block copolymers,
suckerin proteins are comprised of two repeating sequence motifs, where M1 motifs are
abundant of alanine and histidine residues and M2 rich in glycine. Experimental studies of
suckerin assemblies suggested that M1 regions mainly formed nano-confined -sheets within
an amorphous matrix made of M2 modules stabilizing these B-rich nano-assemblies. The
histidine-containing M1 modules are believed to govern the pH- and temperature-sensitive
properties of suckerin assemblies. To better understand the stimuli-responsive properties of
suckerin assemblies at the molecular level, we systematically studied the self-assembly
dynamics of ATH1 peptides — a representative M1 sequence — at different temperatures and
pH conditions with atomistic discrete molecular dynamics simulations. Our simulations with
twenty AIHI peptides demonstrated that below a transition temperature 7,,, they could
readily self-assemble from isolated monomers into well-defined B-sheet nanostructures by
both primary and secondary nucleation of B-sheets and subsequent aggregation growth via
elongation and coagulation. Interestingly, the dissociation of pre-formed AIH1 B-sheet
nanostructures featured a melting temperature 7, higher than 7,4, exhibiting the thermal
hysteresis characteristic to first-order phase transitions with high energy barriers. In acidic
environments where all histidine residues were protonated, the stability of ATHI1 B-sheet
nano-assemblies was reduced and the B-rich assemblies easily dissociated into unstructured
monomers at significantly lower temperatures than in the neutral solution. The
computationally-derived molecular mechanisms to the pH- and temperature-dependent A1H1
self-assembly will help understand the supramolecular assembly structures and functions of
the large suckerin family and aid in the future design of peptide-based stimuli-responsive
smart materials.



Nanoscale

Introduction

The stimuli-responsive smart materials based on the synthesis of block copolymers have
found numerous applications in drug delivery, diagnostics, tissue engineering, biosensors and
smart optical systems!-3. The self-assembly of block copolymer-like proteins (e.g., suckerin®,
spider silk®> and marine snail®) represent a novel class of peptide-based smart polymers with
stimuli-responsive properties. Indeed, the peptide-based self-assembly into supramolecular
nanostructures has attracted great attention due to its important role in biology associated
with many functional or disease-related amyloids and also a range of potential applications in
energy, food science, biomedicine, and bio-nanotechnology’. The self-assembly process is
spontaneous and driven by non-covalent interactions including van der Waals, electrostatic,
hydrogen-bonding, n—n stacking and hydrophobic packing!® !'. Numerous experimental
studies demonstrated that short peptides with specific sequences could self-assemble into
well-defined nano-architectures such as nanotubes, nanovesicles, and nano-tapes depending
on experimental conditions'>!6. The high biocompatibility with biological origin, control of
structures, low immunogenicity, and versatile functionality of self-assembled peptide
nanostructures empower their broad applications in biomedicine and bio-nanotechnology
(e.g., drug delivery, bioimaging, and biosensors)’.

Functional assembly of proteins and peptides widely exists in nature, including human
(e.g. blood fibrin'’, and actin fibrils!®), animal (squid sucker ring teeth!® and spider silk>),
bacteria (curli?® and Fap?! fibrils) and food (B-lactoglobulin®> 23> and lysozyme?#). Different
from disease-related amyloid peptides such as amyloid-B in Alzheimer’s disease®> 26 and
amylin in type-2 diabetes?®?® where their aberrant aggregation could induce numerous
degenerative diseases?% 2% 30, the functional amyloid peptides in the form of stable B-sheet
nanostructures are naturally abundant in organisms ranging from bacteria to human with
various functional roles!'®3!> 32, Among these functional amyloid peptides, the suckerin
proteins (discovered in the sucker ring teeth of squids, SRT) were widely studied
experimentally due to their robust mechanical properties, highly modular peptide building
blocks and potential applications in drug delivery?3-38. For example, Ding et al.3® found that
the suckerin-39 (now identified as suckerin-19'°) could aggregate into B-sheet rich soluble
oligomers at a concentration of ~1 mg/ml in water with a similar secondary structure to its
native structure, but not in acidic environment. At a higher concentration of ~6 mg/ml the
suckerin-39 protein formed soluble oligomers in both water and acidic environment with the
B-sheet structure content higher in neutral than in acidic solvents®¢. Since the B-sheet content
in the suckerin assembles could be regulated by changing solvent conditions (e.g. pH, urea
concentration, temperature), their potential applications in drug delivery and release were
also well studied®® 3% Especially, the pH-dependent B-sheet content in suckerin-based
nanostructures allowed the encapsulation of the drug molecules and then release at a low pH
environment, making them a promising nanomedicine candidate for controlled drug release’
38 In addition, suckerin assemblies also exhibit thermoplastic property, where they could be
melted and reshaped multiple times without the loss of their mechanical characteristics® 37 3%
40 and the P-sheet content was also found to be temperature-dependent®® 4. This
thermoplastic property of suckerin assembly allows their promising potential applications in
3D printing and tissue regeneration.
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Although properties and potential applications of protein assemblies formed by suckerin
family proteins were well demonstrated by numerous experimental studies® 33-3% 3740 the
atomic details of the self-assembly process and molecular insights to the thermo- and
pH-dependence of the assemblies are still exclusive due to their large sizes and intrinsic
heterogeneity of the assembly process. Molecular insights bridging these knowledge gaps
will be helpful for enabling future applications of suckerin assemblies and the design of
peptide-based stimuli-responsive smart materials. There are about 38 suckerin family proteins
with the sequence length ranging from 73 to 597'°. Almost all suckerin proteins exhibit the
block copolymer-like modular structures with repeating sequence motifs of
[Pro-M1-Pro-M2]'% 36, where M1 and M2 are distinct sequence motifs flanked by Proline
residues. The M1 module is typically 10-15 residues abundant of alanine (A) and histidine
(H) while including a few serine (S), threonine (T) and valine (V) residues* ! 36, The M2
module is glycine (G) rich and decorated by scattered tyrosine (Y) and leucine (L) residues
with the length varying from 20 to 40 residues'® 36. Wide angle X-ray scattering (WAXS) and
solution NMR studies showed that the M1 modules mainly adopted nano-confined B-sheets
within an amorphous matrix made of M2 modules!®- 37> 41. 42 Since histidine residues in M1
modules can be protonated at low pH, they are believed to contribute to the pH-dependence
of ATH1 assembly. As a result, the representative AIH1 (AATAVSHTTHHA) peptide of M1
modules that are highly abundant in suckerin family proteins has been well studied
experimentally®> 4> 43, The A1HI1 sequence is amphiphilic where the hydrophobic head Al
(AATAVS) region is postulated to drive A1HI self-aggregation into [B-sheets and the
hydrophilic tail HI (HTTHHA) region maintain the high solubility**> 4. Experimental studies
demonstrated that A1HI could assemble into B-sheet rich aggregates in water and chiral
nanostructures in the presence of polar solvent, acetonitrile’> 42, Owing to the short
sequence, pH-dependence and the ability to form B-sheet aggregates as in the full-length
suckerin proteins, A1H1 fragment represents an ideal model system to computationally
investigate the self-assembly process and the stimuli-responses of suckerin assemblies at the
molecular level.

Here, we applied all-atom discrete molecular dynamics (DMD), a rapid and predictive
molecular dynamics algorithm for studying protein folding and aggregation*-4, to
systematically study the self-assembly as well as dissociation dynamics of A1H1 peptides at
different temperatures in neutral and acidic environments. Our simulation results with twenty
A1H1 peptides demonstrated that A1HI1 could aggregate into cross-f fibril-like
nanostructures below an aggregation transition temperature 7,4, in the neutral solution. The
dissociation of pre-formed A1H1 B-sheet nanostructures featured a melting temperature 7,
that was significantly higher than 7,,, under the same solution condition — i.e., displaying a
thermal hysteresis characteristic to first-order phase transitions with high energy barriers. In
the acidic environment where all histidine residues were protonated, the stability of B-sheet
nanostructures was significantly reduced by electrostatic repulsions. The ordered
nano-assemblies at temperatures lower than 7,, were easily disrupted into isolated
monomers adopting coil conformations. By recapitulating the experimentally observed pH-
and temperature-responses of A1HI assemblies, our computational results not only offered
molecular insights for better understanding the supramolecular assembly structures and
functions of the large suckerin family, but also provided a predictive computational tool for
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the future design of smart stimuli-responsive materials using peptides.

Results and Discussion

A1H1 peptides self-assembled into B-rich nanostructures below a critical aggregation
temperature. To investigate the structures and dynamics of A1HI1 self-assembly, we
systematically simulated twenty AIHI1 peptides starting from isolated unstructured
monomers at different temperatures ranging from 0.50 to 0.60 in reduced DMD temperature
unit*’ under the neutral solution environment (Methods). At each temperature, twenty
independent simulations each of which started with different initial coordinates and velocities
and lasted 350 ns were performed. A cubic simulation box with the periodic boundary
condition and the dimension of ~13.1 nm was used and the corresponding peptide
concentration was ~14.8 mM. To avoid the potential bias originated from the initial
configurations, only the last 100 ns simulation data from each independent simulation was
used in the analysis of averaged structural properties.

A1HI displayed a temperature-dependent propensity to adopt B-sheet structures (Fig.
la). At low temperatures from 0.50 to 0.52, the B-sheet content of AIH1 aggregates was over
70.0%, in agreement with previous experimental values (~72.9%) determined by FTIR3> 42,
As the temperature increased above 0.56, no stable B-sheet structure was observed. The
mid-point temperature for ~35% [-sheet content was around 0.55. We also analyzed the
average number of backbone hydrogen bonds in B-sheet and non-B-sheet structures at
different temperatures (Fig. 1b). Consistent with the formation of ordered secondary
structures, the majority of backbone hydrogen bonds was formed in B-sheets, indicating that
B-sheet structures were the dominated secondary structures in A1HI self-assemblies.
Similarly, as the temperature increased up to 0.55, the number of hydrogen bonds was also
significantly decreased. The nearly 1:1 ratio of hydrogen bonds in anti-parallel or parallel
alignment of B-strands*® indicated that AIHI1 could form both anti-parallel and parallel
B-sheets (Fig. 1c).

We also computed the size distribution of aggregates during the last 100 ns simulations
(Fig. 1d). The aggregate size corresponded to the total number of peptides in a peptide cluster
which were connected by inter-molecular heavy atom contacts*® 48, At low temperatures of
0.50-0.52, ATHI displayed a strong self-association propensity with almost all peptides
assembled into a single aggregate — i.e., the oligomer size equal to the total number of
peptides in simulations. As the temperature increased from 0.54 to 0.55, the most populated
aggregate size decreased from 15-20 to 1-3. At temperatures higher than 0.56, the peptides
mostly stayed as isolated monomers. We further calculated the size probability distribution of
B-sheet oligomers, where two B-sheets belonged to the same B-sheet oligomer if they were
connected by at least one inter-molecular heavy atom pair*®4° (Fig. 1e). The B-sheet oligomer
size was referred as the total number of peptides adopting B-strand conformations in a B-sheet
oligomer. The most dominated -sheet oligomer size at low temperatures 0.50-0.52 was equal
to the total number of simulated peptides, demonstrating that all peptides self-assembled into
one single B-sheet oligomer. The calculation of the mass-weighted average B-sheet size (i.e.,
the number of strands in a multi-strand B-sheet)’?-3% suggested that A1H1 peptides mainly
adopted 10-strand B-sheets (Fig. 1f), although low probabilities of 6- and 20-strand B-sheets
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were also observed. Together with the size distribution of B-sheet oligomers (Fig. le), our
results indicated that twenty A1HI1 peptides could self-assemble into one-, two- and
three-layered PB-sheet oligomers at low temperatures (Fig. 1h-j), but with the two-layered
B-sheet aggregates as the dominant species as estimated by dividing the average p-sheet
oligomer size of ~20 with the mass-weighted averaged B-sheet size of ~10°.

To characterize interactions stabilizing the B-rich assembly structures, we computed the
residue-wise inter-peptide contact frequency maps between either the backbone or the
sidechain atoms of different residues in A1H1 aggregates obtained at low temperatures of
0.50-0.52 (Fig. 1g). The backbone contact frequency map to the left were consent with the
formation of both parallel and anti-parallel in-registered B-sheets (Fig. 1c, 1h-j). In the
sidechain-sidechain contact frequency map (the right panel of Fig. 1g), the high contact
probabilities along the diagonal (e.g., the high inter-peptide contact frequencies of
valine5-valine5, and histidine7-histindine7) indicated that the sidechains of hydrophobic N-
or hydrophilic C-termini tended to interact among themselves respectively, driven by
hydrophobic interactions and ©-r stacking between the neutrally-charged histidines. Overall,
our simulation results showed that AIHI peptides had strong propensities to self-assemble
into B-sheet nanostructures below a critical temperature 7,4, ~ 0.55, above which the peptides
stayed as isolated monomers in coil conformations. We note that 7,,, = 0.55 kcal/(mol-kg) in
our DMD simulations corresponds to ~275 K (Methods). Such a low aggregation temperature
is consistent with experimental studies®>, where the formation of B-sheet rich aggregates by
~4 mM AlH1 in water was only observed after one-week incubation at the room
temperature. Only in the presence of acetonitrile, the peptides started to form fibrils readily.
Since the free energy barrier for aggregation was predominantly the entropy loss upon
forming the aggregation nucleus, lower temperatures with smaller free energy barriers were
required to observe aggregation during the course of DMD simulations.

The self-assembly dynamics of A1H1 peptides and the aggregation free energy
landscape. Ensemble conformational analysis suggested that A1H1 could self-assemble into
predominantly two-layered [-sheets, although single- and three-layered [-sheet
nanostructures were also observed. We further examined individual trajectories for the
self-assembling dynamics of forming ordered single-, two- and three-layered P-sheet
aggregates (Fig. 2a-c, respectively) by monitoring the time evolution of the sizes of the
largest oligomer, the largest B-sheet oligomer, the largest B-sheet, and the mass-weighted
average P-sheet size*® 4830, ATH]1 first assembled into mostly unstructured small oligomers
that were dynamic in sizes (e.g., ~5 ns in Fig. 2a, ~5 ns in Fig. 2b, and ~4 ns in Fig. 2c),
within which single- (e.g., ~16 ns in Fig. 2a, ~18 ns in Fig. 2b, and ~25 ns in Fig. 2¢) or
two-layered (e.g, ~25 ns in Fig. 2c) B-sheets started to nucleate, known as the primary
nucleation process®3-3°. These B-sheet aggregates could grow as other unstructured peptides
docked onto the elongation ends of the pre-formed B-sheet oligomers and subsequently
converted into B-strands (e.g., ~50 ns in Fig. 2a, ~18 ns in Fig. 2b, and ~30 ns in Fig. 2c).
Such an elongation process of pre-formed B-sheet aggregates is known as the dock-lock
mechanism for fibril growth based on extensive molecular dynamics simulations of amyloid
peptides®. The side-chain surfaces of these initially formed B-sheets could also allow the
binding of other unstructured monomers and small oligomers which could subsequently
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undergo conformational conversions into B-sheets (e.g., ~85, 200 ns in Fig. 2a) — also known
as the secondary nucleation process®® >7. These newly nucleated small B-sheets could diffuse
with respect to each other along their surfaces and merge into a larger single B-sheet
nanostructure (Fig. 2a). Independently nucleated B-sheets could also coagulate with each
other (e.g., ~80 ns in Fig. 2b, and ~125 ns in Fig. 2¢) and re-arrange themselves (e.g, ~139 to
200 ns in Fig. 2b) into either two- (~139, 200, and 295 ns in Fig. 2b) or three-layered (~190ns
in Fig. 2c) large B-sheet aggregates. Overall, the self-assembly dynamics of AI1H1 into
well-ordered B-sheet nanostructures is a complex multistep process, which involves the
primary and secondary nucleation of B-sheet aggregates and the aggregation growth via
elongation and coagulation. The oligomerization and fibrillization dynamics of A1H1 at the
molecular and atomic levels might offer molecular insights to the amyloidogenesis in general.

To further characterizer the A1HI1 self-assembly process, we computed the potential of
mean force (PMF, i.e., the effective aggregation free energy landscape) as a function of the
oligomer size (nyjg0mer) and the average number of residues adopting B-sheet conformations
per peptide (Mp.greer) (Fig. 2d&e). All the 350 ns DMD trajectories from independent
simulations at temperatures around ~0.51 were included in the analysis to capture the early
assembly process. There were two well-defined energy basins around (1, 0) and (20, 8),
corresponding to the isolated monomers and the ordered B-sheet-rich nano-assemblies,
respectively. A saddle point located around (nyjigomer = 4, Np_sheer =2) suggested that the critical
nucleation size*® 48 30. 62 for A1H1 aggregation was approximately 4. When the oligomers
size was less than 4, the lowest energy basin had g, ~ 0 indicating that these small
oligomers predominantly adopted non B-sheet structures. As the oligomer size was larger
than 4, the lowest free energy state had ng g, ~6-9 out of 12 total residues per chain,
consistent with the formation of B-sheet rich fibril-like structures. The deep minimum around
basin (20,8) indicated a high propensity of A1H1 to form multi-layered (-sheet as observed
in prior experiments3> 42,

The structure stability of A1H1 assemblies displayed thermo- and pH-dependence. The
assemblies of suckerin family proteins are temperature- and pH-dependent, enabling novel
applications in 3D printing, biomedicine, and bio-nanotechnology® 37-3% 40 For instance, the
thermos-plasticity allowed suckerin assemblies to be melted and reshaped multiple times
without the loss of mechanical properties® 37> 3% 40, 63 The pH-dependent self-assembly
formation could be used to encapsulate hydrophobic drugs for controlled release under the
acidic environment. The histidine-containing M1 motifs with the ability to form B-rich
aggregates are believed to play a key role in the pH- and temperature-responsive properties of
suckerin assemblies®® 38, Therefore, we systematically tested the structural stability of A1H1
assemblies at 16 different temperatures ranging from 0.50 to 0.65 in neutral and acidic (all
histidine residues protonated) solution environments. In addition to the most probable
double-layer B-sheet nanostructures selected from DMD simulations at T~0.50-0.52, we also
reconstructed two ideal fibril structures assuming parallel or anti-parallel alignment of
B-strands (Fig. 3a). The reconstructed fibril structures were optimized with 50 ns DMD
simulations at a low temperature T=0.50 (Fig. S1b&c), after which B-sheets of both structures
adopted a left-handed twist consistent with many experimental observation of left-handed
amyloid fibrils?6: 64-66 67 Egpecially, the ideal parallel fibril (type B) after 50 ns simulations

6
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featured the inter B-sheet distance of ~5.7 A near the alanine-rich terminal and ~7.7 A near
the histidine-rich terminal, consistent with the computational results in Ref.3> where similar
fibrils were constructed according to X-ray scattering experiments. Since acetonitrile was
added to promote the aggregation of A1H1 in water experimentally3> 42, it was possible that
the polar aprotic co-solvent was driving the formation of the densely packed parallel fibrils.
Without acetonitrile co-solvents in our simulations, the self-assembled aggregates featured
both parallel and anti-parallel B-sheets with defects and imperfect alignments (Fig. 1g) and
thus higher potential energies than ideal parallel fibrils (Fig. S1). For each type of nano-fibrils
at a given temperature, ten independent unbiased 250-ns DMD simulations with randomized
initial velocities were performed to ensure sufficient sampling.

Using the last 50 ns of all independent simulations, the average secondary structure
contents was calculated as the function of temperature for each type of fibrils (Fig. 3b&ec).
The B-sheet content in all the three types of fibrils featured a sigmoidal-like melting cure. The
B-sheet melting temperature of self-assembled fibrils was around 7, ~ 0.57, which was higher
than the corresponding aggregation transition temperature 7T,, ~ 0.55. The melting
temperatures of parallel (7, ~ 0.59) and anti-parallel (7, ~ 0.58) fibrils were slightly higher
than that of the self-assembled ones because of lower potential energies with more ordered
initial conformations. Under the acidic environment, the stability of pre-formed fibrils was
reduced (Fig. 3¢) with melting temperatures significantly lower than the corresponding values
in the neutral solution environment (Fig. 3b). In the case of self-assembled fibrils, the B-sheet
content at low pH started to decrease even at low temperatures ~0.50-0.52. The observed
destabilization of fibrils was determined by the electrostatic repulsion between the protonated
histidine residues at low pH.

Similar to the self-assembly simulations (Fig. 1d-f), structural analysis of various
species during the last 50 ns of dissociation simulations was performed at each temperature
for different types of fibrils in neutral and acidic environments (Fig. 4a,b). The size
distribution changes of oligomers, [-sheet oligomers, and [-sheets with increasing
temperatures coincided with the changes of B-sheet contents upon melting (Fig. 3), indicating
that the loss of P-sheets in AIH1 assemblies was accompanied by their dissociation into
monomers. For instance, self-assembled fibrils in the neural environment stayed intact with
increasing temperatures until T ~ 0.55-0.56 (Fig. 4a,c and a typical trajectory at T=0.60 in
Fig. S2a). As the temperature increasing up to 0.58, the fibrils started to dissociate into
smaller oligomers with shorter B-sheets (Fig. 4a,c and T=0.58 in Fig. S2a). No stable
oligomers and -sheets were observed at temperatures higher than 0.60 (Fig. 4a,c and T=0.60
in Fig. S2a). However, under the acidic condition, even at the lowest temperature of 0.50 the
self-assembled fibril dissociated into smaller B-sheet oligomers with sizes much less than the
initial size of 20 (Fig. 4b,d and T=0.50 in Fig. S2b). As the temperature increased to 0.53, the
B-sheet structures began to break into unstructured monomers (Fig 4d). At T=0.55,
unstructured monomers became the most populated species. The ideal fibrils displayed a
similar thermo- and pH-dependent dissociation as the self-assembled fibrils, but with higher
melting temperatures (Fig. S3~S6).

Thermal hysteresis and pH-dependence of A1H1 assemblies. Our analyses of the
association and dissociation dynamics of A1HI self-assembly at difference temperatures
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demonstrated a thermal hysteresis of the aggregates - i.e., the melting temperature of
pre-formed ATH1 B-sheet assemblies was higher than the aggregation transition temperature
from isolated monomers (Fig. 5a). The phenomenon is characteristic to first-order phase
transitions with high energy barriers. As depicted in Fig. 5b, the isolated unstructured
monomers corresponded to the high entropy and high energy state, while the highly ordered
B-sheet aggregates with well-defined structures represented the low entropy and low energy
state (e.g., the two deep basins in the aggregation free energy landscape of Fig. 2d,e). Due to
the competition between enthalpy and entropy, the system underwent the phase transition at
the aggregation transition temperature from the disordered monomeric state to the ordered
fibril-like state. Each peptide in the B-sheet aggregates was stabilized by a network of
backbone hydrogen bonds and side-chain packing, constituting a high energy barrier for the
dissociation of pre-formed aggregates, AG?. At the aggregation transition temperature, the
timescale required crossing the high enthalpy barrier, T ~ exp(AG*/kgT), was likely longer
than the simulation timescale and thus the dissociation of the fibril was not observed during
the course all of our independent simulations. Only at higher temperatures with reduced
dissociation times to cross the energy barrier, the dissociation was observed. Under the acidic
environment, electrostatic repulsion between the protonated histidines reduced the energy
barrier, resulting into a lower melting temperature. The thermal hysteresis of AIH1 B-rich
assemblies allowed a wide temperature range for the ordered aggregation structures to
maintain their mechanical properties, while the reduced structural stability in the acidic
environment enabled the application of pH-dependent release of encapsulated drugs.

Conclusion

We systematically studied the self-assembly and dissociation dynamics of A1H1 peptides at
different temperatures in both the neutral and acidic solution environments by performing
all-atom DMD simulations. Our simulation results showed that twenty A1HI1 peptides could
readily aggregate into B-sheet rich nanostructures below a critical aggregation transition
temperature 7,,, under the neutral solution environment. The self-assembly dynamics of
A1HI1 from isolated unstructured monomers to well-defined B-sheet nanostructures was a
complex multistep process, which involved both primary and secondary nucleation of
B-sheets and the aggregation growth of [-sheets via elongation and coagulation. The
aggregation free energy landscape analysis suggested that the critical nucleus size of A1HI
aggregation was around 4. The melting temperature 7,, of pre-formed A1HI1 B-sheet
nanostructures was significantly higher than 7,,, under the same solution condition. The
observed thermal hysteresis of AIH1 assemblies was characteristic to first-order phase
transitions with high energy barriers. In the acidic environment where all histidine residues
were protonated, the stability of B-sheet nanostructures was significantly reduced and the
highly ordered A1HI1 B-sheet aggregates were easily disrupted at temperatures lower than
T4 into isolated monomers adopting coil conformations. Overall, our DMD simulations
provided molecular insights to the thermo- and pH-dependence of A1H1 assemblies®> and
uncovered their self-assembly process at the atomic and molecular level.

With sequences comprised of repeating units of M1 and M2 motifs, suckerin family
proteins resemble block copolymers and their self-assemblies also featured the thermo- and
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pH-responsive properties as those stimuli-responsive smart materials by the synthesis of
block copolymers!-. Owing to the advantages of high designability in the sequence space,
monodispersed synthesis, excellent biocompatibility and low immunogenicity, the
peptide-based stimuli-responsive smart materials are expected to have broad applications in
biomedicine, such as tissue regeneration, drug delivery and release, and 3D printed medical
devices. Given the vast sequence space of peptides, an accurate modeling of the
corresponding assembly structures and dynamics will be very useful in the design of
peptide-based stimuli-responsive smart materials tailored for specific applications. By
recapitulating the experimentally observed pH- and temperature-responses of A1H1 peptide
assemblies, our computational results not only offered molecular insights for better
understanding the supramolecular assembly structures and functions of the large suckerin
family, but also provided a predictive computational tool for the future design of smart
stimuli-responsive materials using peptides.

Materials and Methods

Molecular systems. The sequence of AlHI1 peptide used in our simulation is
AATAVSHTTHHA, commonly found in suckerin family proteins®> 4% 43, Since the A1H1
fragments are flanked by prolines and glycine-rich M2 modules without charged residues in
full-length sukerin proteins, both N- and C-termini were treated neutral both in neutral and
acidic environments. With increasing computational costs required for larger molecular
systems to reach equilibrium, we chose a system size of 20 A1H1 peptides based on previous
computational aggregation studies of other short amyloid peptides suggesting that 20 peptides
could readily form stable cross-p aggregates* 4% 30 The periodic boundary condition was
used to mitigate the finite-size effect, known to determine the temperature ranges for
co-existing phases but not the transition temperatures in first-order phase transitions, such as
amyloid aggregation. We studied the aggregation of A1H1 at temperatures ranging from 0.50
to 0.60 in the reduced DMD temperature unit, kcal/(mol-kg) ~500 K, where kg is the
Boltzmann constant. For each temperature, we performed 20 independent 350-ns DMD
simulations starting from different initial coordinates and velocities. The initial
configurations were constructed with fully-stretched A1H1 peptides randomly oriented and
positioned in a cubic simulation box with a dimension of ~13.1 nm, chosen to be large
enough to fit 20 peptides with the minimum inter-molecular distance of 1.5 nm but also small
enough to have relatively high peptide centration for efficient observation of self-association
and fibrillization in silico®. The corresponding peptide concentration was ~14.78 mM. At
each temperature, an accumulative 7.0 us simulations were performed. Replica exchange
DMD simulations®® were also performed for the same molecular system. However, with large
energy gaps between the aggregated and non-aggregated states of the 20-peptide system,
replicas were always divided into low and high temperature groups between which no
successful exchanges were observed (data not shown). Interestingly, the temperature range
without successful exchanges was consistent with the aggregation transition temperature
observed from constant temperature simulations. However, with the lack of exchanges
between all neighboring replicas required for accurate thermodynamics analyses, we chose
the constant temperature simulations for our current study.
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Three types of AIH1 B-sheet nanostructure (type A, B and C in Fig. 3a) were used in the
dissociation simulations under the neutral or acidic environments. In the acidic condition, all
the histidine was protonated with a net charge of +1e assuming the pH was lower than the
isoelectric pH of ~6.0. The type A fibril (shown in Fig. 3a and S1a) with both parallel and
anti-parallel alignments of [B-strands were obtained self-assembly simulations at low
temperatures 0.50-0.52. Ideal parallel (type B fibril, shown in Fig. 3a and Slb) and
anti-parallel (type C fibril, shown in Fig. 3a and Slc) fibrils were built using our in-house
code and optimized with 50-ns DMD simulations at a low temperature of 0.50 (Fig. S1b&ec).
The dissociation simulations of A1H1 assemblies were performed at temperatures ranging
from 0.50 to 0.65 in both neutral and acidic environment conditions. For each type of fibrils,
ten independent 250-ns DMD simulations were performed with the accumulative simulations
time of ~2.5 us at each of the temperatures and solution conditions. The size of the simulation
box was the same as the self-assembly simulation used.

Discrete molecular dynamics Simulations. All simulations were performed in the canonical
NVT ensemble using the all-atom discrete molecular dynamics (DMD)%- 70 simulations.
DMD is a unique type of molecular dynamics algorithm*4, where the continuous potential
functions in the traditional MD simulations were modeled by discrete step functions. With
significantly enhanced sampling efficiency, DMD simulations were widely used by various
groups in studying protein folding’!, amyloid aggregation®: 7> 73, and nanoparticle-protein
interactions®!> ¢ 74 The force field used in our DMD simulation was adopted from the
traditional MD simulations that have been discussed in our previous studies*® !, Both bonded
interactions (covalent bonds, bond angles, and dihedrals) and non-bonded interactions (van
der Waals, solvation, hydrogen bond, and electrostatic terms) were included. The units of
mass, time, length, and energy in this simulation were 1 g/mol, 50 fs, 1 A, and 1 kcal/mol,
respectively. The temperature was maintained by the Anderson thermostat. We assigned a
mean thermal collision time of 0.5 ps for each atom, chosen to be significantly longer than
typical autocorrelation times of atoms in macromolecules and thus minimally perturb the
dynamic proprieties’.

Analysis methods. The secondary structures were determined using the dictionary secondary
structure of protein (DSSP) method”. A hydrogen bond was defined if the distance between
backbone N and O atoms was <3.5 A and the angle of N—=H---O >120°%°. Two peptides were
considered to form a B-sheet, if at least two consecutive residues in each chain adopted the
B-strand conformation and the two peptides had at least two backbone hydrogen bonds*®- 48,52,
The anti-parallel/parallel B-strand ratio was determined by comparing the number of
hydrogen bonds between any two adjacent [B-strands forming anti-parallel or parallel
B-sheets*®. The size of a B-sheet was denoted as the number of strands in a B-sheet layer. As
in our previous studies*® 30, the average B-sheet size was weighted according to the size of
each B-sheet.

A cutoff distance of 0.55 nm was used to define an atomic contact between heavy atoms
(backbone or sidechain) of two non-consecutive residues along the sequence. If two peptides
connected by at least one inter-molecule heavy atom contact, they belonged to the same
oligomer. The number of peptides in an oligomer was referred as the oligomer size. A B-sheet
oligomer was defined as multiple B-sheets inter-connected by at least one heavy atom contact,
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and the total number of peptides in B-sheet conformation within the complex corresponded to
the B-sheet oligomer size.

The potential of mean force (PMF, or the effective free energy) was computed according
to —kgTInP(noiigomer size» Np-sheet resiaue)» Where T was the simulation temperature and P(7igomer
sizes Mp-sheet residue) Was the probability of finding an oligomer with the oligomer size ngjigomer size
and the average number of residues adopting -sheet conformation per chain, ng_gheet residue-
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Figure Captions

Figure 1. Conformational analysis of self-assembled A1H1 aggregates. a) The average
secondary structure contents for unstructured (including random coil and bend) conformation,
B-sheets, turns and helixes at different temperatures. b) The average number of hydrogen
bonds in B-sheet (colored in purple) and non-B-sheet (colored in black) structures. ¢) The
percentages of hydrogen bonds in non-B-sheet conformation (colored in black), anti-parallel
(cyan) and parallel (purple) alignment of neighboring B-strands. The size distribution of
oligomers (d) and B-sheet oligomers (e), the mass-weighted average B-sheet size (f) at
different temperatures. (g) The residue-wise contact frequency maps based on backbone and
sidechain atoms at low temperatures 0.50-0.52, where the B-rich aggregates were observed in
simulations. Representative self-assemblies comprised of (h) one-, (i) two- and (j)
three-layered B-sheets are also shown. For each temperature, the last 100 ns trajectories from
20 independent 350-ns DMD simulations were used for the analyses.

Figure 2. The self-assembly dynamics of twenty A1H1 peptides. Representative
self-assembly trajectories from isolated monomers into final a) 1-layered, b) 2-layered and c)
3-layered B-sheet aggregates are selected to demonstrate the aggregation process. Sizes of the
largest oligomer (blue), the largest B-sheet (red), and the largest B-sheet oligomer (purple) as
well as the mass-weighted average B-sheet size (black) are plotted as a function of the
simulation time. The self-assembly structures at times as indicated by blue arrows are also
shown in the inset, where peptides are shown in the cartoon representation. The potential of
mean force (PMF) as a function of the oligomer size (nyligomer) and the average number of
residues adopting B-sheet conformations per chain (nNggheet residues) are presented as d)
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three-dimensional surface and e) two-dimensional contour plots. Representative snapshot
oligomer structures are shown along the aggregation pathways from isolated monomers to the
final B-sheet rich aggregates.

Figure 3. Secondary structure changes of pre-formed A1H1 B-sheet nano-fibrils at
different temperatures in neutral and acidic environments. a) Three different types of
A1HI1 fibrils were used in dissociation simulations. Type-A fibril was obtained from
assembly simulations at low temperature, where both parallel and anti-parallel B-sheets were
observed. Ideal parallel (type B) and anti-parallel (type C) fibrils were also reconstructed and
optimized with 50 ns low temperature simulations at T=0.50. For each type of nano-fibrils,
the averaged secondary structure content changes in terms of the unstructured conformation,
B-sheet, turn and helix are shown as the function of increasing temperatures in the b) neutral
and c) acidic environments. For each temperature, 10 independent 250-ns simulations were
performed and the last 50 ns trajectories were used in the analyses.

Figure 4. The dissociation dynamics of self-assembled nano-fibrils at different
temperatures in neural and acidic environments. In a) neutral and b) acidic environments,
the probability distributions of oligomer sizes, B-sheet oligomer sizes, and mass-weighted
averaged P-sheet sizes are plotted at different temperatures for the dissociation simulations of
the self-assembled nano-fibrils (type A in Fig. 3). The last 50 ns trajectories of the 10
independent 250-ns simulations were used. Representative dissociated structures of fibril A at
low, near transition and high temperatures are selected from simulations in the c) neutral and
d) acidic conditions.

Figure S. The temperature- and pH-dependence of the A1H1 assemblies. a) The average
B-sheet content as the function of temperature for the association simulations (black), the
dissociation of self-assembled fibrils (type A) in neutral (red) and acid (blue) environments.
b) The schematic diagram illustrates the thermal hysteresis of A1H1 self-assemblies, and also
the enhanced dissociation at the acidic environment.
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Figure 1. Conformational analysis of self-assembled A1H1 aggregates.
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Figure 4. The dissociation dynamics of self-assembled nano-fibrils at different

temperatures in neural and acidic environments.
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