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p-Amyloid Targeting with Two-Dimensional Covalent
Organic Frameworks: Multi-Scale In-Silico Dissection of

Nano-Biointerface

Reza Maleki,’™ Mohammad Khedri,”® Sima Rezvantalab,*'¥ Fatemeh Afsharchi,™
Kiyan Musaie,” Sepehr Shafiee,”” and Mohammad-Ali Shahbazi*'* "

Cytotoxic aggregation of misfolded [3-amyloid (Ap) proteins is
the main culprit suspected to be behind the development of
Alzheimer’s disease (AD). In this study, AP interactions with the
novel two-dimensional (2D) covalent organic frameworks
(COFs) as therapeutic options for avoiding -amyloid aggrega-
tion have been investigated. The results from multi-scale
atomistic simulations suggest that amine-functionalized COFs
with a large surface area (more than 1000 m*/gr) have the
potential to prevent Af3 aggregation. Gibb’s free energy analysis
confirmed that COFs could prevent protofibril self-assembly in
addition to inhibiting [-amyloid aggregation. Additionally, it

Introduction

Alzheimer’s disease (AD) is the most common neurodegener-
ative disorder in the world. millions of people worldwide are
suffering from its disruptive consequences.'? To date, there is
no cure available for AD. Therapeutic management only
includes controlling symptoms and neuropsychological signs
with drugs that balance neurotransmitters alongside behavioral
intervention and rehabilitation.®* A leading hypothesis con-
cerning the pathology behind AD is the aggregation of f-
amyloid fibrils and abnormal B-amyloid depositions that can
interfere with the neural function, resulting in the apoptosis of
neurons.”’ In recent years, many efforts have been dedicated to
a therapeutic solution for preventing p-amyloid aggregation.*™
These structures usually consist of misfolded f-amyloid mono-
mers (AB), a polypeptide that consists of 34-43 amino acids

was observed that the amine functional group and high contact
area could improve the inhibitory effect of COFs on A
aggregation and enhance the diffusivity of COFs through the
blood-brain barrier (BBB). In addition, microsecond coarse-
grained (CG) simulations with three hundred amyloids reveal
that the presence of COFs creates instability in the structure of
amyloids and consequently prevents the fibrillation. These
results suggest promising applications of engineered COFs in
the treatment of AD and provide a new perspective on future
experimental research.

with a dominant secondary structure of [-sheets!” The
formation of f-amyloid fibril is considered a self-propagating
process, as a misfolded [-amyloid monomer can induce
conformational changes in other peptides and promote the
formation of oligomers and, finally, p-amyloid fibrils. It is
believed that ABs are produced by the cleavation of [3-amyloid
precursor protein or [-amyloid precursor protein (APP) by
enzymes like Meprin-B, and v secretase."" APP can typically be
found in the membrane of neurons, and it is considered a
highly conservative type 1 single-pass transmembrane protein.
However, its exact function is still unknown.'! Although all
forms of AP peptide seem to be cytotoxic, it has been
suggested that AP} peptide oligomers are more cytotoxic than
any other form, including -amyloid fibrils, and it can induce
apoptosis by interfering with ion channels of neurons, which
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can result in an influx of calcium ions leading to inevitable cell
death.““"sl

Nanoparticles can affect the conformation and assembly of
proteins by altering the number of hydrogen bonds, van der
Waals (vdW), and electrostatic forces."*'® Many studies have
been conducted on the potential use of nanoparticles in the
treatment of neurodegenerative diseases caused by abnormal
accumulation of B-amyloid s, such as AD, Parkinson’s disease,
and Huntington disease."*?*?" Although it has been shown that
some nanoparticles can promote the aggregation of f-
amyloids,*? many other nanoparticles have shown promising
results for preventing (-amyloid formation or dissolving (-
amyloid fibrils.”*¥ For instance, Javed et al. demonstrated that
casein-coated gold nanoparticles could inhibit the formation of
AR structures in zebrafish.”? In another study conducted by
Giannousi et al.®” zinc-doped ferrite nanoparticles were used
to interfere with the formation of AP structures.; Liu et al.®" also
observed the ability of graphene quantum dots to act as a
regulator for the formation of (3-amyloid fibrils.

Biocompatibility, pharmacokinetics, tunability, as well as the
ability to prevent B-amyloid fibrillation can influence the
selection of nanoparticles for AD treatment. Covalent organic
frameworks (COF) are a new generation of nanoparticles with
two or three-dimensional structures and strong bonds con-
structed from carbon, oxygen, nitrogen, and hydrogen
atoms.®>*¥ These nanoparticles are one of the most highly
tunable nanoparticles that have also shown high biocompati-
bility and great potential for application in biomedicine,®*>¥ as
well as drug delivery® and cancer therapy.?**” Because of their
high tunability, the structure of COF can be designed for
different purposes, such as enhancing diffusion through the
blood-brain barrier or preventing -amyloid aggregation. Mean-
while, with recent advances in computer sciences, molecular
dynamics are becoming a valuable tool for designing new
drugs to provide insight into molecular system interactions
(e.g., P-amyloid aggregation, drug delivery, protein-protein
interactions, etc.). For instance, in a combinational study by
Ciudad etal ™ the MD simulation together with nuclear
magnetic resonance (NMR) and mass spectrometry (MS)
provided pieces of evidence on the mechanism for the neuro-
toxicity of AP as the leading cause of AD. Such simulations can
be beneficial for narrowing down the potential agents that can
be used for AD treatment.?'*#®

In this study, for the first time, the potential utilization of
new generations of 2D-COFs in preventing f-amyloid aggrega-
tion was investigated by analyzing their interactions with AP
amyloids using a multi-scale computational approach. COFs are
biocompatible nanomaterials that can be tailored and custom-
ized for diverse settings and applications, making them
favorable materials to work with. As a second novelty, we have
employed surface chemistry engineering and morphology
studies to create a variety of COFs and subsequently measure
parameters to evaluate the effectiveness of each monolayer in
preventing [-amyloid aggregation. After the in-silico study of
COF effects on B-amyloid aggregation, their impact on f-
amyloid fibrillation was studied using molecular simulations
and umbrella sampling. A significant factor for potential drugs
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is the ability to reach their specific target tissue, in this case, the
brain. Ergo we used a molecular dynamics simulation approach
to assess the penetration of the COFs through the BBB
membrane. All molecular simulation methods were validated
using experimental and computational references.

To overcome the shortcomings of the all-atom method,
coarse-grained (CG) simulations have been performed with a
higher number of f-amyloid and COFs. This method has been
used to validate the results on a larger scale. On account of the
fact that each simulation approach has its share of limitations,
we have adopted a multi-scale approach to this problem.
Altogether, the results pave a new way for researchers to
investigate the potential application of COFs in the inhibition of
AD disease.

Results and Discussion
Fundamental assessments

The formation of fibril plaques is a complex process due to the
formation of oligomers, protofibrils, and finally, mature
fibrils.***® The formation of a compact nucleus is an essential
step for the aggregation process of AP and the development of
[-amyloid fibrils. Figures STA and B and Table ST show the
structures of AR monomer and COF-compounds used in the
simulations, respectively.

Three related references were used to validate the simu-
lation method of this work. One of the references included
invivo test and two of them involved molecular simulation
works. The method and conditions of all 3 references were
simulated using our method, and the results are compared with
the results of the references. Figure S2 presents the comparison
of repeated simulations with references. These results confirm
the precision of the algorithms and the simulation methods of
the current study.

Snapshots are provided in Figures 1A and S3.A at the initial
(0 ns) and the final stage (50 ns) of the simulation to deliver a
visual perception of the study. First, to assess the stability of the
molecular systems, the root mean square deviations (RMSD) as
criteria of the system’s stability has been analyzed.”'*? RMSD
evaluates the average distance of atoms and their fluctuations
in organic molecular systems (Figure S3.B). The plot shows that
utilizing TPA-COF alters the range of fluctuations for the f3-
amyloid monomer. In other words, for all simulations, after
almost 20 ns, RMSD diagrams fluctuate within a 0.2 nm region.
For instance, although the COF-77 corresponding line has
elevated RMSD values in the initial stages of simulation, after
almost 10 ns it fluctuates within a small range. While for the
TPA-COF case, not only the range of oscillations is more than
2.5 nm but also, towards the end of the simulation, it drops to
lower values compared to the initial stages. The observed
results can be attributed to the higher interactions of the f3-
amyloid monomer with TPA-COF nanomaterial.

Another similar evaluation known as mean square fluctua-
tion (RMSF) indicates the stability of a molecular system by
calculating an atom’s deviations from its position in a specific
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Figure 1. Aggregation of A in the presence of COF compounds. A) Initial structure and final assembly of A} monomer that is introduced into the simulations
without and with COF structures (as TPA—COF, Tp—PaSO,Li—COF, JUC—510—COF, and COF—77). B) Rg distribution for Af during the bare simulation and in the
presence of TPA—COF. Broadened Rg distribution is indicative of prohibited aggregation, while a narrow gyration radii distribution represents a compact
aggregate. C) Comparison of the contact area of 3-amyloid monomers as the control group with the monomers under the attack of TPA—COF and

JUC—510—COF, respectively.

period. Higher fluctuations in RMSF diagrams indicate the
instability of a molecular system. Higher RMSF values represent
more exposure to the solvent;*¥ therefore, nanoparticles that
induce greater changes in these values can prevent AR
aggregation. Figure S3.C reveals RMSF values as a function of
atom in the presence of COF-nanomaterials. The control group
is the simulation of B-amyloid fibrillation without the presence
of COF-compounds to precisely monitor and compare the effect
of COF compounds. The simulation clearly shows the higher
RMSF values that can be observed in the presence of TPA-COF,
JUC-510-COF in comparison with the reference simulation. As
noted, these nanomaterials can interact with the Ap monomer
to inhibit fibril formation. Interestingly, the CH,-Li-ImCOF
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compound shrinks the RMSF ranges, which indicates its ability
to enhance the peptide aggregation.

The formation of a compact nucleus is an essential step for
the aggregation of Ap and the development of [3-amyloid fibrils.
In this regard, the radius of gyration (Rg) can be used for
assessing the compactness of the molecular structure. A
decrease in the values and lesser variation of Rg can be
interpreted as the structure aggregates and becomes more
compact. As is well-known, during the simulation, gyration radii
vary with time. However, to better and quantitatively evaluate
its variations, Rg distributions are investigated in each case.
Figure 1B shows two samples to exhibit the effect of COF in the
Rg distribution for TPA-COF and Tp-PaSOsLi-COF, respectively.

© 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Table 1. The aspect ratio of COFs and simulation results with and without the structures.

Monolayer Control TPA—COF Tp—PaSO;Li—COF  CH;>Li-ImCOF  COF-OEt JUC-510-COF  COF-77

Contact area (nm?) 1.0896 0.7069 1.5703 0.8634 1.6283 0.4917 2.0305

Aspect ratio of COF - 1.1 2.1 1.9 13 1.0 15

Average number of H-bonds 61.681+5.486 66.518+6.145 62.545+5.683 61.557 £5.227 65.461+4.776 68.644+5266 64.7631+6.19033

The inhibition of AR monomer aggregation is evident from the
obvious broadened distribution of Rg with TPA COF. Inspected
with more detail, it can be noticed that TPA-COF causes an
extended Rg distribution from less than 1 nm to more than
3 nm. However, the extension range of Rg for JUC-510-COF and
COF-OEt is between 1 to 1.5nm, which reveals a lower
inhibition ability of the sample against the aggregation. In other
words, with the presence of TPA-COF, JUC-510-COF, and COF-
OEt, the Rg increases, which points to the fact that the presence
of these nanoparticles could reduce the compactness of Af} and
prevent f-amyloid aggregation. However, the existence of Tp-
PaSO,Li-COF promotes the formation of a packed structure with
a single peak of Rg distribution at less than 1 nm, which is even
less than the initial Rg. Moreover, the presence of
CH,—Li—ImCOF also enhances [-amyloid aggregation since it
induces more compact conformations in AP protein. For the
continuance/extension B-amyloid aggregation, its’ monomers
need to interact so that the misfolded proteins induce (-
amyloid-forming conformations in other f-amyloid monomers.

To assess the contact area of protein, solvent-accessible
surface area analysis, or SASA can be used.®*>® Herein, SASA
analysis was used for investigating the contact area of Af in the
presence of COFs. The lowest average contact areas were seen
in the presence of JUC-510-COF and TPA-COF, closely followed
by CH;—Li—ImCOF (Table 1). Figure 1C shows the average
contact area of the A monomers for three simulations with
JUC-510-COF, TPA-COF, and Tp-PaSO,Li-COF in addition to the
molecules snapshots to provide better insight into the data.
Surprisingly, despite the lowest contact area of AP in the
existence of JUC-510-COF, the most favorable results consider-
ing the avoidance of polypeptide molecule self-assembly is
found with the accompaniment of TPA COF. The perceived
results can be attributed to the aspect ratio of the COFs. In
other words, symmetrical structures with an aspect ratio of one
provide more surface for AP. Table 1 shows the aspect ratio of
considered COF-compounds. It can be seen that the aspect
ratio of 1 and 1.1 offer a better available surface area for f3-
amyloid and reduce the contact area of the -amyloid strands
with itself. Moreover, it can be seen that during the simulation,
half of the TPA-COF arms bend back (Figure 1C) and offer no
contact area for the A molecule, which results in a boost in the
self-contact area for the biological molecule. In conclusion, the
aspect ratio and morphology must be taken into account as an
effective factor in the interactions. Figure 2A outlines the
average Rg throughout the simulation in addition to the ARg,
which represents the difference between final and initial
gyration radii. As can be seen, AB monomers enlarge in the
case of TPA—COF, JUC—510—COF, and COF—OEt, where the ARg
values are positive. The average of Rg of Af is ~1 nm, while Tp-
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PaSO,Li—COF, CH,—Li—ImCOF promote tighter fibril aggregates.
However, the presence of these compounds resulted in a more
compact conformation of AP protein, which means that these
specific COFs can induce (-amyloid fibrillation.

The type and number of secondary structures such as f3-
sheets, a-helix, turns, and coils can determine the fate of the
final conformation of proteins due to the fact that a-helix to -
sheet transition is considered the first stage of B-amyloid
aggregation.”” Evaluating this local folding can predict the
ability of AP polypeptides to form [-amyloid fibrils. As
mentioned before, 3-amyloids have a high amount of -sheet
structure, and amyloid aggregates can induce these motifs in
an unfolded AP polypeptide. B-sheets have been strengthened
by H-bonds between amino acids of the polypeptide chain and
make the backbone of (-amyloid fibrils. For an intensive
analysis of the ability of AP monomer to induce amyloid
conformations in other proteins, the secondary structures of
amyloid protein in the nanoparticles’ presence has been
assessed (Figure 2B). As is apparent in this figure, the presence
of CH;—Li-ImCOF and Tp—PaSO;Li—COF induce [-amyloid
conformations with higher amount -sheets in comparison with
the control group, while the presence of COF-OFEt,
JUC-510—COF, and TPA—COF reduce the number of [3-sheets in
[-amyloid to zero percent. The observation of the distributed
H-bonds on the overall structure of a f-amyloid molecule with
water leads to the presence of loose coil- and bend-rich
conformations. In contrast, it can be noticed that CH,—Li—ImCOF
and Tp—PaSO,Li—COF enhance [-sheet percentage in the
average conformations and lead to boosted f-amyloid aggrega-
tions. Figure 2C displays examples out of all simulation cases
that form various conformations under the COF attack. The
denser f-sheets for the Tp—PaSO,Li—COF case are easily
noticeable, which is proof of its unfavorable impact, i.e., it can
trigger assembly of the polypeptide. On the other hand,
scattered -amyloid monomers accompanied by the TPA—COF
and JUC—510-COF nano-objects proves that their presence is
advantageous.

In this context, to obtain in-depth information about AP
and COF interactions, a quantitative measure of charge
distributed over the A structure was acquired. As is known, AB
consists of a plural number of varying amino acids. Figure S4
represents the polypeptide used in the current study. Figure 3A
exhibits the functional groups of residues with a scale of charge
that can impact the A interactions, conformation, and final
state. As shown there, the charge of residues can vary from —1
for GLU and ASP containing carboxylate groups to +1 for LEU
and LYS components of amine groups. Next, the surface charge
of COF compounds and f3-amyloid monomer (Figures 3B1 and
S5) were characterized. Similar to previous sections, only the

© 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH
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the AR monomer and avert its aggregation. B) Distribution of secondary structures of 3-amyloid during the simulations. The accompaniment of TPA—COF,
JUC—510—COF, and COF—OEt decreases the 3-sheets to zero and promotes the coil and bend conformations in the structure. While the presence of

PaSO;Li—COF enhances (3-sheets compared to the control group. C) Snapshots of

structural conformations observed in the distribution of secondary structure plot.

charge distributions of TPA—COF, Tp—PaSO;Li—COF, and
JUC—510—COF were exemplified since they have highlighted
behavior. The most striking observation is that the Tp-PaSO;Li-
COF with the most negative and positive charge distribution
(overall neutral charge) on the surface has, in fact, an
unfavorable effect on the A} monomer, where it promoted the
formation of the more compact assembly compared to the
reference model. The Tp—PaSO;Li—COF structure contains three
Li atoms (positively charged) together with 12 oxygen atoms
that are responsible for the overall negative charge. It is clear
(Figure 3B1) that in the region with a higher density of oxygen,
the overall charge drops to particularly negative values.
Shockingly, residues of $-amyloid interacted weakly (Figure S5)
with CH;—Li—ImCOF with a positive region on the charge
distribution plot (but overall neutral structure), i.e.. the COF can
promote conformational changes in the structure of AP
monomer that can eventually lead to the formation of f-
amyloid fibrils.

The number of hydrogen bonds (H-bonds) is one of the
most critical factors determining the final state and conforma-
tion of polypeptides. A high number of hydrogen bonds
between water molecules and proteins can increase the
solubility of the protein. In the case of AP, an increase in the
number of hydrogen bonds with water can result in the
impeded [-amyloid aggregation. H-bonds, a type of interaction
with adjacent water molecules, significantly affect the secon-
dary structures of the proteins. An increase in the number of -
sheets and a decrease in the number of turns and coils are in
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AP strands at the end of simulation validate the quantitative observations of

favor of conformations with an ability to develop [-amyloid
fibrils. In other words, an increased number of H-bonds with
water manifest coil-rich conformations of -amyloid that can
hinder B-sheets formations.*” To better understand the effect
of H-bonds with adjacent water molecules on the structural
deformation of AR monomer, gyration radii as a function of H-
bond number (Figure 3B2 and Figure S5) has been plotted.
According to Baumketner,”® a high number of H-bonds in the
minima corresponds to aggregated states, which can be seen in
the case of Tp—PaSO,Li—COF compared to the control group.
For instance, the main region is centered at (Rg; H-bond
number) value of (0.91 nm; 1119) for Tp—PaSO,Li—COF. The
minima for the control group and TPA—COF are located at
(0.93 nm; 546) and (1.7, 1.8 nm; 240, 240). A lower number of H-
bonds with expanded values of Rg points out to the hindered
aggregation.”” On the other side, lower Rg values with a higher
number of H-bonds (with Tp—PaSO;Li—COF) can be a sign of a
region with higher B-sheet content.®®

Table 1 presents the average number of H-bonds for Ap-
water interaction in the course of the simulation, which
confirms higher hydrophilicity. Despite the observed maximum
H-bond at minimum Rg for Tp—PaSO;Li—COF, the highest
average amount of hydrogen bonds was observed in the
presence of JUC—510—COF and TPA—COF. As it is clear, a higher
average number of H-bonds with water extends A in a higher
range of Rg, i.e., it prevents the aggregation of AB. Furthermore,
it was observed that the presence of CH;—Li—ImCOF could
reduce the mean number of hydrogen bonds. Figure 4A shows

© 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 3. A) Effective functional groups in the structure of the A} monomer. B1) Charge distribution on the surface of 2D COFs: TPA—COF, Tp—PaSO,Li—COF,

and JUC—510—COF, respectively. It can be understood that the highly negative surface of COFs, leads to promoted aggregation of AR monomer. B2) Rg map
showed as a function of H-bonds with surrounding water molecules for the control group, with TPA—COF, Tp—PaSO;Li—COF, and JUC—510—COF. This method
can be used as an illustration of molecule conformation. Consistent with previous results, extended A monomer forms H-bonds with neighboring water

molecules on its structure.

snapshots of the AB monomer scattered towards the water
molecules that verify the amplified interactions with water
when accompanied by COF. Solvent accessible surface area
(SASA) is extracted to examine the hydrophobic and hydrophilic
surface areas that can induce conformational changes.
Furthermore, the anti-f-amyloidogenic ability of the COF-
compounds can be investigated from an energetic point of
view. To date, many studies have been published on the control
of other properties such as hydrophobicity of agents®*** or -
stacking interactions® as the key point of inhibitory effect.
Results of another study conducted by Baweja et al. in which
interactions between AP and graphene oxide suggested that
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nanoparticles can inhibit the formation of [-amyloid by
reducing the number of f-sheets through hydrophobic
interactions.” This study concluded that B-amyloid fibrillation
was inhibited through strong hydrophobic interactions be-
tween AP and Fullerene and the consequent prevention of f3-
sheet formation. Furthermore, Li et al.®” observed that in the
simulation of A} with a single-walled carbon nanotube, weak
hydrophilic interactions were capable of inducing conforma-
tions in AP that d promotes B-amyloid aggregation. On the
other hand, due to the fact that electrostatic interactions
between nanomaterials and peptides can play a determinant
role in the disaggregation of the biological components, the
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solubility and avoid its precipitation. B) Average interaction energy of polypeptide and an organic compound, including vdW, electrostatic, and total energy
interactions. C) The evaluation of the individual residues interactions with TPA—COF.

electrical field has been considered as an unfolding factor for f3-
amyloids.*®%2%3 For instance, recently, Saikia et al.* experimen-
tally observed that low-strength electric fields can impede the
self-assembly of short peptides. In this line, the interactions
between (-amyloid monomer and the COFs mainly consisted of
non-bonded interactions, e.g., vdW, electrostatic, and hydro-
phobic interactions were assessed. To provide a clear view of
the interactions, the mean values of interaction energies are
plotted in Figure 4B. Regarding the figure, AB has the highest
affinity towards TPA-COF among its peers, which is mainly
driven by electrostatic attractions. It is noted that electrostatic
bonds are the main molecular interaction for TPA—COF and
JUC—510—COF, which have favorable effects on the prevention
of fibril formations. A high absolute amount of energy is an
indicator of strong interactions between nanoparticles and Ap
monomers. Although the vdW energy played an important role
in the interaction of CH;—Li—ImCOF and Tp—PaSO,Li—COF with
AB, it was not sufficient enough to provide significant results in
impeding fibril formations. It is worth pointing out that electro-
static interactions were found as the interfering force in the
fibrillation process of -amyloid s using graphene nanosheets,
carbon nanomaterials, etc.?****® According to Figure 4A, our
results also confirm that in any successful interaction between
nanomaterial and AP, the electrostatic interaction energy is the
driving force. Although both electrostatic and vdW forces
contributed to total energy interaction between all COFs and
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AP, it was observed that the role of electrostatic interactions
was more prominent than vdW forces in JUC—510—COF/Af and
TPA-COF/Ap interactions. In contrast, vdW forces played a more
notable role in Tp—PaSO,;Li—COF and CH,;—Li—ImCOF interac-
tions with AP. This can indicate that the surface charge of
interacting structures (both AP and COFs) have a crucial role in
the self-assembly of Ap.

To scrutinize the binding of A and COFs, energy analysis
for individual residues was performed (Figures 4C and S6) in
each simulation. The most contributing residues can be
identified for simulations with TPA—COF using Figure 4C. For
instance, LYS has the most contribution to the overall
interactions through electrostatic energy for the successful
inhibition of self-assembly, using TPA—COF. During this study, it
was noticeable that changes in the aspect of the COF
compound that all had neutral charge can trigger the formation
of an B-amyloid monomer, which can be considered as the start
of the fibrillation process. Strong affinity and binding of AB
strands are observed in the neutral COF compounds with an
aspect ratio rather close to one. Moreover, it was concluded
that due to the varying charge of residues present in the f3-
amyloid structure, manipulation of COF surface charge density
could result in better outcomes. To address these important
points, in the following sections, we investigated the effect of
charge and morphology of COFs in more detail.

© 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Physicochemical properties of COFs in the interaction with
p-amyloid

According to Mohammad-beigi et al.,*” charged nanoparticles
significantly can shift their interaction with biological molecules.
It can be understood that surface charge and aspect ratio can
change their performance in attacking -amyloid. As mentioned
earlier, the morphology of the COF molecules could affect their
interactions with -amyloid fibrils. Figure 5A exhibits the three
COF compounds from the first part that showed promising
results, with shifted aspect ratios. To add rigor to our

Aspect Ratio=1.5 Aspect Ratio=1.3
Natural Natural

COF-OEt

Aspect Ratio=1.3
Amine (+)

hypothesis, COFs with the same molecular composition but
different aspect ratios were designed. Additionally, to reveal the
charge effect of COFs, only three successful COFs (TPA—COF,
JUC—510—COF, and COF—OEt) were considered (Figure 5B). To
this end, COFs—NH, (COF+) and COFs—COOH (COF-) are
introduced to the simulation box to monitor their interaction
with -amyloid monomers. To demonstrate the important role
of the surface charge of COFs, the interactions of individual
residues corresponding to charged nano-objects are evaluated.
Similar analyses are conducted for the rest of the COFs
considered in the previous part (FiguresS7 and S8, and
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Figure 5. Investigation of the physicochemical properties of the COF molecules in the interaction with amyloid. A) the molecular structure of an organic
compound with the same number of atoms and compositions but different aspect ratio. B) Graphical representation of COFs with negative and positive
charges. C) ARg and average Rg size plotted vs. morphological change. D) Interaction energies as a function of molecular design show the impact of aspect
ratio. E) Rg and ARg for COFs with varying surface charges that clearly show COFs(+) extend -amyloid molecules when exposed to. F) Binding energies of
three COFs with varying functional groups on the surface. G) Detailed analysis of 3-amyloid residues with charged JUC—510—COF.
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Table S2). As can be seen in Figure 5C and D, a simple change
in the molecule geometry can influence the aspect ratio. This is
achievable in the laboratory due to the highly tunable
morphology of COFs. The systematic analysis of the [-amyloid
adsorption to COF by increasing aspect ratio and keeping
constant composition shows that in all cases, a lower aspect
ratio (close to one) interfere with the aggregation of A strands.
In more detail, a small increase in the aspect ratio in each case
has a significant impact on the ARg (Rgfna—RGiniia). FOr
instance, for COF—OEt with an alteration of the aspect ratio
from 1.0 to 1.1, ARg is shifted from +0.07 to —0.1, i.e., the -
amyloid molecule formed a compact assembly compared to its
initial state. A similar trend has been observed for all COFs
where organic compounds with a higher aspect ratio assisted
the formation of tighter $-amyloid aggregates. Similar behavior
was observable for energy analysis were compared with lower
aspect ratio, COFs with higher aspect ratio have lower energy
interactions with biologic molecule demonstrating reduced
capability in attacking the molecule. Part | of Table 2 displays
more consequences of change in the organic molecules’
morphology. In other words, H-bonds with adjacent water
molecules and DSSP instability drops, while the self-contact
area of AP and its stability increases with a higher aspect ratio .
these are all unfavorable results.

For all cases, average Rg and ARg are increased in the
interaction with positive surface charged nano-objects (Fig-
ure 5E). COFs with carboxylate functional groups (negative
charge) offer better results compared with neutral surfaces.
Similar results are observable for energy analysis (Figure 4F)
where COF-compounds with positive charge performed better
than the negative surface which itself acted better than neutral
surfaces. These outcomes can be attributed to the [-amyloid
structure with overall negative charge density that can interact
better through the attractions with positive groups. The related
results are summarized in part Il in Table 2, where it is evident
that the minimum self-contact area of Af is observed in COF(+)
followed by COF(—) and finally COF(0). These results are
consistent with Mohammad-Beigi et al.®” results that the AP
strand has a higher affinity toward charged nanoparticles rather
than their neutral peers. Moreover, COF(+) accomplished the
disaggregation better than COF(—) samples, which can be

attributed to the overall negative charge of the AP strand that
causes stronger attraction between the biological molecule and
COF-amine. In line with these results, a higher number of H-
bonds with water molecules and higher instability of Af strands
verifies the better performances of charged COFs, specifically
COFs(+).

For all cases, average Rg and ARg also increase in the
interaction with positive surface charged nano-objects (Fig-
ure 5E). COFs with carboxylate functional groups (negative
charge) offer better results compared to neutral surfaces. Similar
results were observed for energy analysis (Figure 5F). Figure 5G
(and S8) highlights the binding of [3-amyloid and JUC-510-COF
(and COF-OEt and COF-TPA) with negative, neutral, and positive
surface charge through its residues. As expected, residue
energy analysis clearly shows that ALA, ASP, and GLUs (with
negative charges) interaction are empowered with COFs (+).
On the other side, LEU and LYS (with positive functional groups)
are contributed to the energy magnitudes with COF(-).
Interaction of neutral residues such as MET is unaffected with
charge manipulations, which confirms the obtained results.

Inhibition of Ap fibrillation by COF monolayers

As mentioned earlier, it has been proposed that AP oligomers
or the most cytotoxic form of [-amyloids. Inspired by the
findings of the previous simulations of this study, the
simulations were extended to pentameric Af3 protofibril and
their conformational changes in the presence of COF com-
pounds. The results suggested that COFs can interrupt the
protofibrilation stage in AD. Figures 6A and S9 illustrate the
simulations and the outcomes for Gibbs free energy computa-
tions. Lower Gibbs free energy is indicative of a stable state that
is an unwanted result in the inhibition of AD. In other words,
any compound that can interrupt the formation of a stable Ap
protofibril can be designated as a successful agent to be
utilized in further evaluations. Figure 6B shows the energy
details of aggregations with considered COFs and their
derivatives (with variable properties). It is noteworthy that the
same calculations for the control group (pentameric AR
protofibril) have revealed that change in the Gibbs free energy

Table 2. Comparison of COF performance with manipulated properties.
Effect of aspect ratio with engineered structures
. TPA—COF COF-OEt JUC-510—COF
Aspect ratio 1.1 13 13 15 10 11
Self-contact area of A (nm?) 0.52 0.84 1.967 2.218 0.49 0.53
Average number of H-bonds 66.52 65.26 65.46 65.02 68.64 66.32
Instability DSSP (turn +bend + coil) 0.96 0.95 0.97 0.95 0.99 0.96
Stability DSSP (3-Helix+ 5helix+B-sheet + A-helix) 0 0 0.01 0.01 0.01 0.01
Effect of surface charge on COF performance
TPA—COF COF—OEt JUC-510—-COF
COF ) (0) ) (+) () -) ) () )
Self-contact area of A (nm?) 0.45 0.57 0.50 1.25 1.97 1.649 0.39 0.49 0.43
Average number of H-bonds 75.50 66.52 69.98 66.94 65.46 66.28 77.98 68.64 70.25
DSSP (Turn +bend + coil) instability % 99 96 97 98 97 97 99 99 99
DSSP (3-helix + 5helix 4 B-sheet 4 A-helix) stability % 2 0 1 1 1 1 0 1 0
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Figure 6. Gibbs free energy calculations for pentameric protofibril aggregations in the presence of COFs with varying properties. A) Snapshots of simulations
of aspect ratios (low and high) and charge (negative, neutral, and positive) nanoparticles with A} pentamers. B) results from the computations reveal the
relative stability of the Af} pentamers with organic structures. C) Molecular simulation of crossing JUC—510—COFs through the BBB membrane at the different

surface charge and functional group.

during precipitation is almost —46.4 kJ/mole, which is the
lowest energy level among all cases. These results are aligned
with previous parts of the current paper. It can be noticed that
all COFs with lower aspect ratios have higher Gibbs energy
levels, which are in correlation with Rg, enthalpy, and H-bonds
results. Moreover, positively charge nano-objects have higher
Gibbs free energy levels among their peers. The highest Gibbs
free energy representative of prohibited aggregation s
observed for CH;—Li—ImCOF with positive surface charge and
one aspect ratio.

COFs penetration through BBB

To prevent the harmful effect of (-amyloid deposition in the
hippocampus and entorhinal cortex in ADs, clearance and
reduction of the f-amyloid load from brain is proven to be
effective.® Penetration through the blood-brain barrier (BBB) is
one of the three pathways for the clearance of the f-
amyloid.®*7% Recently, the efflux of B-amyloid through the BBB
have been studied invitro and have shown it can be an
effective approach in the ADs therapy.”"’? The penetrating BBB,
an endothelial cell network with highly selective permeability
has remained a huge obstacle for designing pharmaceutical
agents. Although many pharmaceutical agents have been
investigated for their ability to prevent f-amyloid aggregation
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due to their inability to diffuse into brain tissue, their potential
application in ADs treatment has been limited. Therefore, for
further investigation on the possible use of COFs and over-
coming this obstacle, the interaction of COF nanoparticles with
the BBB was simulated. According to references, the BBB
membrane is the most important barrier for nanoparticles to
cross for tissue targeting and drug delivery purposes. To
investigate the effect of surface charge and aspect ratio, the
penetration of COF nanoparticles with different functional
groups and sizes of the BBB membrane was simulated. The BBB
charge is considered to be negative due to the presence of
glycosaminoglycan molecules on both the glycocalyx layer of
the luminal side of endothelial cells and in the underlying
basement membrane. Interestingly, due to the negative charge
of the BBB membrane, COFs that are functionalized with the
amine group (positive charge) pass better than the BBB
membrane. As the results of our other analysis suggested that
amine functional groups could improve COF function in
preventing B-amyloid aggregation, the results of this simulation
will further solidify their importance in preventing B-amyloid
aggregation. Thus, the amine functional group improves the
effect of COF in preventing the Ap-amyloid aggregation as well
as enhancing the COFs delivery across the BBB membrane.
Figure 6C outlines the molecular simulation of JUC-510-COF
in different aspect ratios and with different functional groups.
As shown in the figure, COFs, due to their hydrophobicity, tend
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to penetrate the BBB membrane, but their penetration over
time is a function of the type of functional group and aspect
ratio. The lower the aspect ratio, the greater the penetration of
nanoparticles into the BBB membrane. This can be attributed to
the higher contact area of the nanoparticles with the BBB in the
low aspect ratio. The higher the contact area, the better the
attraction due to hydrophobic, vdW, and electrostatic forces
that can absorb adjacent molecules. The interesting result of
this section is that the COFs that prevent the B-amyloid
aggregation more adequately cross the BBB better; therefore,
they can be decent potential options for treating AD.

Coarse-grained (CG) simulation

Figure 7A outlines the results of the coarse-grained simulation.
The results show enhanced aggregation of 3-amyloid molecules
in the absence of any nanostructure. This figure shows that the
dispersion of more than 300 amyloid molecules in the presence

of amine-functionalized JUC—510—COF is much greater than in
the absence of COFs. These very large scales of molecular
simulations validate the results obtained from the all-atom
simulation. CG simulation also indicates that positively charged
JUC—510—COF molecules prevent fibrillation of amyloid mole-
cules. The normalized energy between amyloid and amyloid
molecules are shown in Figure 7B. Our scrutinization reveals
that the average number of normalized hydrogen bonds in the
control group (15) state was higher than in the presence of COF
(11), and the number of interactions between amyloids was
higher in the control group simulation. This confirms the
positive effect of COF nanoparticles. The presence of this
nanoparticle has been very effective in reducing intermolecular
interactions and creating aggregation instability, i.e, COF
compound prevents amyloid fibrillation. This is well illustrated
in the secondary structure analysis. Figure 7C shows the
presence of COF nanoparticles in creating instability where the
presence of COF gives rise to the higher values of bend, turn,
and coil structures than those in the absence of COF nano-

1000 ns

n
)
=

-1000-

-1500+

Energy (kJ/mol)

-2000

mm Electrostatic mm vdW

JUC-510
-COF (+)

-2500

Control
Group

I A-Helix [ Turn [ IBend
[ B-Bridge [l B-Sheet [l Coil

JUC-510
-COF (+)

Control
Group

00 02 04 06 08 1.0
Secondary Structure Distribution

Figure 7. A) Snapshots of the simulation for the control group and in the presence of secondary amine-functionalized JUC—510—COF. The simulations are
performed for 1 microsecond. B) energy analysis of amyloid corresponding control group (without COF compound) and in the presence of JUC—510—COF, and
C) secondary structure analysis for coarse-grained simulations for the control group and in the presence of secondary amine-functionalized JUC—510—COF.
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particles. These three structures cause instability and prevent
amyloid fibrillation. In the presence of COFs, the amount of
stabilizing parameters also decreases.

Conclusion

In this study, using a multi-scale simulation approach, we have
assessed the possible role of COF nano-objects in the inhibition
of AP aggregation. To the best of our knowledge, the current
study is the first to evaluate COF capabilities in this area and we
additionally consider the morphological properties of the
molecules. Considering the highly tunable feature of COFs,
which can be engineered through joint computational and
experimental investigations, we selected this new generation of
a nanomaterial as a potential candidate for AD treatment.
Regarding this matter, we investigated the interaction between
six COFs (TPA—COF, CH;—Li-imCOF, Tp—PaSO,Li—COF, COF—OEt,
JUC—510—COF, and COF-77) with AP to evaluate each COFs
ability in inhibiting the fibrillation process behind the AD
pathology. After evaluating the secondary structures of AP in
the presence of COFs, it was observed that the presence of
TPA—COF could drop the number of -sheets to zero and
increase the percentage of bends and coils. A decrease in the
number of B sheets was also observed in the presence of
COF—OEt. However, the existence of Tp—PaSO;Li—COF and
especially CH,—Li—ImCOF increased B-sheets structures, which
means that these COFs can, in fact, promote [-amyloid
aggregation instead of obstructing it. Since a high number of 3
sheets is necessary for P-amyloid aggregation, it can be
concluded that this particular COF induced conformations in Af
proteins that are not suitable for 3-amyloid aggregations.
Another parameter that contributes to the aggregation
process is the contact area. A lower contact area can reduce the
probability of B-amyloid aggregation because AP/Af contact is
necessary for the -amyloid aggregation. The lowest contact
area and the highest average number of hydrogen bonds with
water were observed in AB/JUC—-510—COF molecular systems.
These results can be associated with the high available surface
area of JUC—510—COF due to its aspect ratio. Furthermore, the
influence of aspect ratio with a small change in each organic
structure was assessed. The obtained results all confirmed our
hypothesis proving that nanomaterials with a low aspect ratio
(close to one) offer better results regarding [-amyloid inter-
action and subsequent self-assembly inhibition. Another impor-
tant factor is the binding energies (vdW, electrostatic, and their
resultant total energy) between COFs and B-amyloid strands,
the highest amount of interaction energy is related to the
binding energy of the TPA—COF and [-amyloid. With these
results in mind, in the third part of this study, another series of
simulations were performed with the charged-COFs. As ex-
pected and in correlation with previous papers, charged COFs
(positively charged followed by negative) have a higher affinity
toward P-amyloid monomers. Ultimately, we validated the
results using Gibbs free energy calculations to further confirm
that positively charged nanomaterials with lower aspect ratios
have a higher affinity towards beta amyloids. Taken all together,
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JUC—510—COF followed by TPA—COF showed prominent inhib-
itory effects on the assembly of AR monomers. On the contrary,
the result of our simulation showed that the presence of
Tp—PaSO;Li—COF and CH,—Li—ImCOF could enhance the f-
amyloid aggregation and these COFs have limited potential for
utilization in Alzheimer's treatment. In another part of our
simulation, it was observed that COFs that had an inhibitory
effect on [3-amyloid aggregation could also prevent 3-amyloid
fibrilization in and AP pentamer protofibrils. Furthermore, the
result of the simulation suggested that factors such as hydro-
phobicity and low aspect ratio contribute to passing through
the BBB. Moreover, it was observed positively charged COFs,
that result from incorporating an amine group can enhance
diffusion through the BBB. It can be deduced from these results
that the addition of amine groups not only enhances diffusion
through BBB but also can inhibit -amyloid aggregation. The
CG simulations confirmed the findings on a larger scale,
confirming once again that the charged COFs can interact with
hundreds of (3-amyloids and consequently prevents the fibrilla-
tion process.

In summary, our results make evident that COFs with
variable aspect ratios and geometries have a preference in
binding to AP protein that can eventually affect their anti-§-
amyloidogenic ability. On the other hand, COFs are highly
tunable nanoparticles and present a wide variety of structures
with diverse morphology that can interact with AP protein in
different ways. However, whether or not COF molecules can
effectively inhibit the self-assembly of the AP polypeptide in
real-life applications can be considered for future studies in vitro
and in vivo. Our results so far have been very promising and
could be a stepping stone for further experimental investiga-
tions.
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