Coskuner Weber O. JOTCSA. 2024; 11(3): 1151-1164

000066,

Journal of The Turkish Chemical S
Secrion. A Chemistry
Intrinsically Disordered Proteins by Homology Modeling and Replica
Exchange Molecular Dynamics Simulations: A Case Study of Amyloid-
B42

RESEARCH ARTICLE

TURKISH
CHEMICAL SOCIETY

Orkid Coskuner-Weber*

Turkish-German University, Molecular Biotechnology, Sahinkaya Caddesi, No. 106, Istanbul 34820 Turkey.

Abstract: Homology modeling emerges as a potent tool unveiling the structural enigma of intrinsically
disordered proteins (IDPs), with recent advancements such as AlphaFold2 enhancing the precision of these
analyses. The process usually involves identifying homologous proteins with known structures and utilizing
their templates to predict the three-dimensional architecture of the target IDP. However, IDPs lack a well-
defined three-dimensional structure, and their flexibility makes it difficult to predict their conformations
accurately. On the other hand, special sampling molecular dynamics simulations have been shown to be
useful in defining the distinct structural properties of IDPs. Here, the structural properties of the disordered
amyloid-B42 peptide were predicted using various homology modeling tools, including C-I-TASSER, I-
TASSER, Phyre2, SwissModel, and AlphaFold2. In parallel, extensive replica exchange molecular dynamics
simulations of AB42 were conducted. Results from homology modeling were compared to our replica
exchange molecular dynamics simulations and experiments to gain insights into the accuracy of homology
modeling tools for IDPs used in this work. Based on our findings, none of the homology modeling tools used
in this work can fully capture the structural properties of AB42. However, C-I-TASSER yields a radius of
gyration and tertiary structure properties that are more in accord with the simulations and experimental data
rather than I-TASSER, Phyre2, SwissModel, and AlphaFold2.
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1. INTRODUCTION with its success in predicting the structures of both
structured and disordered proteins (9-14). Current

The history of homology modeling of IDPs is research continues to focus on refining methods for

relatively recent compared to the longer history of
homology modeling for well-folded proteins (1,2). In
fact, the field of IDPs has gained attention over the
past two decades as the prevalence and functional
importance of IDPs that lack a stable, well-defined
three-dimensional structure have been recognized
more and more (3-6) Homology modeling, initially
developed for structured proteins, saw an expansion
of its application to IDPs in the mid-2000s (7).
However, we should note that the lack of well-
defined templates and the dynamic nature of IDPs
pose significant hurdles. Advances in computational
methods, such as machine learning and deep
learning, have played a crucial role in improving the
accuracy of predicting the structures of IDPs (8).
AlphaFold2, developed by DeepMind, made headlines

homology modeling for IDPs. The incorporation of
experimental data, such as NMR and cryo-electron
microscopy, along with improved algorithms,
contributes to the ongoing development of accurate
predictive models.

Replica exchange molecular dynamics (REMD)
simulations offer a valuable computational approach
for studying the structures and dynamics of IDPs
(see, for example 15-19). REMD simulations involve
running multiple replicas of a system at different
temperatures and periodically exchanging their
conformations (20). This exchange allows for
enhanced conformational sampling, particularly in
regions of the energy landscape that may be
challenging to explore with conventional molecular
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dynamics simulations (21). IDPs often exist as
dynamic ensembles, sampling a wide conformational
space. REMD simulations facilitate the exploration of
this space, enabling the observation of the
distribution of different conformations and transitions
between them (21).

Amyloid-p42 (AB42) is an intrinsically disordered
protein with 42 amino acid residues and is at the
center of Alzheimer’s disease (5,22). It has been
studied experimentally and computationally
extensively (see, for example 23-28). However, a
comparative study of AB42 using the most widely
used homology modeling tools and REMD simulations
is currently lacking in the literature. Such a
comparative study is crucial for cross-validation of
structural models related to IDPs. REMD simulations
and experiments can be used to refine and validate
the homology-based models for IDPs. Therefore, in
this study, different homology modeling tools used
widely for the structural prediction of IDPs (C-I-
TASSER, I-TASSER, Phyre2, SwissModel, and
AlphaFold2 were utilized to obtain the three-
dimensional structures of AB42. Furthermore, REMD
simulations of AB42 were conducted. The obtained
structural properties were compared to each other
and experiments.

2. MATERIALS AND METHODS

The three-dimensional structures of APB42 were
predicted using its amino acid sequence by C-I-
TASSER, I-TASSER, Phyre2, SwissModel, and
AlphaFold2. C-I-TASSER (Contact-guided Iterative
threading ASSEmbly Refinement) is a new method
extended from I-TASSER (29). Starting from an
amino acid sequence, C-I-TASSER generates inter-
residue contact maps using various deep neural
network predictors (29). Next, it identifies the
structural templates from the PDB by multiple
threading approaches with full-length atomic models
assembled by contact map-guided replica exchange
Monte Carlo simulations (29). The large-scale
benchmark tests showed that C-I-TASSER generates
significantly more accurate models than I-TASSER,
especially for proteins that do not have homologous
templates in the PDB (29).

I-TASSER (Iterative Threading ASSEmbly
Refinement) is a homology modeling method that
combines threading, ab initio modeling, and iterative
refinement process to generate three-dimensional
models for proteins (30). Threading is the initial step
where I-TASSER searches for homologous protein
structures in a structural database. It identifies
template structures that are similar to the target
protein sequence. Threading involves aligning the
target sequence onto these templates to create a
preliminary three-dimensional model. After
threading, I-TASSER generates additional models
using ab initio modeling techniques. This consists of
predicting the protein’s structure based on its amino
acid sequence without relying on template
structures. The threaded and ab initio models are
then assembled into a pool of candidate models.
These models are ranked based on their energy and
structural compatibility with the input sequence and
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experimental constraints, if available. The algorithm
employs an iterative optimization process to refine
the models. This involves simulation and
optimization steps to improve the accuracy of the
models. The final step consists of selecting the best
model from the refined pool of candidates. The model
is chosen based on its energy score, structural
quality, and compatibility with experimental data, if
available (31).

Phyre2 (Protein Homology/analogy Recognition
Engine) is a homology modeling tool that is used for
protein structure prediction (32). It utilizes a
combination of homology modeling, profile-profile
matching, and ab initio methods to generate three-
dimensional structural models for a given amino acid
sequence. Phyre2 initially attempts to find
homologous proteins with known structures in
sequence databases. If a homologous protein is
found, it uses the structural information from that
template to predict the structure of the target
protein. Homology modeling is effective when there
is a significant similarity between the target
sequence and the template. In cases where
conventional homology modeling may not be
applicable due to low sequence similarity, Phyre2
employs profile-profile matching techniques. This
involves comparing the target sequence’s profile with
profiles of known protein structures. If homology
modeling and profile-profile matching do not yield
suitable templates, Phyre2 resorts to ab initio
modeling. This involves predicting the protein
structure without relying on known templates. The
models undergo refinement to improve their
accuracy and quality. This step may include energy
minimization and optimization processes. The
algorithm then evaluates the quality of generated
models using different metrics, such as energy
scores and structural consistency.

The SwissModel generates protein structures, and it
operates on the principle of homology modeling,
where the structure of a target protein is predicted
based on the known structures of homologous
proteins (33). It begins by searching a database of
experimentally determined protein structures, such
as PDB, to find homologous proteins with known
structures that are similar to the target protein.
Then, it performs a sequence alignment, which aids
in establishing the correspondence between amino
acids in the target sequence and the templates. It
builds a three-dimensional model using the known
three-dimensional structure of a homologous
template as a starting point. This step involves
aligning the target sequence onto the template
structure and adjusting the backbone and side-chain
conformations to fit the target sequence. The
homology model is subjected to energy minimization
and refinement steps to improve the geometry and
overall quality of the model. It assesses the quality
of generated models using various criteria, including
stereochemical properties, bond lengths, and angles
(33).

AlphaFold2 is an advanced artificial intelligence
system designed for protein folding prediction
(12,34,35). It gained significant attention for its
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exceptional performance in the Critical Assessment
of Structure Prediction (CASP) competition. It
employs deep learning to predict protein structures.
It involves a deep neural network that is trained on
a large dataset of protein structures. This model is
trained on a diverse set of known protein structures
from PDB. The model learns to recognize patterns
and relationships between amino acid sequences and
corresponding three-dimensional structures. It uses
an attention mechanism inspired by the Transformer
architecture, which is a kind of neural network
architecture wusually used in natural language
processing tasks. This attention mechanism enables
the model to capture long-range interactions
between amino acids in the sequence. It incorporates
information from multiple sequence alignments,
which considers evolutionary relationships between
related proteins. This helps to improve the accuracy,
especially for regions where the sequence similarity
is low. It predicts inter-residue distances between
pairs of amino acids in the sequence. This distance
prediction provides important information about the
spatial relationships between different parts of the
protein. It assembles the three-dimensional
structure of the protein and generates a probability
distribution for each atom’s position in the structure.
The refinement process involves iterative
optimization processes to enhance the geometry and
overall quality of the predicted structures. It uses an
ensemble approach by generating multiple models
for a given protein.

These homology modeling and structure prediction
tools were chosen because these are heavily used in
the studies of IDPs in commercial and academic
settings. See, for example, references (7,36-40).

All-atom REMD simulations of the AB42 monomer in
an aqueous solution environment were performed
with the AMBER22 software package (41). An
extended structure was used initially for AB42. T-
REMD simulations were conducted using the Amber
ffO9SB parameters for the protein, and the Onufriev-
Bashford-Case generalized Born implicit water model
(42). These models were chosen to avoid confined
aqueous volume effects using an explicit water
model, and we recently showed that these
parameters yield results in excellent agreement with
experiments for AR (42,43). Specifically, T-REMD
simulations using the Amber ff99SB parameters for
AB along with the Onufriev-Bashford-Case
generalized Born implicit model for water were
shown to yield structural properties in excellent
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agreement with NMR experiments (42,43). Langevin
dynamics was used to control the temperature with
a collision frequency of 2 ps™* (21). The particle mesh
Ewald method was used for treating the long-range
interactions with a cutoff value of 25 A (44). The
temperatures of each replica for AB42 were
exponentially distributed between 280 K and 400 K,
yielding an exchange ratio of 0.74 for AB42. After
energy minimization of the initial structure with the
steepest descent method, the initial conformation
was equilibrated for 200 ps for each replica (21). The
peptide was then simulated using an integration
timestep of 2 fs for each replica, and trajectories
were saved every 500 steps. Exchanges between
replicas were attempted every five ps. The system
was simulated for 100 ns for each replica with a total
simulation time of 2.4 ps. 60 ns are required to reach
convergence, which is in agreement with earlier
studies (45). The structural properties were then
calculated for AB42 obtained after convergence from
the replica closest to 310 K. The end-to-end distance
values, the radius of gyration, secondary structure
properties per residue, and intra-molecular contact
map, as well as salt bridges, were calculated and
compared to those obtained using I-TASSER, C-I-
TASSER, Phyre2, SwissModel, and AlphaFold2 as well
as to experiments. Following our earlier studies,
intramolecular peptide interactions occur when the
centers of mass of two residues are within 9.0 A of
each other (45). An interaction is considered to be a
salt bridge when a hydrogen bond exists between the
two residues and the hydrogen-bonded residues
possess opposite electrostatic charges. If the
distance between the donor and acceptor atoms of
the hydrogen bond is < 2.5 A and the hydrogen bond
angle is larger than 113°, then a hydrogen bond
exists (45).

3. RESULTS AND DISCUSSION

The top-ranked three-dimensional structures of AB42
obtained from C-I-TASSER, I-TASSER. Phyre2,
SwissModel, and AlphaFold2 are depicted in Figure 1.
As seen in Figure 1, different homology modeling
methods yield varying three-dimensional structures
for AB42. Selected AB42 structures obtained from
REMD simulations are illustrated in Figure 2.

To gain deeper insights into the structural properties
of these three-dimensional model structures for
AB42, the end-to-end (Ree) and radius of gyration
(Rg) values were calculated and compared to
experiments (Table 1) (46-48).
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Figure 1: Top-ranked three-dimensional structures from C-I-TASSER, I-TASSER, Phyre2, SwissModel, and
AlphaFold2 for Ap42.
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Figure 2: Selected three-dimensional structures for AB42 from REMD simulations.

Table 1: Calculated Ree and Rg values for AB42 and their comparison to experiments.

[ Ree (A) [ Rq (R)
C-I-TASSER
Model 1 9.64 8.53
Model 2 8.17 8.41
Model 3 7.93 8.47
Model 4 7.85 8.34
Model 5 4.58 8.53
I-TASSER
Model 1 33.57 12.53
Model 2 35.23 14.49
Model 3 18.91 10.74
Model 4 39.72 14.96
Model 5 37.43 14.58
Phyre2
Model | 39.91 | 14.96
SwissModel
Model | 47.47 | 17.96
AlphaFold2
Model 1 50.77 19.82
Model 2 47.48 18.11
Model 3 41.84 16.84
Model 4 45.93 17.08
Model 5 39.20 17.03
REMD Simulations
Average Values | 37.73 + 8.69 | 10.81 + 1.83
Experiments (47,48)

| 35.66 + 8.51 [9.00 + 1.00
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REMD simulations yield Ree and Rq values that are in
agreement with the experiments. The Ry values
obtained for the three-dimensional models for AB42
using C-I-TASSER show excellent agreement with
the results obtained from REMD simulations and
experiments. However, the Rge values for AB42 using
C-I-TASSER do not agree with those values obtained
from REMD simulations or experiments. Instead, the
Ree values obtained using I-TASSER and Phyre2 show
more agreement with REMD simulations and
experiments. Interestingly, AlphaFold2, which is
widely used for IDPs, cannot capture the
experimental Ree and Rq values for AB42. To gain
even more insights, the potential of mean force
(PMF) surfaces based on Ree and Ry values were
computed using the trajectories obtained from REMD
simulations (Figure 3). Figure 3 shows that there are
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two most energetically stable basins for AB42 (basin
IA and basin IB). These most preferred basins are
located at Ry values ranging from 10.6 A to 11.4 A
and 10.3 A to 10.7 A. The first basin has Ap42
structures that have 10% a-helix and 6% [-sheet
structures. The second most preferred basin has
structures with about 22% a-helix and only 1% @3-
sheet structures. Energetically preferred structures
are located in the basin with Ree and Ry values closer
to experimental data, as seen in Figure 3 (see also
Table 1), indicating that most homology modeling
methods used in this work yield for AB42 three-
dimensional structures that are not preferred
energetically. Incorporating constraints related to Ree
and Ry experimental values could help improve the
outcome of homology modeling tools for IDPs.

Figure 3: The potential of mean force surface area based on Rq and Ree values of AB42 using the
trajectories obtained from REMD simulations.

The secondary structure elements per residue, along
with their abundances using the trajectories obtained
from REMD simulations, were calculated. REMD
simulations yield overall 11.0% a-helix, 10.9% 31o-
helix, 0.4% n-helix, 3.4% B-sheet, 25.1% turn and
49.2% random coil structure for AB42. To gain a
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deeper insight into the distinct structuring - given
the crucial roles of a-helix and B-sheet structure
adopting residues in Alzheimer's disease - the
probabilities per residue of these secondary structure
elements were calculated (Figure 4).
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Figure 4: The calculated secondary structure elements, along with their probabilities for AB42, using the
trajectories obtained from REMD simulations.
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The most abundantly formed secondary structure
elements are the turn and random coil structures. B-
sheet structure formation in AB42 is crucial due to its
involvement in oligomer, fibril, and aggregate
formation processes in Alzheimer's disease.
Therefore, it is crucial to adapt tools that can detect
the residues forming B-sheet structure. Based on
REMD simulations, B-sheet formation occurs at Arg5,
Glull, Vall2, Phel9-Glu22, Gly25-Asn27, Gly33,
Met35, Val36, Val40 and Ile41l with probabilities up
to 23%. A-helix formation is detected at Arg5-GIn15,
Lys16-Asp23, and Gly29-Val36. Turn structure
formation is detected at Arg5-Vall2 and Glu22-
Lys28, with the largest abundance occurring in the
Ala21-Ala30 region. These findings support the NMR
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measurements that reported bend-like and turn
conformations for the Asp7-Glull and Phe20-Ser26
regions (48). Experiments also demonstrated turn
structure formation for the Ala21-Ala30 region (49).
A-helix formation occurs in the N-terminal, mid-
domain, and C-terminal regions. Still, residues in the
mid-domain region form a more abundant a-helix
structure than those in the N-terminal and C-terminal
regions. Experiments and computational studies also
detected the abundant B-sheet structure formation in
the C-terminal region and showed an agreement with
the findings reported herein (48,50). The calculated
secondary  structure abundances of ABR42
conformations located in different basins on the PMF
surface (Figure 2) are listed in Table 2.

Table 2: The calculated secondary structures, along with their probabilities for AB42 structures located in
each basin on the PMF surface.

Basin IA Basin IIA Basin IIIA Basin IB Basin IIB Basin IIIB
a-helix (%) 10.0 14.5 15.3 21.5 15.8 15.2
3io0-helix (%) 9.1 9.5 11.0 9.5 11.4 11.1
B-sheet (%) 6.2 3.6 2.4 1.1 2.6 2.9
Turn (%) 32.4 29.5 28.1 28.2 30.3 29.5
Coil (%) 41.6 42.5 42.7 39.6 39.7 41.0
Overall, REMD simulations show an in-depth here that the detection of amino acid residues

representation of secondary structure properties of
intrinsically disordered proteins and agree with
experiments overall. Additionally, the secondary
structure components of the three-dimensional
models for AB42 obtained from C-I-TASSER, I-
TASSER, Phyre2, SwissModel, and AlphaFold2 were
calculated. The obtained results are presented in
Scheme 1. C-I-TASSER, I-TASSER, and AlphaFold2
yield bend and turn structures for the Ala21-Ala30
region of AB42 in agreement with experiments (49).
None of the homology modeling tools studied in this
work can capture the distinct B-sheet structuring in
the C-terminal region of the peptide. We should note

forming B-sheet structure is crucial because these
residues play a role in the oligomerization,
fibrillation, and aggregation processes of AB42 in
Alzheimer’s disease (5). In addition, the prominent
distinct a-helix formation in the mid-domain region
can be obtained using Phyre2 and I-TASSER
homology modeling tools. All in all, these homology
modeling tools cannot fully capture the distinct
structuring of the intrinsically disordered Ap42
peptide. The incorporation of dynamic effects in
homology modeling methods may improve the
outcome of homology modeling tools for inherently
disordered proteins.

Sequence:

D1A2E3F4R5H6D7S8GO9Y10E11V12H13H14Q15K16L17V18F19F20A21E22D23V24G25526N27K28G29A30131132G33L34M

35V36G37G38V39V40141A42
C-I-TASSER:

Model 1: CCSCSGGGGTSSSCCCCTTTTTSCBTCTTCSBSSCSSSSCCC
Model 2: CCSSCS SSCCCCSSSTTSCBTCTTCSBSSCSSSSCCC
Model 3: CTTBCCGGGTTCCCCCCSTTSSSCSSCTTTSCSCCTTTTCBC

Model 4: CCSCCCTTGGGTSCCBCSSSSTTCSCCTTCCCBCSSSSSCCC
Model 5: CCSSSCTTTTSSSCCCCSSSSSSSCCCSSCCCCeesssccece
I-TASSER:

Model 1: CCSTTTSBTTBCCCCCCBBTHHHHHHTTTSCCBSCCSTTBCC
Model 2: CCTTTTTSSSSCTTCTTTTTHHHHTTSTTTSCSSBTBTBBCC
Model 3: CCIIIIITTTCCCSSCSCTTTTTTTTTGGGGCSSCBTTBSCC
Model 4: CHHHHHTBTTBCCCCCCCSHHHHHHHHSSSCSCSCTTTTCCC
Model 5: CTTTTTHHHHSTTCSCCBTTBTTTTTTSCGGGCSTTSTTCCC
Pyhre2:

Model: ccccccssscsHHHHHHHHHHHHHCCTTHHHHHHHHHHHHHC
Swiss-Model:

Model: CCCCCCCcccceccccccccccccccsHHHHHHHHHHHHHHHC
AlphaFold2:

Model 1: CCCCCCCCCCCCCCCCrcrcrcececececeesssccecececececrrsccecc
Model 2: CCCCCCCCCCCCCTTCCCCCSSSscessceeeeeceesssccecce
Model 3: CCCSCSCCCCCCCCCCCCCcccreessscececececesssccecce
Model 4: CCCCCCCCCCCCCCCCCCCceeeescTreecceceessssccecc
Model 5: CCCCCCCSCCCCCCCCCccrreeeessceececcecececrrscccc

Scheme 1: The calculated secondary structure elements per residue of AB42 using the three-dimensional
structures obtained from C-I-TASSER, I-TASSER, Phyre2, SwissModel, and AlphaFold2. H is for a-helix, B
for isolated B-bridge, G for 31p-helix, I for n-helix, T for turn, and S for bend structure.
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The tertiary structure properties were studied by
means of intra-molecular interactions. Figure 5
shows the calculated tertiary structure properties for
AB42 using the trajectories obtained from REMD
simulations. We note stark interactions between the

Residue

RESEARCH ARTICLE

central hydrophobic core (CHC) region and the N-
terminal region, the N- and C-terminal regions, and
the CHC region and the C-terminal region. These
findings are in agreement with those of Yang and
Teplow for AB42 (50).

100

4 8 12 16 20 24 28 32 36 40

Residue

Figure 5: The calculated intra-molecular contact map for AB42 using the trajectories obtained from REMD
simulations.

The intra-molecular contact maps for the three-
dimensional ApB42 models obtained from C-I-
TASSER, I-TASSER, Phyre2, SwissModel, and

AlphaFold2 were calculated as well. Figures 6-10
present the findings from these calculations.
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Figure 6: The calculated intra-molecular interaction maps for AB42 using the three-dimensional models
obtained from C-I-TASSER.
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Figure 8: The calculated intra-molecular interactions map for Ap42 using the three-dimensional models
obtained from Phyre2.
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Figure 9: The calculated intra-molecular interactions map for AB42 using the three-dimensional models
obtained from Swiss-Model.
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Figure 10: The calculated intra-molecular interaction maps for AB42 using the three-dimensional models
obtained from AlphaFold2.
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As seen in Figure 6, C-I-TASSER can capture even
the weak interactions between the N-terminal and C-
terminal regions, CHC region and C-terminal region,
N-terminal and mid-domain regions, as well as mid-
domain and C-terminal regions of AB42. On the other
hand, such interactions could be obtained using
Model 1 for AB42 from I-TASSER (Figure 7).
Furthermore, Model 3 for AB42 from I-TASSER
represents the CHC region and C-terminal
interactions as well. Interestingly, intra-molecular
interaction maps calculated using the three-
dimensional models from Phyre2, Swiss-Model, and
AlphaFold2 cannot reproduce the data obtained from
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AlphaFold2 in the studies of AB and IDPs in general,
including its implementation in databases of IDPs
(51), these findings indicate that caution has to be
given to such studies since AlphaFold2 is not capable
of fully reproducing the structural properties of AB.

Table 4 lists the calculated salt bridges for AB42 using
the trajectories obtained from REMD simulations.

Table 5 lists the salt bridges calculated using the
three-dimensional models from C-I-TASSER, I-
TASSER, Phyre2, Swiss-Model, and AlphaFold2.

REMD simulations. Given the wide usage of
Table 4: The salt bridges of AB42 from REMD simulations.
Residue Residue Probability (%)
R(C-N) < 6.0 A
Arg5 Glu3 59.6
Arg5 Glu22 26.7
Arg5 Aspl 15.0
Arg5 Glul1l 14.1
Arg5 Ala42 21.3
Lys16 Glull 8.0
Lys28 Glu22 13.2
Lys28 Asp23 7.1
Aspl Glu3 5.3
Arg5 Asp7 1.2
Lys16 Asp7 11.1
Lys16 Glu3 1.8
Table 5: The calculated salt bridges for AB42 using the three-dimensional structures obtained from C-I-
TASSER.
C-I-TASSER
Model 1
Residue Residue Distance (R)
Arg5 Aspl 2.9
Arg5 Asp7 4.9
Asp7 His14 5.0
Glull His14 5.8
Model 2
Residue Residue Distance (R)
Arg5 Glull 2.6
Lys16 Asp23 2.5
Model 3
Residue Residue Distance (R)
Arg5 Glu3 3.5
Asp7 His6 5.6
Glul1l His13 3.8
Lys28 Glui1l 2.4
Lys16 Asp23 2.4
Model 4
Residue Residue Distance (R)
Arg5 Aspl 5.9
Lys16 Asp7 5.6
Glul1l His13 5.8
Glul1l Lys28 2.5
Lys16 Asp23 2.5
Model 5
Residue Residue Distance (R)
Arg5 Asp7 2.8
Asp23 His14 5.6
Lys16 Asp23 3.2

1160



Coskuner Weber O. JOTCSA. 2024; 11(3): 1151-1164 RESEARCH ARTICLE

Table 6: The calculated salt bridges for AB42 using the three-dimensional structures obtained from I-
TASSER, Phyre2, and Swiss-Model.

I-TASSER
Model 1
Residue Residue Distance (R)
Arg5 Glu3 2.7
Glu3 His6 5.5
Glul1l His14 4.7
Model 2
Residue Residue Distance (A)
Arg5 Aspl 2.7
Aspl His6 5.3
Glul1l His14 5.8
Glu22 Lys28 2.5
Model 3
Residue Residue Distance (R)
Aspl His6 5.0
Arg5 Glull 5.7
Glull His13 3.7
Lys16 Glu22 2.5
Model 4
Residue Residue Distance (R)
Arg5 Aspl 3.8
Aspl His6 5.6
Asp7 His13 5.3
Glull His13 5.7
Glui1l His14 2.8
Lys16 Glu22 3.3
Model 5
Residue Residue Distance (R)
Arg5 Aspl 2.7
Glull His14 5.0
Phyre2
Residue Residue Distance (R)
Arg5 Glu3 5.0
Swiss-Model
Residue Residue Distance (R)
Glui1l His13 4.9
Table 7: The calculated salt bridges for AB42 using the three-dimensional structures obtained from
AlphaFold2.
AlphaFold2
Model 1
Residue Residue Distance (R)
Glull His13 5.3
Model 2
Residue Residue Distance (R)
Glui1l His13 5.5
Model 3
Residue Residue Distance (R)
Arg5 Glu3 4.7
Glull His13 4.5
Model 4
Residue Residue Distance (R)
Glull His13 3.4
Model 5
Residue Residue Distance (R)
Glui1l His13 5.4

As seen in Tables 4-7, none of the homology
modeling methods used in this work can fully capture
the salt bridges obtained from REMD simulations. We
should note that C-I-TASSER yields results closer to
REMD simulations. However, the results are still not

fully captured for the full spectrum of the salt
bridges. AlphaFold2 performs poorly in detecting the
salt bridges of AB42.
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All in all, the structural properties for the intrinsically
disordered AB42 peptide reported by experiments or
REMD simulations cannot be fully captured by C-I-
TASSER, I-TASSER, Phyre2, Swiss-Model, and
AlphaFold2.

We should mention here that I-TASSER relies heavily
on existing protein structures (templates) in the
Protein Data Bank (PDB). If there are no suitable
templates for the target protein, the predictions can
be less accurate. On the other hand, the accuracy of
C-I-TASSER heavily depends on the quality and
correctness of the constraints provided. AlphaFold2’s
performance is influenced by the quality and quantity
of existing protein structures in its training dataset.
Proteins with novel folds or those not well-
represented in the training data may have lower
prediction accuracy. Furthermore, AlphaFold2
predicts static structures and does not inherently
provide insights into protein function and dynamics,
which are critical for understanding biological
processes. Moreover, Phyre2 relies heavily on
template-based modeling, which means it can only
be as accurate as the template it uses. Like
AlphaFold2, Phyre2 provides only static structures
and does not account for the dynamic nature of
proteins. Proteins often undergo conformational
changes that are crucial for their functions, which a
single static model cannot capture. Swiss-Model
relies on the availability of suitable templates. Swiss-
Model generates static structures as well, but these
do not capture the dynamic nature of proteins. Errors
or discrepancies in template annotation or structural
data can propagate into the model, leading to
inaccurate  predictions. Despite this, REMD
simulations are computationally expensive because
they require running multiple replicas in parallel,
each at different temperatures. The accuracy of the
results depends on the quality of the force field
parameters and the chosen boundary conditions.
Inaccurate force fields can lead to erroneous
interpretations of the conformational space.

We also should mention here that C-I-TASSER
utilizes predicted residue-residue contact maps from
deep learning algorithms. These contact maps
provide additional structural constraints that can
significantly improve the accuracy of the model
based on our findings, especially for regions or
proteins where threading templates are less reliable.

4. CONCLUSION

Homology modeling methods, including C-I-TASSER,
I-TASSER, Phyre2, SwissModel, and AlphaFold2, are
used in the studies of IDPs, including AB. In this
work, C-I-TASSER, I-TASSER, Phyre2, Swiss-Model,
and AlphaFold2 were used to generate the three-
dimensional models for AB42, which is at the center
of Alzheimer’s disease. In parallel, extensive REMD
simulations of Ap42 were conducted. Results
obtained from different homology modeling methods
were compared to the results obtained from REMD
simulations and available experimental data. None of
the homology modeling methods used in this study
can fully reproduce the REMD simulation results or
available experimental data. Given the wide usage of
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these homology modeling methods in the studies of
IDPs, these findings show that outermost care must
be provided to such studies.

Specifically, C-I-TASSER performs better than I-
TASSER, Phyre2, Swiss-Model, and AlphaFold2 in
terms of the radius of gyration, parts of secondary
structure, parts of salt bridges, and tertiary structure
properties. However, the end-to-end distance and
obtained full spectrum of salt bridges, as well as the
full spectrum of the secondary structure properties,
cannot be reproduced accurately using C-I-TASSER
either. Surprisingly, AlphaFold2 performs poorly for
AB42. Given the significant usage of AlphaFold2 in
the studies of IDPs, our findings show that the
incorporation of end-to-end distance and radius of
gyration constraints in further development of
AlphaFold2 could improve the outcomes for IDPs.
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