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Abstract
In the present study, we aimed to formulate an effective therapeutic candidate against V30M mutant transthyretin (TTR) 
protein to hinder its pathogenic misfolding. Nicotiana alata Defensin 1 (NaD1) Antimicrobial Peptide (AMP) was availed 
due to its tendency to aggregate, which may compete for aggregation-prone regions of pathogenic TTR protein. Based on 
NaD1’s potential to bind to V30M TTR, we proposed NaD1-derived tetra peptides: CKTE and SKIL to be initial therapeutic 
candidates. Based on their association with mutant TTR protein, CKTE tetra peptide showed considerable interaction and 
curative potential as compared to SKIL tetra peptide. Further analyses from discrete molecular dynamics simulation cor-
roborate CKTE tetra peptide’s effectiveness as a ‘beta-sheet breaker’ against V30M TTR. Various post-simulation trajectory 
analyses suggested that CKTE tetra peptide alters the structural dynamics of pathogenic V30M TTR protein, thereby poten-
tially attenuating its beta-sheets and impeding its aggregation. Normal mode analysis simulation corroborated that V30M TTR 
conformation is altered upon its interaction with CKTE peptide. Moreover, simulated thermal denaturation findings suggested 
that CKTE-V30M TTR complex is more susceptible to simulated denaturation, relative to pathogenic V30M TTR; further 
substantiating CKTE peptide’s potential to alter V30M TTR’s pathogenic conformation. Moreover, the residual frustration 
analysis augmented CKTE tetra peptide’s proclivity in reorienting the conformation of V30M TTR. Therefore, we predicted 
that the tetra peptide, CKTE could be a promising therapeutic candidate in mitigating the amyloidogenic detrimental effects 
of V30M TTR-mediated familial amyloid polyneuropathy (FAP).

Keywords  Familial amyloid polyneuropathy · Protein aggregation · Peptide-based therapeutics · Discrete molecular 
dynamics · Normal mode analysis

Introduction

Transthyretin-mediated familial amyloid polyneuropathy 
(TTR FAP) is a debilitative autosomal dominant neuro-
pathic genetic disorder, most frequently caused by valine to 

methionine pathogenic substitution at the 30th position of 
transthyretin protein. It is peculiarized by aberrant aggrega-
tion and deposition of misfolded amyloid forms of TTR pro-
tein in vital areas including the heart, autonomic and periph-
eral nervous system, kidneys, eyes, and other pertinent areas. 
And, it is frequently predominated by progressive and tena-
cious nerve damage including autonomic axonal and senso-
rimotor polyneuropathy, which often exhibits multi-systemic 
manifestations. Also, restrictive cardiomyopathies that entail 
rhythm disturbance and conduction blocks are associated 
with TTR FAP. Ocular impairment and renal complications 
have also been observed; but less frequent. Regardless, the 
pathological ramifications could result in progressive organ 
failure and are even, considered life-threatening in certain 
situations (Bonaïti et al. 2010; Ando et al. 2013; Rowczenio 
et al. 2014; Santos et al. 2015; Sekijima 2015; Conceição 
et al. 2016; Sekijima et al. 2018; Srinivasan et al. 2020).
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The liable biomolecular agent behind this detrimental 
disorder is Transthyretin (TTR), a 55 kDa homo-tetramer 
protein that is found predominantly in cerebrospinal fluid 
and blood plasma. Synthesized in the liver, it is responsible 
for carrying thyroxine in cerebrospinal fluid and transporting 
both thyroxine and vitamin A to the liver. Each monomer of 
TTR comprises 127 amino acids and the structural changes 
induced by pathogenic point mutations, cause TTR tetram-
ers to dissociate and misfold into amyloid fibrils, which are 
typically rich in beta-sheets and resilient to proteasomal 
degradation. Moreover, the aggregation and the accumula-
tion of amyloid fibrils in tissues ensues cyto-degeneration 
and eventually, organ failure. Among the pathogenic point 
mutations, V30M is most predominantly observed in TTR 
FAP patients, with endemic foci to Swedish, Japanese and 
Portuguese populations; that can afflict several detrimen-
tal effects in patients (Saraiva 1995; Arvidsson et al. 2015; 
Gertz et al. 2015; Sharma et al. 2019).

Till now, liver transplantation has remained the standard 
therapeutic strategy against TTR FAP. Though effective, it 
is known to distress patients with unprecedented side effects 
and in certain cases, the pathogenic effects remain persistent 
(Adams 2013; Carvalho et al. 2015; Gertz et al. 2015). Fur-
thermore, tafamidis, a pharmaco-therapeutic with adverse 
side effects such as punctate keratitis, nasopharyngitis, upper 
respiratory tract infection, etc. (Coelho et al. 2013) is pre-
scribed against TTR FAP for its ability in regulating TTR 
aggregation. Hence, an effective curative strategy against 
this lethal disorder is necessitated.

Fortunately, peptide-based therapeutics is being increas-
ingly hypothesized for its role in alleviating the cytotoxic 
amyloidogenic proteins. In fact, the potent peptide-based 
bio-molecular strategies to therapeutically intervene with 
proteopathic protein misfolding into their amyloid form have 
been quite effective (Baig et al. 2018; Armiento et al. 2020). 
Among these strategies, the repurposing of antimicrobial 
peptides, especially defensins against aggregation-prone pro-
teins, is quite promising. Findings indicated that defensins 
demonstrate an enhanced binding with amyloid aggregates, 
to suppress the residual interactions imperative for self-
aggregation. A study conducted by Tang et al., suggested 
that human β-defensin 1 (HBD-1) and human α-defensin 6 
(HD-6) can interact with Aβ (associated with Alzheimer’s), 
hCT (associated with medullary thyroid carcinoma) and 
hIAPP (associated with type II diabetes) to impede their 
aggregation towards amyloid formation. Similarly, Zhang 
et al. reported that α-defensins containing β-rich structures 
are able to interact with amyloidogenic proteins Aβ, hCT 
and hIAPP to prevent its pathogenic misfolding and aggrega-
tion (Zhang et al. 2021; Tang et al. 2022).

Among the defensins, the anti-microbial peptide 
(AMP) Nicotiana alata Defensin 1 (NaD1) exhibits a 
notable potency against fungi due to its self-aggregation 

property that aids in microbial membrane infiltration (van 
der Weerden et al. 2008, 2010; Hayes et al. 2018; Järvå et al. 
2018). This self-aggregation propensity of NaD1 could pos-
sibly mimic aggregation-prone hotspots of aberrant proteins 
and effectively re-alter the conformational dynamics to 
impede their pathogenic transformation into amyloid form.

Significantly, the computational advancements in the 
field of molecular modelling and drug design have enabled 
researchers to assess the curative effects of lead compounds 
against pathogenic proteins, prior to experimental valida-
tion, which has notably reduced the number of potent mol-
ecules to be tested in vitro, thereby considerably saving 
resources and time. Several in silico analyses elucidating 
the biochemical dynamics between lead compounds and 
aberrant pathogenic proteins, especially the ones that are 
aggregation-prone, have been efficiently carried out in the 
recent past (Lemkul and Bevan 2012; Hassan et al. 2018; 
Jakubowski et al. 2020; Srinivasan et al. 2022).

In the present analysis, with the help of proficient 
molecular modelling tools and pipelines, we have ration-
ally designed therapeutic peptides from plant defensin anti-
microbial peptide (AMP) Nad1 and assessed their curative 
potential against V30M TTR protein. Our aim is to contrive 
a shorter, yet potent peptide that could effectively interact 
with V30M mutant TTR protein and notably re-alter its 
pathogenic architecture to negate the aberrant misfolding 
into an amyloid form. Herein, tackling the problem head-
on at its source itself could effectually prevent the aberrant 
accumulation of TTR aggregates in crucial organs.

Materials and methods

Structural coordinates optimization

Initially, the 3D structural coordinates of pathogenic V30M 
TTR (ID: 4TL4) protein and NaD1AMP (ID: 1MR4) were 
retrieved from the PDB database (Lay et al. 2003; Saelices 
et al. 2015). Both the protein and peptide’s geometry were 
optimized, by subjecting their structural coordinates to the 
steepest descent algorithm through YASARA software, an 
adept tool for molecular modelling, visualization, and simu-
lation. The optimized structure of protein and peptide was 
utilized for further analysis.

Molecular docking

To ascertain the association between peptide and mutant 
TTR protein, Cluspro molecular docking tool was employed, 
which is an efficient server for ascertaining protein–protein 
interaction. Initially, the protein structures are optimized 
prior to docking by Cluspro. Several possible conforma-
tions of ligand/peptide are generated and then, the rigid 
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body docking is performed with the afore-generated ligand 
conformers and protein. Herein, the tool employs the PIPER 
docking program to ascertain the interactions between pro-
tein and ligand. It employs a more accurate scoring function 
that also computes desolvation parameters and electrostatic 
interactions. Based on the docking scores, the top 1000 com-
plexes are shortlisted and then based on their conformational 
orientation, they are clustered further. Finally, a post-dock-
ing conformational refinement is performed on the resultant 
structures, and the complex model from the largest cluster 
with the highest docking score is selected for further analy-
sis (Kozakov et al. 2017; Vajda et al. 2017). Furthermore, 
the mutant V30M TTR protein active site residual binding 
energy with peptides is ascertained with the help of MM/
GBSA analysis performed by the Hawk Dock server(Weng 
et al. 2019).

HOMO–LUMO energy gap computation

To further elucidate the chemical reactivity of therapeutic 
peptides with mutant TTR, the highest occupied molecu-
lar orbital (HOMO)–lowest unoccupied molecular orbital 
(LUMO) energy gaps of the peptide molecules were com-
puted, upon docking with V30M TTR protein. In brief, the 
computations were performed with AMPAC software (http://​
www.​semic​hem.​com/​ampac/​defau​lt.​php), a proficient semi-
empirical quantum mechanical molecular modelling pro-
gram. Besides, the molecular orbital parameters of peptides 
were ascertained quantum semi-empirically, with the help 
of parameterizations stipulated by the PM6 model (Stewart 
2007). Subsequently, the HOMO–LUMO energy gaps were 
calculated for the peptide molecules.

Steered molecular dynamics (SMD) simulation

SMD simulation was performed on the peptide complexes 
with mutant TTR, using YASARA molecular modelling 
software, based on the parameterizations of the AMBER 
force field. Initially, the simulation system is solvated with 
0.997 g/ml solvent density water molecules, and the tem-
perature is maintained at 298 K. Further, the charge of sys-
tem is neutralized by adding 0.9% sodium chloride. Also, 
the long-range coulomb interactions were incorporated with 
periodic boundary conditions (PBC). Further, the peptide 
candidates are systematically pulled from mutant TTR with 
a dynamic pulling acceleration of 1500 pm/picosecond2. 
During the simulation, the centre mass of V30M mutant 
TTR is maintained constant, while the peptides are pulled 
from it, systematically. Also, the simulation parameters are 
recorded, once every 10 picoseconds. The simulation con-
cludes, when the peptides get completely dissociated from 
their respective complex with mutant V30M TTR, at a 25 Å 
distance. The peptide that showed a notable interaction with 

mutant TTR was utilized for subsequent analysis (Srinivasan 
and Rajasekaran 2019a; Srinivasan et al. 2021a).

Discrete molecular dynamics (DMD) simulation

Besides, the dynamic association between the selected thera-
peutic peptide and V30M TTR was elucidated with the help 
of DMD simulation. DMD is a modified version of clas-
sical MD simulation, in which the biomolecular trajectory 
depicts a discrete set of events, rather than continuous, mak-
ing DMD relatively faster, yet as effective as classical MD. 
DMD performs event-driven ballistic motion-based compu-
tations to ascertain atomic displacements. Also, the Medusa 
force field is incorporated into the pipeline to parameterize 
the molecular interactions. Notably, the Medusa force field 
is used to effectively study protein folding and the structural 
pathogenic perturbations induced by mutations. Besides, 
DMD simulation is quite apt for studying the structural 
dynamics of amyloidogenic proteins(Dokholyan et al. 1998; 
Shirvanyants et al. 2012). To represent the protein struc-
tures, a united-atom model is used. Further, Lazaridis Kar-
plus implicit solvation model is utilized, by the simulation 
system to account for protein structure solvation (Lazaridis 
and Karplus 1999). And, the molecular H-bond interactions 
are computed with the help of the Reaction-like algorithm 
(Ding et al. 2008). Further, the inter-atomic charge interac-
tions are ascertained with the help of the Debye-Hu ̈ckel 
approximation, wherein the Debye length is restricted to 
10 Å. Also, the temperature is regulated and maintained at 
300 K using Andersen's thermostat (Andersen 1980) and the 
PBC are effectuated during the simulation. Subsequently, the 
dynamic molecular configurations of the protein structures 
are recorded once in every 100-time units (tu), and the entire 
simulation was carried out, for 1,00,000 tu. Post simula-
tion, the dynamic changes in secondary structural propensi-
ties of the protein structures were determined with the help 
of Dictionary of Secondary Structure of Proteins (DSSP) 
algorithm. Moreover, DMD simulation trajectory analy-
ses were carried out, using GROMACS package (Van Der 
Spoel et al. 2005). Upon simulation, the difference between 
molecular trajectories of V30M TTR protein and its complex 
with therapeutic candidate peptide are statistically substanti-
ated, by performing a nonparametric Wilcoxon test on their 
trajectory dataset, with the help of Python’s Scipy package 
(version 1.6.2).

Normal mode analysis (NMA)

To further elucidate the dynamic interaction between the 
selected therapeutic peptide and V30M TTR protein, NMA 
simulation was performed on the protein structures. NMA is 
a computational pipeline that elucidates the conformational 
dynamics of a system based on its harmonic motion. NMA 

http://www.semichem.com/ampac/default.php
http://www.semichem.com/ampac/default.php
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is typically used to ascertain larger time-scale conforma-
tional transitions of protein structures that are quintessen-
tially laborious for MD simulations. Herein, the dynamic 
conformational change is elucidated by the superposition 
of normal modes and their corresponding frequencies (Go 
et al. 1983; Levitt et al. 1985; Hinsen 1998; Bahar et al. 
2010). First, the DynaMut server was used to compute the 
residual deformation potential of V30M TTR and its com-
plex with the peptide. It effectively ascertains conforma-
tional changes of protein structure based on principles of 
NMA and based on Amber94 all-atom potential parameteri-
zations. Subsequently, an inter-residual apparent stiffness 
was computed for the protein structures with the help of 
the FlexServ server, which employs a vectorial Anisotropic 
Network Model (ANM) NMA formalism to ascertain the 
conformational dynamics of protein structures. With the 
help of a diagonalized hessian matrix, the ANM formulates 
eigenvectors and eigenvalues that in turn delineate shape, 
frequencies and directions of normal modes (Camps et al. 
2009; Rodrigues et al. 2018).

Frustrometer analysis

To evaluate V30M TTR protein structural integrity upon its 
binding with the selected therapeutic peptide, the Frustrom-
eter tool was used to assess the protein structure residual 
frustration/strain. The tool determines the residual frus-
tration of queried protein, based on the energy landscape 
theory. It computes the likelihood that a given amino acid 
will conformationally reorient, based on the structural strain, 
it experiences from the surrounding residues (restricted to 
a 5 Å sphere around each Cα). Specifically, the frustration 
elucidated by each residue is calculated based on a probabil-
istic model, wherein the current position of a given residue 
is compared against the same residue’s all possible con-
formational positions in the given vicinity. Subsequently, 
the resultant change in energy was measured, according to 
parameters specified by the AMW energy function. Also, 
the amino acids can be categorized as minimally frustrated, 
neutral or highly frustrated, based on the computed normal-
ized Z-score. Accordingly, a residue is said to be ‘minimally’ 
frustrated, if the elucidated Z-score is higher than 0.78, 
while it is ‘highly frustrated’ if the Z-score is lower than 
− 0.78 and the scores in-between are delineated as neutral 
(Dixit and Verkhivker 2011; Parra et al. 2016).

Simulated thermal denaturation

To further investigate the structural influence of the selected 
peptide on V30M TTR, the simulated thermal denaturation 
of protein structures was performed, using Proflex software. 
It uses the Pebble game algorithm, and models the inter-
actions such as hydrophobic, polar, H-bonds and covalent 

bonds, during simulation. Based on the structural geometry 
of the queried protein, it is demarcated into flexible and 
rigid regions. Then, the H-bonds of the protein structure 
are removed systematically from weakest to strongest, till 
the protein is completely denatured/unfolded. After each 
cycle of H-bond removal, the protein’s structural geome-
try is recalibrated and subsequently demarcated into rigid 
and flexible regions. Next, the energy required for H-bond 
removal is recorded. While doing so, the energy required to 
remove the H-bonds is ascertained with the help of the Mayo 
potential. Also, the energy cut-off parameter for simulation 
is set to − 1.0 kcal/mol, for H-bond removal (Rader et al. 
2002; Srinivasan and Rajasekaran 2017).

Results and discussion

Amyloidogenic disorders have distressed mankind for a 
longer period of time. Yet, their pathophysiological mecha-
nisms are largely obscure. Moreover, formulating an efficient 
therapeutic strategy against these detrimental disorders has 
been a herculean task. Furthermore, while much impor-
tance is given to disorders such as Alzheimer’s, Parkinson’s, 
ALS and Huntington, an equally debilitative FAP disorder 
is comparatively unheeded. Among FAP patients, V30M 
mutation in TTR protein is found to be the most common 
genetic aberration. This point mutation in TTR propagates 
it to misfold into amyloids, which further promotes cellular 
degeneration in the tissues where it gets aggregated (Saraiva 
1995; Srinivasan et al. 2020). In the current analysis, we 
intended to formulate therapeutics that could effectively alter 
the conformation of V30M TTR protein and steer it away 
from its distinct pathogenic tendency to misfold into amyloid 
fibrils, thereby addressing the source of the predicament to 
effectively prevent aggregation in crucial regions.

Recently, peptide-based therapeutics has begun to gain 
a lot of traction for their efficacy against amyloidogenic 
disorders. Compared to small molecules, the peptide-based 
therapeutics exhibit higher potency and specificity, thus 
lower toxicity. And, they are relatively easier to synthesise 
when compared to small molecules. Moreover, they elicit 
low immunogenic responses relative to small molecules 
(La Manna et al. 2018; Wang et al. 2022). A study con-
ducted by Wang et al. (2011) suggested that a therapeutic 
peptide candidate molecule designed was able to mitigate 
Aβ aggregation and its subsequent neuronal damage. Also, 
Cheruvara et al. (2015) suggested that the candidate peptide 
molecule, 4554W instigated a decrease in α-synuclein fibril 
formation and a reduction in cytotoxicity. And, Soto et al. 
reported short beta-sheet breaker peptides which were able 
to impede Aβ fibrillogenesis. Similarly, several studies have 
reported that peptide-based analeptics have attenuated the 
cytotoxic propensities of various detrimental amyloidogenic 
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proteins (Armiento et al. 2020). Although peptide-based 
therapeutics are susceptible to proteolysis, recent peptide 
modification advancements such as hydrocarbon stapling 
or substituting residues with non-natural amino acids could 
potentially evade its proteolytic cleavage. Recent progress 
in drug delivery routes and chemical medication reactions 
could circumvent the potential shortcomings associated with 
peptide-based curative, making them efficacious (Werle and 
Bernkop-Schnürch 2006; Walensky and Bird 2014; Baig 
et al. 2018; La Manna et al. 2018).

Especially, defensins have been known to exhibit a pref-
erential interaction with amyloid fibrils to mitigate its detri-
mental effects(Zhang et al. 2021; Tang et al. 2022). Among 
these, NaD1 defensin, a potent anti-fungal peptide found 
predominantly in ornamental tobacco plants could be a 
prudent choice in targeting V30M TTR pathogenic protein. 
The rationale for choosing this particular AMP is that it is 
known to self-aggregate (van der Weerden et al. 2010; Hayes 
et al. 2018; Järvå et al. 2018). It is highly plausible that the 
residues from this aggregation-prone AMP may comple-
ment the aggregation-prone regions of pathogenic V30M 
TTR protein. Thus, it is also likely that the aforementioned 
amino acids from NaD1 AMP could notably interact with 
V30M TTR protein and alter its pathogenic conformational 
dynamics, to mitigate its conventional amyloidogenic mis-
folding. Based on these postulations, we attempted to for-
mulate NaD1 AMP-based therapeutic peptide candidate 
against V30M TTR protein, to potentially alter its distinct 
pathogenic structural dynamics.

Elucidating key residues involved in NaD1 
interaction with V30M TTR protein

NaD1 is a 47-residue-long AMP peptide, however, shorter 
peptides have been found to be therapeutically favour-
able compared to their longer counterparts (Apostolopou-
los et al. 2021). Hence, we derived a shorter peptide from 
NaD1, based on its interaction with the V30M TTR protein. 
Accordingly, both NaD1 and V30M TTR structures were 
geometrically optimized and docked. Upon docking, the key 
interacting residues between NaD1 peptide and V30M TTR 
were elucidated (Fig. 1). It was found that the binding resi-
dues viz., C3, K4, T5, E6, S7, S35, K36, I37, L38 and C41 
of NaD1 peptide exhibit notable interactions with mutant 
TTR protein, compared to other residues. To further charac-
terize the binding residues, computational alanine scanning 
was performed (Fig. 2), in which, the binding residues were 
replaced by alanine, individually and the resulting changes 
in NAD1—mutant TTR protein complex in terms of binding 
energy (ΔΔG) were computed. Alanine is a relatively inert 
amino acid; hence replacing residues and measuring their 
relative change in binding energy due to alanine substitu-
tion, could provide insights into the residual interaction with 

protein. Thus, post alanine-scanning, the binding residues 
viz., C3, K4, T5, E6, S7, S35, K36, I37, L38, R40, L42 and 
C43 of NaD1 peptide were found to exhibit considerable 
interactions with V30M TTR protein.

Integrating findings from both, the peptide-protein inter-
action and in silico alanine scanning suggest that the binding 
residues of NaD1 from residues 3 to 6 (C3, K4, T5, E6) and 
35 to 38 (S35, K36, I37, L38) exhibit notable interactions 
with mutant V30M TTR protein, compared to its other resi-
dues. Thus, based on the NaD1 peptide’s interaction with 
mutant TTR, two tetra-peptides with amino acids placed 
continuously in NaD1 AMP, with residue range 3–6 (CKTE) 
and 35–38 (SKIL) could be potent therapeutic candidates, 
in alleviating pathogenic proclivities of V30M TTR protein.

Fig. 1   Diagram elucidating the interaction between V30M TTR pro-
tein and NaD1 AMP peptide. Blue lines depict H-bonds, while the 
dashed orange lines represent non-bonded contacts and the red lines 
represent salt-bridges. The sizes of the lines elucidate the intensity of 
interaction between the residues. The interaction between protein and 
peptide is predominated by non-bonded contacts with few H-bonds 
and salt bridges. Also, Binding residues: C3, K4, T5, E6, S7, S35, 
K36, I37, L38 and C41 of NaD1 peptide exhibit notable interactions 
with mutant TTR protein, compared to other residues
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Ascertaining CKTE and SKIL tetra peptide 
interaction efficacy with V30M TTR​

Though the residues in the aforementioned tetra peptide 
demonstrate notable interactions with mutant V30M TTR, 
it is imperative in NaD1’s structural context, to assess how 
well these tetra peptides interact with mutant TTR protein 
independently, when they are sequestered individually from 
NaD1 AMP.

Accordingly, the tetra peptides: CKTE and SKIL were 
modelled, optimized geometrically and docked with V30M 

mutant TTR. While docking, the binding energy between 
mutant TTR interacting residues and tetra peptides was 
calculated. Findings indicate that the binding energy of 
V30M TTR interacting residues with CKTE peptide is 
comparatively higher (Fig. 3A) than the binding energy 
of V30M TTR interacting residues with SKIL tetra peptide 
(Fig. 3B). Thus, the higher binding energy of CKTE with 
mutant TTR residues suggest that CKTE tetra peptide may 
indicate stronger interactions with V30M TTR protein, 
compared to SKIL tetra peptide.

Fig. 2   Bar graph elucidating 
the results from Computational 
Alanine Scanning, the X-axis 
consists of NaD1’s interact-
ing residues with V30M TTR 
protein that are systematically 
replaced with alanine, while 
the Y-axis illustrates the change 
in free energy in the complex, 
upon alanine substitution. Bind-
ing residues: C3, K4, T5, E6, 
S7, S35, K36, I37, L38, R40, 
L42 and C43 of NaD1 peptide 
were found to exhibit notable 
energy deviation upon substi-
tuted with alanine

Fig. 3   Bar graph illustrating mutant V30M TTR protein’s residual 
binding interaction energy with A CKTE and B SKIL tetra peptides. 
V30M TTR protein’s residual binding interaction energy is relatively 

higher when it interacts with CKTE peptide, compared to its interac-
tion with SKIL tetra peptide
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To further elucidate tetra peptides’ association with 
mutant TTR from a ligand’s perspective, both their molecu-
lar orbital energies were computed upon docking to V30M 
TTR protein. The energy difference between the highest 
occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) in a ligand after docking, 
depicts the ligand’s reactivity with that protein, wherein, 
a lower energy gap implicates higher reactivity (Pegu 
et al. 2017). Upon docking with TTR mutant protein, the 
HOMO–LUMO energy gap for the CKTE tetra peptide was 
found to be 1.68 eV (Fig. 4A), while the SKIL tetra peptide 
exhibited a HOMO–LUMO energy gap of 2.54 eV (Fig. 4B). 
Thus, the relatively lower energy gap of CKTE tetra peptide 
suggests its better association and reactivity to V30M TTR 
protein, compared to SKIL tetra peptide.

Furthermore, steered molecular dynamics (SMD) sim-
ulation illustrated the dynamic binding efficacy between 
the tetra peptides and mutant TTR. SMD simulation is 
a contrariety protein–ligand interaction analysis to dock-
ing, where the ligand is systematically pulled out from 
the protein, in a controlled simulated environment. Post 
SMD, protein–ligand binding can be ascertained, based 
on the time taken for the complete dissociation of the 
protein and ligand. A ligand having stronger interactions 
with protein would take a longer duration to be completely 
pulled out from the complex, and vice versa. Accordingly, 
the SMD simulation results (Fig. 5) indicate that a rela-
tively longer duration was required to completely pull 
out the tetra peptide CKTE from its complex with V30M 
TTR, compared to SKIL. Consequently, SMD simulation 

Fig. 4   Diagram illustrating HOMO–LUMO molecular orbitals of A 
CKTE and B SKIL tetra peptides, upon binding to V30M TTR pro-
tein. The HOMO–LUMO energy gap for CKTE tetra peptide is rel-

atively lower (indicating a higher reactivity with V30M TTR) com-
pared to the SKIL tetra peptide

Fig. 5   Line graph illustrating 
SMD findings of mutant V30M 
TTR complex with CKTE and 
SKIL tetra peptide. A longer 
duration was observed for the 
dissociation of CKTE tetra 
peptide from its complex with 
V30M TTR protein. This indi-
cates a higher interaction with 
V30M TTR protein, relative to 
SKIL tetra peptide
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further corroborated the stronger association of CKTE 
with mutant V30M TTR than SKIL.

Based on the cumulative consistent findings from the 
aforementioned protein-peptide interaction analyses, it is 
apparent that the tetra peptides CKTE exhibits a higher 
interaction with V30M TTR protein, compared to SKIL and 
more likely, possess the ability to alter the conformational 
dynamics of mutant V30M TTR protein to steer it away from 
its pathogenic aggregation propensities.

Discrete molecular dynamics (DMD) simulation 
of V30M TTR and its complex with CKTE tetra 
peptide

Though it was found that the tetra peptide CKTE could con-
siderably interact with V30M TTR compared to SKIL, it is 
also imperative to analyze its curative potential in notably 
reorienting the distinct pathogenic conformational dynam-
ics, crucial for V30M TTR’s aggregation. To investigate 
the V30M TTR protein dynamic structural modifications, 
brought about by CKTE, both V30M TTR mutant protein 
and its complex with CKTE were subjected to DMD simu-
lation for 100,000 time units. DMD was chosen over the 
traditional MD simulation since studying the structural 
dynamics of aggregation-prone proteins typically needs a 
longer time scale simulation; moreover it is laborious and 
time-consuming. Furthermore, while classical MD computes 
the dynamic motion of each and every atom throughout the 
simulation, DMD’s ballistic collision-event-based compu-
tation focuses only on the region, where, a conformational 
change occurs or is likely to occur, which in turn consid-
erably reduces the calculations to be performed. Its fewer 
computations coupled with coarse-grained implantations 
make DMD relatively faster when compared to classical 
MD without leveraging its efficacy (Proctor et al.). To this 
effect, a study conducted by Yun et al. (2007) reported the 
use of DMD to effectively elucidate the electrostatic interac-
tions involved in Aβ’s oligomer formation. Moreover, Serpa 
et al. (2021) suggested that DMD simulation can be used to 
delineate the dynamic conformational changes associated 
with the oligomer formation of prions. Ding et al. (2012) 
showed that DMD can better elucidate how SOD1’s muta-
tion can engender its misfolding and in turn, effectuate its 
aggregation. Various other studies have also indicated that 
DMD can be preferred over classical MD simulation for effi-
ciently delineating the conformational dynamics of amyloi-
dogenic proteins (Buldyrev 2009; Emperador and Orozco 
2017; Proctor et al.). Hence, we employed DMD simulation 
over traditional MD.

Based on the molecular trajectory obtained through 
DMD simulation, the root-mean-square deviation (RMSD) 
was calculated for the V30M mutant TTR protein and its 
complex with CKTE tetra peptide. RMSD computes the 

average distance moved by atoms with respect to their mean 
positions thus, elucidating the conformational stability of 
a protein (Srinivasan and Rajasekaran 2019b; Srinivasan 
et al. 2021b). Herein, it was found that upon interaction 
with CKTE tetra peptide, RMSD of V30M TTR protein 
increased considerably (p value < 0.01), relative to peptide 
unbound mutant protein (Fig. 6). Hence, suggesting that the 
pathogenic conformation of mutant TTR is altered upon 
interacting with CKTE tetra peptide. To further support this 
perception, the residual flexibility (RMSF) of the protein 
structures was computed. It was demonstrated that V30M 
TTR-CKTE complex shows increased residual flexibility 
(p value < 0.01) for certain amino acids (Fig. 7), thereby 
alluding to the possibility of structural reorientation, which 
further reiterates CKTE tetra peptide’s ability to re-alter the 
distinct pathogenic dynamic conformation of V30M TTR.

Since the amyloids are structurally reinforced by beta-
sheets and the amyloidogenic proteins tend to misfold into 
fibrils rich in beta-sheets, targeting and reorienting the resi-
dues of beta-sheets of the pathogenic mutant protein might 
effectively hinder the mutant protein from its aberrant mis-
folding to amyloid fibrils. Correspondingly, the “beta-sheet 
breaker” is a crucial metric that is being considered by 
several studies to evaluate the therapeutic peptides against 

Fig. 6   3D line graph illustrating the dynamic change in RMSD of 
V30M TTR (purple colour) and its complex with CKTE tetra peptide 
(green colour), observed during DMD simulation. Upon interaction 
with CKTE tetra peptide, RMSD of V30M TTR protein increased 
considerably (p value < 0.01), relative to peptide unbound mutant pro-
tein
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amyloid fibrils (Kim et al. 2009; Viet et al. 2011; Lin et al. 
2014; Liu et al. 2017; Srinivasan and Rajasekaran 2018). 
In the present analysis, CKTE’s ability to attenuate the 
beta-sheets of V30M TTR mutant protein was ascertained. 
Accordingly, the peptide CKTE was able to notably reorient 
the beta-sheet residue of V30M TTR protein, thereby reduc-
ing its beta-sheet content. From Fig. 8, it is apparent that 

the number of beta-sheet residues decreases considerably 
(p value < 0.01) upon mutant TTR’s interaction with CKTE 
tetra peptide, relative to peptide unbound V30M TTR. It is 
further substantiated by the apparent demarcation between 
their trajectory dataset’s running averages. Moreover, while 
visualizing the binding interface of initial docked V30M 
TTR-CKTE peptide complex (Supplementary Fig. 1), it was 

Fig. 7   Line graph illustrating 
RMSF of V30M TTR and its 
complex with CKTE tetra pep-
tide. V30M TTR-CKTE com-
plex shows increased residual 
flexibility (p value < 0.01) for 
certain amino acids

Fig. 8   Line graph elucidating 
the dynamic change in beta-
sheet residues of V30M TTR 
and its complex with CKTE 
tetra peptide. The thin lines 
depict the moving averages for 
the corresponding datasets. 
The number of beta-sheet 
residues decreases considerably 
(p value < 0.01) upon mutant 
TTR’s interaction with CKTE 
tetra peptide



	 3 Biotech (2023) 13:227

1 3

227  Page 10 of 16

noted that the V30M TTR protein’s interacting residues with 
CKTE peptide, predominantly consists of beta-sheet con-
stituting amino acids. The direct interaction of CKTE tetra 
peptide with V30M TTR protein’s beta-sheet residues could 
in turn alter the dynamic beta-sheet residue formation of 
pathogenic V30M TTR protein; this could be the potential 
causative behind CKTE tetra peptide’s “beta-sheet breaker” 
ability against V30M TTR protein.

Based on the biomolecular trajectory computed during 
DMD simulation, the covariance of inter-atomic motions 
was computed for V30M TTR protein and its complex with 
CKTE tetra peptide. The matrices plotting the covariance 
of inter-atomic motions for the protein structures (Fig. 9) 
signifies a distinct change in the pattern of V30M TTR inter-
atomic covariance upon its interaction with CKTE tetra pep-
tide. This change in the covariance of inter-atomic motions 
indicate that the pattern of atomic motion changes consid-
erably upon mutant TTR’s binding to CKTE, which further 
insinuates that CKTE notably alters the distinct pathogenic 
conformational dynamics of V30M TTR. To further substan-
tiate the notion, a porcupine plot illustrating the principal 
component, PC1 and PC2 projected motions were plotted 
based on the molecular trajectories of V30M TTR and its 
complex with CKTE. Vectors plotted based on the first two 
principal components PC1 and PC2 (Fig. 10) indicate that 
the projected motion pattern of V30M TTR changes consid-
erably upon interacting with CKTE. This apparent change in 
the projected motions of mutant TTR V30M-CKTE complex 
also substantiate the notion that CKTE could considerably 
alter the structural dynamics of mutant TTR protein, thereby 

Fig. 9   Inter-atomic covariance matrix of A V30M TTR protein and B V30M TTR-CKTE complex. A distinct change in the pattern of V30M 
TTR inter-atomic covariance upon its interaction with CKTE tetra peptide can be observed

Fig. 10   Porcupine plots illustrating PC1 and PC2 vector projected 
motion of V30M TTR and its complex with CKTE peptide. The 
projected motion pattern of V30M TTR changes considerably upon 
interacting with CKTE
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potentially hindering its pathogenic misfolding into amyloid 
fibrils.

Subsequently, the free energy landscape (FEL) of the 
protein structures was computed to study the thermody-
namically feasible global energy minima states of mutant 
TTR protein and its complex with CKTE tetra peptide. 
Herein, the RMSD and the radius of gyration (Rg) of the 
protein structures were employed as reaction coordinates. 
Accordingly, the FEL of V30M mutant TTR protein indicate 
the occurrence of numerous thermodynamically favoured 
global energy minima states, as illustrated by dark blue con-
tours (Fig. 11A), thereby demonstrating V30M TTR pro-
tein’s possibility of unprecedented misfolding into amyloid 
fibrils, wherein any one of the global minima states could 
aberrantly misfold into amyloid fibrils. However, upon its 
dynamic association with CKTE tetra peptide, the global 
energy minima of the complex states reduce notably, as 
evident from the considerable decrease in the dark blue 
contours (Fig. 11B). This notable decrease in global energy 
minima suggests that CKTE tetra peptide’s interaction could 
thermodynamically restrict V30M TTR protein from trans-
forming into one of its pathogenic conformers that fosters 
amyloidogenic misfolding.

Normal mode analysis (NMA) of protein structures

To further elucidate the ability of CKTE to alter the path-
ogenic structural dynamics of V30M TTR protein, NMA 
simulation was performed on V30M TTR protein and its 
complex with CKTE tetra peptide. Herein, NMA simulations 
utilise the classical mechanics to represent atoms as simple 
sets of tiny harmonic oscillators and computes the biomo-
lecular motions by discerning the atomic amplitudes. NMA 
is typically used to study a longer timescale conformational 

transition of biomolecules, which would require larger 
computational resources and more time if it were studied by 
traditional molecular simulation procedures. Thus, in the 
present analysis, we employed NMA to ascertain whether 
CKTE tetra peptide could regulate V30M TTR pathogenic 
transitions into amyloid stacks.

Based on NMA simulation, the residual deformation 
energies were calculated for mutant TTR and its complex 
with CKTE. Primarily, the deformation energy quantifies 
the local flexibility of a protein. Herein, the distinct defor-
mation potential of V30M TTR amino acids alters notably 
upon its binding with CKTE (Fig. 12A and B), thus indi-
cating the potential of CKTE to alter the conformation of 
mutant TTR, thereby regulating the pathogenic flexibility 
of its amino acids. Moreover, since the local flexibility of 
amino acids could determine the molecular basis of protein 
misfolding (Ferreira and De Felice 2001; Dobson 2003; He 
et al. 2009; Yaseen et al. 2016), it is safe to infer that CKTE 
tetra peptide could potentially steer the mutant TTR protein 
away from its regular misfolding pattern. Also, this change 
in the residual flexibility pattern between mutant TTR and its 
CKTE tetra peptide complex is substantiated by the RMSF 
results of DMD simulation (Fig. 7).

In addition, residual apparent stiffness was computed 
for the amino acids of V30M TTR protein and its complex 
with CKTE tetra peptide, where the apparent stiffness is the 
force experienced among two residues from disconnected 
oscillators, or in other words, it elucidates the inter-amino 
acid interactions (Camps et al. 2009). It was found that the 
residual apparent rigidity is altered notably when mutant 
TTR protein interacts with CKTE tetra peptide (Fig. 13); 
further substantiating CKTE peptide’s potential to relater 
the distinct pathogenic conformational dynamics of V30M 
TTR, thus hindering its amyloidogenic misfolding.

Fig. 11   FEL diagram of A V30M TTR protein and B its complex 
with CKTE tetra peptide. The coloured contours and the colour bar 
elucidate the energy (kcal/mol) of the conformers. Dark blue regions 
represent global minima, while light blue and green-coloured regions 

represent metastable states. Upon V30M TTR’s dynamic association 
with CKTE tetra peptide, the global energy minima of the complex 
states reduce notably, as evident from the considerable decrease in the 
dark blue contours
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Residual frustration analysis of protein structures

Subsequently, V30M TTR and its complex with CKTE 
tetra peptide were subjected to residual frustration analysis, 
which elucidates the likelihood of conformational reorien-
tation of protein structural residues. It computes the likeli-
hood based on a probabilistic model that fits the queried 
amino-acid’s conformation against the list of all possible 
conformations (Parra et al. 2016). Consequently, the residual 
frustration analysis (Fig. 14) suggests that due to structural 
modifications induced by CKTE tetra peptide, the likelihood 
of conformational reorientation of certain amino acids in 
mutant TTR protein increases considerably, compared to 
the pathogenic mutant protein without peptide. Moreover, 
it is worth mentioning that among the residues that showed 

an increased likelihood of conformational reorientation are 
amino acids that correspond to the beta-sheets in mutant 
V30M TTR. Since the beta-sheets are an integral pathogenic 
constituent of amyloid fibrils, the results further substantiate 
the curative potential of CKTE tetra peptide, in conforma-
tionally altering the V30M TTR protein from its aggregation 
propensities.

Simulated thermal denaturation of protein 
structures

Simulated thermal denaturation was performed on the pro-
tein structures to further examine CKTE’s ability to re-alter 
V30M TTR conformation. In simulated thermal denatura-
tion, the protein is systematically denatured by removing its 

Fig. 12   Deformation poten-
tial diagram of A V30M TTR 
protein and B its complex with 
CKTE tetra peptide. The mag-
nitude of deformation potential 
is depicted by thickness of 
tube and colour coded: red 
(high), white (moderate) and 
blue (low). Herein, the distinct 
deformation potential of V30M 
TTR amino acids alters notably 
upon its binding with CKTE 
tetra peptide

Fig. 13   Apparent stiffness matrix of A V30M TTR protein and B its complex with CKTE tetra peptide. The residual apparent rigidity is altered 
notably when mutant TTR protein interacts with CKTE tetra peptide



3 Biotech (2023) 13:227	

1 3

Page 13 of 16  227

H-bonds, by supplying energy into the system in a simulated 
environment. Thereby, evaluating the structural integrity of 
the protein; the higher the energy ingress to denature the 
protein, the more structurally tenacious and resilient the 
protein is to conformational reorientation. Accordingly, 
about − 5.529 kcal/mol energy was required to structurally 
denature the V30M TTR protein (Fig. 15A), while, about 
− 4.641 kcal/mol energy was needed to denature V30M 
TTR-CKTE complex (Fig. 15B). Notably, reduced dena-
turation energy required by the V30M TTR-CKTE complex 
suggests that it is more likely susceptible to conformational 
reorientation, compared to peptide unbound pathogenic 
V30M TTR protein. This change might be due to the struc-
tural modifications on the V30M TTR protein induced by its 
binding with CKTE tetra peptide.

Hence, based on the consistent findings from various pro-
ficient computational analyses, it can be ascertained that the 
tetra peptide CKTE possesses the therapeutic potential to 
structurally reorient the pathogenic V30M TTR protein to 
potentially impede its amyloidogenic misfolding.

Conclusion

Formulating efficacious analeptics against amyloidogenic 
disorders has been quite daunting in the pharmaceutical 
community. While much focus has been given to amyloido-
genic disorders such as Alzheimer’s and Parkinson’s, their 

equally detrimental counterpart FAP is relatively unheeded. 
Nevertheless, peptide-based therapeutics has been increas-
ingly postulated to be effective against various detrimental 
amyloidogenic disorders. Since TTR protein aggregation is 
one of the main causatives behind FAP and V30M mutant 
TTR being prevalent in FAP patients, we aimed to formu-
late the peptide-based analeptics against V30M TTR pro-
tein that could effectively hinder its pathogenic misfolding. 
Accordingly, NaD1 AMP was chosen since it possesses a 
self-aggregation tendency which could be compliant with 
aggregation-prone regions of V30M TTR protein. Based 
on its interaction with mutant TTR protein, two tetra pep-
tides were contrived. Among these, the tetra peptide CKTE 
showed notable interaction with V30M TTR protein. Based 
on the consistent findings from various proficient compu-
tational analyses including DMD, NMA, residual frustra-
tion analysis and simulated thermal denaturation, it is quite 
apparent that the tetra peptide CKTE possesses the curative 
potential to notably alter the pathogenic structural dynamics 
of V30M TTR protein, thus potentially impeding its amy-
loidogenic misfolding. Hence, we have rationally designed 
a therapeutic peptide candidate, the tetra peptide CKTE that 
could attenuate the cytotoxic effects of V30M TTR amyloid 
aggregates, thereby mitigating the detrimental effects of FAP 
disorder. Moreover, the tetra peptide CKTE could facilitate 
future studies towards contriving personalized curatives for 
FAP patients with aberrant V30M TTR protein.

Fig. 14   Residual frustration analysis graph of A V30M TTR protein 
and B its complex with CKTE tetra peptide. Due to structural modi-
fications induced by CKTE tetra peptide, the likelihood of confor-

mational reorientation of certain amino acids in mutant TTR protein 
increases considerably, compared to the pathogenic mutant protein 
without peptide
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