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ABSTRACT

Inositol-requiring enzyme 1 (IRE1), an endoplasmic reticulum (ER) transmembrane
protein with both kinase and endoribonuclease activities, plays an essential role during
ER stress and its subsequent unfolded protein response (UPR). Recent evidence shows
IRE1 signaling contributes to tumorigenesis and cancer progression, pointing to the
therapeutic importance of this conserved arm of the UPR. Here, we employed different
computational tools to design and predict short peptides with the capability of dis-
rupting IRE1 dimerization/oligomerization, as a strategy for inhibiting its Kinase and
RNase activities. A mutation-based peptide library was constructed using mCSM-PPI2
and OSPREY 3.0. The molecular interaction analyses between the designed peptides
and IRE1 protein were conducted using the HADDOCK 2.2 online server, followed
with molecular dynamics analysis by the GROMACS 2020 package. We then selected
short peptide candidates that exhibited high affinity and best predicted physicochem-
ical properties in complex with IRE1. Finally, online servers, such as ToxinPred and
AllerTop, were used to identify the best peptide candidates that showed no significant
allergenic or cytotoxic properties. These rational designed peptides with the capability
of binding to IRE1 oligomerization domain can be considered as potential drug can-
didates for disrupting IRE1 activity in cancer and related diseases, pending for further
validation by in silico and experimental studies.

Keywords: Bioinformatics, cancer, drug design, inositol-requiring enzyme 1,
short peptides.
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INTRODUCTION:

Despite the progression in etiology and treatment of can-
cer, it remains the second leading cause of death world-
wide (1). Obtaining more knowledge about the contribu-
tion of risk factors and molecular signaling pathways to
cancer formation and treatment are essential to help in
improving current preventive and therapeutic strategies
for this disease (2, 3).

The endoplasmic reticulum (ER) serves as an impor-
tant organelle for the synthesis and post-translational
modification of more than 30% of all cellular proteins
(4). Perturbations in protein folding triggered by stress-
ful factors, such as calcium levels, redox status, and gly-
cosylation, may result in the accumulation of misfold-
ed proteins, leading to the activation of a pro-survival
signaling pathway called unfolded protein response
(UPR) (5). This adaptive response is orchestrated by
three key ER stress sensors, including inositol-requir-
ing enzyme 1 alpha (IREla), activating transcription
factor 6 (ATF6) and PKR-like ER kinase (PERK) (6-8).
IRE1la is the most conserved arm of the UPR with dual
endoribonuclease and kinase activities (9). Following
ER stress, the GRP78/BiP chaperone is dissociated
from IREla, leading to IREla dimerization/oligomer-
ization and subsequently the stimulation of its Kinase
and RNase activities (9). The RNase activity of IREla
splices X-box binding protein 1 (XBP1) mRNA, yield-
ing XBP1s, a transcription factor that enhances the
protein folding capacity of the ER and cellular survival
(10). These ER homeostatic effects of XBP1s are me-
diated through the increase in the transcript levels of
ER chaperones and cell fate signaling factors such as
the Myc proto-oncogene (11, 12). In parallel, the RNase
activity of IREla may mitigate protein synthesis load
through the cleavage of multiple mRNAs and microR-
NAs in a process known as regulated IRE1-dependent
decay (RIDD). However, under sever ER stress condi-
tions, or if the UPR cannot cope with the stress, XBP1s
and RIDD provoke apoptotic cell death (13, 14).
Recent reports suggest that both XBP1s and RIDD activ-
ities of the IREla contribute to cancer progression and
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drug resistance (15, 16). Therefore, finding new IREla
modulators (both its activators and inhibitors) is con-
sidered a priority in cancer therapeutic strategies. In the
drug discovery industry, short peptides emerge as prom-
ising drugs that could improve treatment options for
human diseases (17, 18). For example, several peptides
have been successfully used for diagnosis and treatment
of cancer (19). Here, we employed a computer-aided
mutation-based peptide design approach to find short
peptides with the capability of targeting IREla activity
with the hope that presenting a new generation of IREla
modulators might be helpful for UPR-dependent diseas-
es and drug discovery purposes.

Materials and Methods:

Modeling, structural prediction, and amino acids analy-
sis of IRE1-IRE1 interaction

The 3D structure of the IREla protein was retrieved
from the Protein Data Bank (PDB) (https://www.rcsb.
org/) (20). Specifically, the spatial arrangement of the
two monomeric units constituting the dimeric form of
the IREla protein was identified. To find essential ami-
no acids involved in the interaction between two IRE1
monomers, an extensive analysis of multiple articles
was conducted and the PDB ID: 6W3K was selected as
the basis for subsequent docking analyses. The potential
glycosylation sites within the IRE1 protein were also as-
sessed using the NetNglyc and NetOglyc tools (https://
services.healthtech.dtu.dk/services/NetOGlyc-4.0/) to
ensure that the strategic selection of peptides that do not
interfere with these regions.

The sequences of the designed peptides were generated
using the PEP-FOLD Peptide Structure Prediction Server
(https://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-
FOLD/). These specific amino acids, along with their
proximal counterparts, were chosen to form the basis of
our short inhibitory peptides (21).

Docking and molecular dynamics (MD) simulation
analyses

The docking analyses between the designed peptides and
IREla protein were conducted using the HADDOCK
2.2 online server (https://alcazar.science.uu.nl/services/
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HADDOCK2.2/) (22). A pivotal aspect of this analysis
entailed the utilization of Ambiguous Interaction Re-
straints (AIR) (23). The molecular dynamics simulation
of 100,000 picoseconds (ps) was conducted by employ-
ing the GROMACS 2020 package (http://gromacs.org),
Gromos96 54a7 force field, and the SPCE water model.
Each peptide-IRE1 complex was centered within a cu-
bic box, ensuring a minimum distance of 1.0 nm from
the box edges. To account for long-range electrostatic
interactions, pressure equilibration was carried out for
1 nanosecond (ns) using the Berendsen barostat, which
employs the LINCS algorithm and PME mesh calcula-
tion. Adjustments were made for Fourier grid spacing
and Coulomb radius, set at 0.16 and 1.2 nm, respectively,
with Van der Waals interactions configured to 1.2 nm.
Upon completion of the MD simulation, 200 frames were
extracted from the final 20 nanoseconds of the trajecto-
ry. Subsequently, the binding free energy of each amino
acid within the peptide was computed using gmmpbsa, a
GROMACS tool designed for high-throughput MM-PB-
SA calculations. Root Mean Square Deviation (RMSD),
Radius of Gyration (Rg), Root Mean Square Fluctuations
(RMSF), Surface-Accessible Surface Area (SASA), and
the number of Hydrogen Bonds (H-bonds) parameters
were also evaluated for each peptide (24).

Proposing new amino acids for mutation

The mCSM-PPI2 online server (https://biosig.lab.
ug.edu.au/mesm_ppi2/) was employed to suggest ap-
propriate amino acids at the designated mutation sites
(25). This server accurately predicts the impact of mis-
sense mutations on protein-protein affinity by utilizing a
machine-learning approach that harnesses graph-based
structural signatures termed mCSM.

Evaluation of toxicity, allergenicity, and self-assembly of
designed peptides

The newly generated mutation-based peptides were
subjected to rigorous scrutiny for both toxicity and al-
lergenicity via ToxinPred (https://webs.iiitd.edu.in/
raghava/toxinpred/protein.php) (26) and AllerTop
(http://www.ddgpharmfac.net/AllerTOP/) (27) online
servers. The self-accumulating propensity of the de-
signed peptides was conducted using the online tool

www.bccrjournal.com

Alireza Ghanbari et al...

available at http://old.protein.bio.unipd.it/pasta2/work/
pid_573289533/pasta.

Final peptide selection and construction of peptide li-
brary

The peptides identified through mCSM-PPI2 were sub-
jected to further analysis and the construction of a li-
brary using OSPREY 3.0 (Open-Source Protein Redesign
for You) (28). The software produces energy scores and
PDB files for each peptide, enabling the selection of pep-
tides with the highest energy scores among the generat-
ed suggestions.

Results:

IREla dimer structure and investigating its glycosyla-
tion points

The IREla protein’s 3D structure was found in the PDB
database (PDB ID: 6W3K). Figure 1 visually depicts the
interaction involved in the IREla dimer. To prevent
IRE1 dimerization, we should first ensured that the
selected peptides did not overlap with its B2B glycosyl-
ation regions. The NetNglyc analysis revealed the pres-
ence of 2 potential N-glycosylation sites within the se-
quence. Specifically, these sites were identified as amino
acid N in the NPTY sequence (position 204) and amino
acid N in the NITV sequence (position 331). An impor-
tant consideration emerged regarding the presence of
a proline immediately following the N at position 204.
As described in the literature, this configuration signifi-

Figure 1. IREla dimer. The yellow and green colors demonstrate the
IREla monomers and the red ones illustrate the hot spot amino acids in-
volved in the interaction.
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cantly diminishes the likelihood of glycosylation for this
sequence. Consequently, it was determined that only
position 331 retains the potential for glycosylation. Ad-
ditionally, the NetOglyc results unveiled the existence of
7 possible O-glycosylation sites, denoted by amino acids
at positions 2, 3, 5, 180, 183, 300, 307 and 398. Notably,
none of the selected peptides were found to overlap with
the identified glycosylation regions of the IRE1 protein.
Peptides designing and docking analysis

To propose peptides with the capability of targeting
IREla, we rationally designed several short peptides
based on their complementary sequence with the
IREla-IREla interaction sites (Table 1). Then, all the
mentioned peptides were docked against the IRE1a pro-
tein to gain their binding affinity to the protein. Among
them, peptide 1 had no good affinity for the protein and
was excluded from the study. The calculation of gmmpb-

Table 1. Suggested peptides for inhibition of IRElx protein.

sa showed that Cys4 and Glu6 from peptide 2, GIn8 and
Ser11 from peptide3, His3, Glu6 and Leu?7 from peptide4
and Glu2, Leud4, Phe5, Tyr9 and Hisll from peptide5
had a negative effect on the binding affinity of peptides
to IREla (Table 2).

Investigation of toxicity and allergenicity of peptides

At the next step, a mutation-based peptide design was
performed using mCSM-PPI2. After finding suitable
amino acids for each non-favorable amino acid, OS-
PREY was employed to make a new peptide library.
Eleven peptides (three peptides for peptide-2, -3, and 4,
and two peptides for peptide-5) that showed the greatest
scores among others were checked for allergenicity and
toxicity, then docked against IRE1a to find the best dock-
ing score for each one (Table 3).

MD simulation for the selection of best peptides

MD simulations were used to assess the stability of pro-

614 - 624

627 - 634

836 - 851

906 - 914

w e W N -

953 - 963

Table 2. The energy of the peptides template residues calculated by gmmpbsa revealed by a 100-ns MD simulation.

2 Cys4 -3538.2 1518.883 5057.082
2 Glué 3359.926 -3067.151 6427.087
3 GIn8 367.098 343.215 3767.76
3 Serll -466.148 1626.746 1160.604
4 His3 -580.501 918.107 338.494
4 Glué -224.816 53254.34 53029.528
4 Leu?7 -534.265 49943.838 49409.584
5 Glu2 -4194.943 39084.965 34890.022
5 Leud 2624.877 -2240.575 384.302
5 Phe5 769.235 5531.235 518.003
5 Tyr9 -398.724 1900.279 1501.549
5 Hisl1 -954.29 38006.675 37061.651
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Table 3. Allergenic and toxicity studies of designed peptides with the highest OSPREY scores.

2-1 RYFRTRKD -38.17 non-allergen no-toxic
2-2 RYFNTRKD -48.8 non-allergen non
23 RYFRTNKD -39.9 non-allergen non
31 EKQLQFFMDVHDRIEK -17.32 non-allergen non
3-2 EKQLQFFHDVHDRIEK -38.41 non-allergen non
33 EKQLQFFLDVHDRIEK -37.29 non-allergen non
41 NKKHHYRMD -26.82 non-allergen non
4-2 NKKHHYRHD -32.31 non-allergen non
43 NKKHHYRHE -29 non-allergen non
51 HHRHFQPYYFH -16.89 non-allergen non
52 HMRHFQPYYFH -19.09 non-allergen non

tein-peptide complexes as well as the dynamic behaviors The RMSD changes of each atom in a molecule were cal-
of peptides. Several key factors were checked to select the culated by comparing them with the initial structure of
best peptide for each peptide number, including RMSD, that molecule (Fig. 2).

RG, RMSF, SASA, and H-bonds. Peptide numbers 2-2, RG can show the amount of compaction or folding, thus
3-2, 4-2, and 5-2 were the best among the designed pep- changing the properties of proteins during MD simula-
tides based on these above characteristics (Figures 2-6). tion and is interpreted as a characteristic of protein sta-
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Figure 2. The RMSD graph for the entire MD simulation timescale (100000 ps (100ns)) for both the IRE1a protein and four selected peptides. A. The blue
color indicates the IRE1a protein graph and the grey color shows the peptide number 2-2 graph. B. The IRE1a protein and 3-2 peptide graph are depicted in
blue and yellow, respectively. In C (peptides 4-2) and D (peptides 5-2), the blue and grey colors exhibit the IREla protein and peptides graphs, respectively.
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bility. The increase or decrease of this level indicates the
abnormality of the protein and the change in its proper-
ties because each protein needs a certain amount of fold-
ing. As depicted in Fig. 3, little differences are observed
in the IREla radius in the complex with 4 peptides and
all protein-peptide complexes had constant dimensions
during the simulation.

The surface-accessible surface area (SASA) is the
amount of protein surface that is accessible to the sol-
vent. The increase of this level during the simulation
indicates the unfolding of parts of the protein and vice
versa. The SASA plots in Fig. 4 indicate that the binding
of all four peptides causes a small change in the num-
ber of superficial residues According to the findings
of the RG and SASA investigations, the dimension of
IRE1 remained steady following suppression by select-
ed peptides (Fig 3 and 4).

RMSF analysis is a measure of the flexibility and fluctu-
ation of protein amino acids and is used to distinguish
unstable amino acids from stable amino acids. Fig, 5 re-
vealed that there is little fluctuation in IREla residues’

mobility and the fluctuation of the peptide near the end
area of the graph significantly decreased (Fig. 5).
Figure 6 represents a high degree of hydrogen bonds, the
main interactions that stabilize a complex, between dif-
ferent peptides and IRE1«x protein.

Investigation of characteristics of selected peptides
Next, we conducted a comprehensive assessment of
water solubility, isoelectric point, molecular weight,
net charge, and self-accumulation for 4 selected pep-
tides (Table 5). Notably, none of the peptides showed
self-aggregation (Table 5), which might be due to their
small sizes and lack of secondary structures, such as
beta sheets (29). Among peptides, the RYFNTRKD pep-
tide (2-2 peptide) demonstrated the least probability of
self-assembly, which was estimated at -2.78.

The 3D interaction between IRE1 and wild or mutated
forms of the top four peptides

Finally, the important amino acids of IREla protein in
interaction with peptides (wild and mutated forms) have
been illustrated in figures 7 and 8.
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Figure 3. The RG graph for the entire MD simulation timescale (100000 ps (100 ns)) is depicted for both the IRE1la protein and four selected peptides. The
blue color in all four pictures displays the IRE1a protein. The grey colors in pictures A, C, and D demonstrate the fluctuation of peptide numbers 2-2, 4-2,
and 5-2, respectively. The yellow color in picture B represents the peptide number 3-2 graph.
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Figure 4. The SASA graph for the entire MD simulation timescale (100000 ps (100 ns)) is presented for both the IRE1a protein and four selected peptides.

The blue color in all four pictures depicts the IRE1a protein. The grey colors in pictures A, C, and D show the fluctuation of peptide numbers 2-2, 4-2, and
5-2, respectively. The yellow color in picture B represents the peptide number 3-2 graph.

o o s -

Figure 5. The RMSF graph for the entire MD simulation timescale is presented for both the IRE1a protein and four selected peptides. The blue color in all
four pictures depicts the IREla protein. The grey colors in pictures A and C show the fluctuation of peptide numbers 2-2 and 4-2, respectively. The yellow
color in picture B represents the peptide number 3-2 graph, and the peptide number 5-2 is shown as red in picture D.
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Figure 6. Estimation of the hydrogen bonds of candidate peptides. peptide number 2-2 (A), peptide number 3-2 (B), peptide number 4-2 (C), and peptide
number 5-2 (D) with the IRE1a protein for 100000 ps.
As presented in Table 4, the number of H-bonds during 100 ns simulations varied for each peptide.

Table 4. The hydrogen bonds of candidate peptides with IRE1 for 100 ns.

-148.3625192 -1299.350919 -1447.713426 4.943405659
32 -169.3552509 -1237.020308 -1406.375548 5.609839016
42 -192.8133728 -1779.357434 -1932.978349 3.215178482
52 -194.2591144 -1139.711788 -1333.970907 1.386920582

Table 5. The molecular weight, isoelectric point, net charge, solubility, and residues involved in the interaction from IREla with peptides.

1140.6 1140.6 Good -125.09 -150.27

32 1098.5 1098.5 19 Good -111.96 -162.6 No
42 1233.6 1233.6 2.6 Good -114.56 -168.16 No
52 1561.7 1561.7 16 Poor -144.55 -170.02 No
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Figure 7. The 3D interaction of the optimal docking pose of the top four peptides (wild type) A) 2-2, B) 3-2, C) 4-2, and D) 5-2 bound to the IRE1 protein.
The receptor is depicted in green, and peptides are shown in gray. The important amino acids involved in the interaction have been highlighted as yellow

colors.

Figure 8. The 3D interaction of the optimal docking pose of the top four peptides (mutant type) A) 2-2, B) 3-2, C) 4-2, and D) 5-2 bound to the IRE1 protein.
The receptor is depicted in green, and peptides are shown in gray. The important amino acids involved in the interaction have been highlighted as yellow.

Discussion:

Targeting IRE1la has shown the potential to not only re-
duce cancer development but also sensitize tumor cells
to chemotherapies (30, 31). For instance, studies have
highlighted the role of IRE1 in triple-negative breast
cancer (TNBC), where the inhibition of IRE1 RNase ac-
tivity in combination with chemotherapy is an effective

www.bccrjournal.com

approach to suppress tumor growth and recurrence in
TNBC models (31). We also showed that RNase activity
of IRE1, in particular XBP1 splicing, could be a diagnos-
tic and/or therapeutic marker for patients with colorec-
tal cancer (CRC) (32). Interestingly, inhibition of IRE1
by chemical tools could modulate tumor cell progression
and enhance the response to chemotherapy in CRC (33).
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Several compounds, such as fucoidan, 2-(3,4-dihydroxy
phenyl) ethanol, and ACY-1215 have been explored for
their inhibitory effects on IREla (34-38). Additionally,
FDA-approved drugs, such as etoperidone, methotrex-
ate, fludarabine phosphate, and folinic acid have been
repurposed as potential IRE1 inhibitors (39). Inhibitors
that target IRE1 activity can be categorized into kinase
inhibitors (type I and II) or RNase inhibitors, based on
their mechanism of action and binding sites (40). For
instance, kinase inhibitor sunitinib (type I) has shown
efficacy in reducing XBP1 mRNA splicing (41). Type II
kinase inhibitors like (S)-2-chloro-N-(6-methyl5-((3-(2-
(piperidin-3-ylamino)pyrimidin-4-yl)yridine-2-yl)oxy)
naphthalen-1-yl) (42) benzenesulfonamide (18/KIRA8)
(43) and N-4-[(3-2-[(trans 4-aminocyclohexyl)amino]
amino] pyrimidin-4-yl}yridine-2-yl)oxy] 3 methylnaph-
thalen-1-yl have shown promise in the treatment of dis-
eases and blood cancers (44). The compound 4u8C has
been identified as an effective IRE1 inhibitor, through
blocking XBP1 splicing (45). Toyocamycin, derived
from an Actinomycete strain, has demonstrated inhibi-
tion of IRE1-dependent XBP1 cleavage without affect-
ing IRE1 phosphorylation (46). Combinations of in-
hibitors, such as MKC-8866 and nilotinib, have shown
synergistic effects on cell viability in disease contexts
(47). Despite these reports, finding more specific and
potent modulators of IRE1 is still a matter of investiga-
tion in the drug discovery industry.

In this study, we employed a novel approach and ra-
tionally designed short peptides to specifically target
IREla dimerization/oligomerization. Unlike previous
studies that utilized long peptides or chemical com-
pounds, short peptides offer advantages in terms of sol-
ubility, stability, delivery, and cell entrance. We report
4 mutation-based designed peptides that can interact
with high scores with IRE1 oligomerization sites. Pri-
marily, it was observed that all predicted peptides, ex-
cept for peptide 5-2, exhibit favorable water solubility.
This characteristic is of paramount significance when
considering the selection of peptides for potential drug
development. Moreover, the comprehensive assess-
ment of allergenicity and toxicity revealed that none
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of the selected peptides are anticipated to evoke aller-
gic reactions or exhibit toxic effects. Furthermore, the
evaluation of critical parameters, including the num-
ber of hydrogen bonds, Van der Waals interactions, and
electrostatic energy, revealed that peptides 2-2, 3-2, and
4-2 possess a robust affinity for the IREla protein. This
robust interaction implies that these peptides are capa-
ble of forming stable complexes with the target protein,
enhancing their potential as inhibitors.

Conclusion:

In summary, we identified short peptides that could
inhibit IREla dimerization and consequently its func-
tion in silico studies. Peptides 2-2, 3-2, and 4-2, which
displayed the highest affinity for IRE1lc, might be con-
sidered as promising candidates for targeting IRE1 and
utilizing in cancer therapeutic strategies in combina-
tion with chemotherapy. While this research predicts
potential peptide candidates, translation of computa-
tional assessments to practical application requires me-
ticulous validation of the proposed peptides’ efficacy
and safety. Further experimental studies are in progress
in our lab to address this issue.

Abbreviation

ER: Endoplasmic Reticulum

ATF6: activating transcription factor 6
IRE1: inositol-requiring enzyme 1
PERK: PKR-like ER kinase

UPR: unfolded protein response
XBP1: X-box binding protein 1
TNBC: triple-negative breast cancer
GRP78: Glucose-regulated protein 78
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