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Abstract

In clinical settings, high-dose IL-2 can be used due to its anti-cancer properties. However, there are many problems
encountered in this therapy such as toxicity and other side effects. To improve IL-2 based immunotherapies,
researchers have studied modified forms of I1L-2, including single-point variants of IL-2. In this study, we aimed to
study the effect of single-point mutations in IL-2 (F42A, Y45A, and E61A) and its interaction with IL-2Ra.
Structural modeling and molecular dynamics simulation were conducted to obtain stabilized structures of both IL-2
and its single-point variants. I1L-2/IL-2 variant structures were subjected to molecular docking and interaction
analyses with IL-2Ra. Moreover, Gibbs free energy calculations were performed to understand the thermodynamic
aspects of interaction. Optimized high-quality structural models of wild-type IL-2 and its three single-point variants
(F42A, Y45A, and E61A) were obtained by molecular modeling and simulations. Overall, our results suggest that
these single-point mutations in IL-2 not only preserved the conformational compactness of I1L-2 but also enhanced
its interaction with cognate IL-2 receptor. The obtained results are in conformity with previous studies and may be
helpful to guide the designing of novel IL-2 mutants to improve cancer immunotherapy.
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Introduction

Interleukin-2 is a key cytokine involved in major immunological responses inside human body (Bird et al. 2005; Sun
et al. 2019). This protein is majorly produced by both cytolytic and helper T-cells after their activation (Carmenate
et al. 2013). For proper stimulation and function of IL-2, it needs to bind to IL-2 receptors. The high-affinity IL-2
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receptor is comprised of major subunits a, B, and y. Whereas, the moderate affinity IL-2 receptor is established by
the merger of two subunits to form a dimeric receptor (IL-2RBy) (Abbas et al. 2018). IL-2 is a growth-stimulating
cytokine that enhances the survival, accumulation, and differentiation of antigen-specific lymphocytes (Stauber et al.
2006; Hernandez et al. 2022). Due to its pivotal role in driving highly specific innate and adaptive immune
responses, IL-2 can promote anti-tumor activities. Especially, a high IL-2 dose is used as a therapy to obtain
increased levels of effector natural killer and effector T cells in cancer patients (Lotze et al. 1985; Rosenberg et al.
1987). In 1992, the FDA approved the first immunotherapy drug Aldesleukin (a synthetic IL-2 protein) to treat renal
carcinoma; this drug was also used later to treat metastatic melanoma (Rosenberg et al. 1998).

The direct therapeutic application of IL-2 is not feasible due to toxicity, hypoxia, and other factors (Tang and
Harding 2019). Moreover, the binding of IL-2 to IL-2 receptor alpha subunit on lung endothelial cells may cause
pulmonary edema (Krieg et al. 2010). IL-2Ra is especially overexpressed in regulatory T-cells, therefore IL-2
binding to IL-2 receptor may stimulate the enhanced production of these regulatory immune cells. Consequently, IL-
2 mediated stimulation of anti-tumor lymphocytes is greatly impacted (Berraondo et al. 2019). So, averting IL-2
binding to IL-2Ra is a good option to reduce toxicity in cancer immunotherapy. In contrast, there are other cases
such as autoimmune diseases in which the enhanced production of regulatory T-cells is desired (Saadoun et al. 2011,
Mizui and Tsokos 2016; He et al. 2020). In such situations, a low dose of IL-2 has been explored to treat
autoimmune diseases.

Modified IL-2 forms can overcome the toxicity issues of standalone IL-2 and provide better pharmacokinetics and
pharmacodynamics outcomes. One way to accomplish this task is to maintain or enhance the binding of IL-2 to IL-
2Ry receptor and also prevent/lessen the binding of IL-2 to IL-2Rafy receptor. This can be done by site-directed
mutagenesis of IL-2 to minimize binding towards the high-affinity IL-2 receptor. Some IL-2 mutations (R38A or
F42K) reportedly promoted binding to IL-2RBy receptor and decreased affinity towards IL-2Rapy receptor (Heaton
et al. 1993, 1994). Whereas Y45A, F24A, and L72G mutations stopped the interaction of IL-2 mutant with the
CD25 subunit (Klein et al. 2017). Also, it was found that induced mutations in IL-2 can help small molecule
inhibitors inhibit the interaction between IL-2 and CD25 (Thanos et al. 2006).

In this study, we used molecular dynamics (MD) simulations to investigate the flexibility and conformation of IL-2.
The study also focuses on some IL-2 variants (F42A, Y45A, and E61A) and compares them with wild-type (WT)
IL-2 structure. We therefore designed mutant versions of IL-2, by introducing mutations in three specific residues:
F42A, Y45A, and E61A. These mutations were chosen based on their position in the protein and have been explored
previously (Sun et al. 2019; Beig Parikhani et al. 2022; L Alaofi and others 2022). Also, we aimed to explore the
interactions of both wild-type IL-2 and its single-point variants with IL-2Ra.. We hope this knowledge will allow
researchers to design IL-2 mutants that can interact with the IL-2 receptor with moderated affinity without better
interaction with the CD25 subunit.

Materials and Methods

IL-2 sequence and structure retrieval

Human IL-2 sequence was obtained in FASTA format was retrieved from NCBI accession number K02056. The
corresponding amino acid sequence was obtained by the ExPasy translate tool (Artimo et al. 2012). This amino acid
sequence was subjected to PSI-BLAST against human proteins from the Protein Databank to ascertain whether its
crystal structure was available or not.

Structural modeling of 1L-2/IL-2 variants and optimizations

To obtain optimized structures, some additional steps were needed. First, all co-crystal and water molecules were
removed. All the missing internal residues were modeled by the MODELLER built-in tool using default settings
within the UCSF Chimera (Pettersen et al. 2004; Webb and Sali 2016). The best model with highest GA341 score
and lowest DOPE energy score of -2.36 was selected. For generating variant structures, mutations were introduced
by the UCSF chimera swap amino acid command. Next, the structures of wild-type IL-2 and its single-point variants
(F42A, Y45A, and E61A) were subjected to classic molecular dynamics (MD) simulation.

http://xisdxjxsu.asia VOLUME 20 ISSUE 04 APRIL 2024 653-665



http://xisdxjxsu.asia/

Journal of Xi’an Shiyou University, Natural Science Edition ISSN: 1673-064X

MD simulation of IL-2/1L-2 variant structures

The IL-2 structures were stabilized by the Molecular Dynamics (MD) simulation software GROMACS 2020.4
(Lindahl et al. 2020). GROMACS is a popular Linux-based tool extensively used in biomolecular simulations. The
baseline force field-compliant topology was maintained by converting the PDB file to a gro file. An OPLS-AA force
field was chosen (Kaminski et al. 2001).

A rhombic dodecahedron cubic box was used to confine the protein and water molecules. The protein structure was
placed in the cube's middle, 1 nm from the cube's edge. Water with specific gravity spc216 was used for simulating
protein structures. It was held in place by a constant force of 1000 kJ mol-*nm2. A tool called genion was utilized to
remove the charge from the protein. To maintain an electrochemically neutral environment, positive sodium ions or
negative chloride ions were introduced, depending on the total charge accumulated.

The lowest energy structure was produced after energy minimization steps by the steepest descent algorithm. Using
NVT ensemble equilibration steps for 1000 ps, the temperature of the protein was stabilized. Then, using an NPT
ensemble with nearly identical parameters, the pressure and densities of stabilized IL-2 structures were calculated.
This process took 500,000 steps. Next, a 10 ns MD simulation was performed on the equilibrium-stabilized
structures. Results were produced in the form of graphs, and predictions for the RMSD of the initial structure and
the RMSD of the energy-minimized backbone were made. Utilizing Xmgrace, the graphs of the energy
minimization, RMSD, RMSF, Radius of gyration, and SASA were examined (Turner 2005).

IL-2Ra structural modeling

The sequence of IL-2Ra was retrieved from the UniProt database(Consortium 2019). A PSI-BLAST was performed
on it against human proteins from the Protein DataBank resource(Burley et al. 2018). Due to the non-availability of
complete structure, structural modeling was performed. To overcome this issues, Phyre2 (Kelley et al. 2015),
SWISS-MODEL (Waterhouse et al. 2018), I-TASSER (Zhang 2008), 3Dpro (Cheng et al. 2005), and Robetta server
(Baek et al. 2021) were used. All the crude models obtained thereof were subjected to quality assessment by the
ERRAT (Colovos and Yeates 1993) and PROCHECK (Laskowski et al. 1993) online tools hosted by the SAVES
server version 6.0. The top-quality structure was then refined by the GalaxyRefine (Heo et al. 2013) web service.
Finally, the best model of IL-2Ra was identified as per stereochemical and Ramachandran plot analysis. The near-
nativeness of this structure was also verified by the ProSA-web server (Wiederstein and Sippl 2007).

Molecular docking and interaction analyses

Molecular docking technique was employed to study the possible interaction mode and binding poses of WT IL-2
and IL-2 variants (F42A, Y45A, and E61A) with IL-2Ra. For the IL-2 and its single-point variants, the last MD
frame was selected as the optimal and stabilized structure. In order to collect information about potential active site
and surrounding residues, the default settings of CPORT server was used (de Vries and Bonvin 2011). CPORT
integrates the predictions of total six prediction tools. These comma-separated residue sites were fed along with 1L-2
and IL-2Ra to the HADDOCK version 2.2 web server guru level interface (De Vries et al. 2010; van Zundert et al.
2016). Default conditions were set up. Based on the docking results, the top cluster with the lowest HADDOCK
score was picked. HADDOCK scores were compared to analyze the strength of protein-protein interactions.
Hydrogen bonds and other intermolecular contacts were also analyzed by the PDBsum server (Laskowski 2001).
Moreover, the interface residues were noticed and highlighted accordingly.

Gibbs free energy analysis of IL-2/IL-2 variants with IL-2Ra

The thermodynamic properties of binding interaction between IL-2/IL-2 variants and IL-2Ra were investigated by
the PRODIGY web server (Xue et al. 2016) with default parameters. This server calculates the Gibbs free energy
changes (AG). AG is a crucial value to understand the binding association within a biological complex and its
thermodynamic feasibility (Dar et al. 2020). AG values less than zero indicate the energetically feasible biological
complex formation.
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Results

Obtaining stabilized structures of wild-type and single-point variant I1L-2

The wild-type structure of IL-2 with PDB ID 1M47 (Arkin et al. 2003) was obtained from the Protein Databank
resource (Burley et al. 2018). After loop modeling, IL-2 structure was obtained. MD simulation was performed on
this and all other single-point variant structures.

Stability of MD simulations was assessed by analyzing the RMSD backbone. Although fluctuations in the RMSD
were observed, still all systems converged toward the end of simulation (Fig. 1A). Also contrary to expectations,
E61A, Y45A and E61A mutations in the I1L-2 did not change the radius of gyration values in IL-2 (Fig. 1B). In fact,
the mean Rg values for WT IL-2, F42A, Y45A, and E61A were found to be quite similar, with minimum
fluctuations. Therefore, both the WT and mutant structures maintained their conformational compactness. Consistent
with the results of radius of gyration, SASA values were found to be somewhat similar (Fig. 1C). SASA provides
information about the exposed or buried status of residues. Despite the introduction of single point mutations, IL-2
conformations did not alter considerably. Therefore, we concluded that although these mutations restricted the
flexibility of I1L-2, the solvent exposure was not impacted. Moreover, RMSF values also conveyed the flexibility of
IL-2 residues during the MD simulation (Fig. 1D).
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Fig. 1. MD simulation results of 1L-2/IL-2 single-variant structures. (A) RMSD of backbone. As per this graph,
backbone RMSD reaches upto 0.4 nm and is maintained mostly, signifying low deviations in IL-2/IL-2 variant
structures. (B) Radius of gyration plot. This graph shows that IL-2/IL-2 variants maintained the compactness of
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structures during simulation time. (C) SASA values showed the solvent exposure area. (D) RMSF plot. It contains
certain peaks which shows flexible residues exhibiting maximum fluctuations.

After MD simulation, stabilized protein structures were obtained. Using Matchmaker option within UCSF
Chimera(Pettersen et al. 2004) and keeping wild-type IL-2 structure as the reference, all the single-point variant
structures were superimposed and aligned (Fig. 2).
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Fig. 2. Superimposition of wild-type and single-variant IL-2 structures after alignment.

Obtaining stabilized structure of IL-2Ra

Due to the non-availability of complete IL-2Ra crystallized structure, structural modeling was conducted. Phyre2
and SWISS-MODEL server did not generate the fully modeled structure. On the other hand, 3Dpro online tool’s
model quality was poor. I-TASSER and Robetta server each produced five models (Table 1). Upon structural
assessments and model quality checks, Robetta model 01 was selected for molecular refinements. After molecular
refinements, the top-quality structure with the best ERRAT score of 94.3231 was selected. This refined structure
also had the maximum residues in the core (91.30%) and allowed (7.30%) regions.

Table 1. Evaluation results of structural models generated by different servers. One model (highlighted in bold) was
selected.

ERRAT Core
Tools/server model | score region Allowed region | General region | Disallowed region
3Dpro 49.789 83.50% 14.70% 1.40% 0.50%
I-TASSER model 01 | 59.6708 46.30% 39.40% 9.20% 5.00%
I-TASSER model 02 | 58.5062 52.30% 33.90% 10.60% 3.20%
I-TASSER model 03 | 63.786 52.30% 36.20% 9.60% 1.80%
I-TASSER model 04 | 71.1934 45.00% 39.00% 13.80% 2.30%
I-TASSER model 05 | 66.5289 43.10% 45.40% 9.60% 1.80%
Robetta model 01 87.7119 86.70% 11.50% 0.50% 1.40%
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Robetta model 02 78.3898 84.40% 12.40% 1.80% 1.40%
Robetta model 03 83.4061 84.90% 9.20% 1.40% 4.60%
Robetta model 04 87.1795 85.30% 12.40% 0.00% 2.30%
Robetta model 05 82.0961 80.70% 15.10% 1.40% 2.80%

Molecular docking and interaction analyses

Molecular docking was performed to assess the strength of interaction between IL-2/IL-2 variants and IL-2Ra. The
statistics of top-ranked docked cluster along with HADDOCK scores were analyzed (Table 2 and Supplementary
file 1). As per results of molecular docking, the interaction strength from strongest to weakest is in the order: E61A
(Strongest) > F42A > WT > Y45A (Weakest). Note that a low HADDOCK score is an indicator of better interaction
potential between the docked protein chains. Interacting residues in docked protein chains were also noted and
visualized accordingly (Fig. 3, Fig. 4).

Table 2. Statistical properties of the top-ranked docked clusters of IL-2 (or variants) with IL-2Ra. The HADDOCK
score is highlighted in bold color.

Top-cluster properties | WT F42A Y45A E61A

Size of cluster 10 4 12 14

RMSD from the | 1.9+15 0.8+05 16.9+0.1 07+04
minimum energy

structure

Van der Waals energy 51457 -63.0+ 3.0 -68.9+4.1 -56.7+ 7.3
Electrostatic energy -267.5+21.9 -211.5+£28.4 -1425+ 234 -305.6 £ 31.9
Desolvation energy 7.0+9.6 -10.4+8.2 -9.1+74 -15.1+55
Restraints violation | 323.6 £+ 64.43 350.1+£70.21 507.7 £ 43.65 385.4 + 39.84
energy

Area of Buried Surface 1880.9 £ 147.4 1899.2 + 60.7 1838.4 £ 85.2 1927.7 £ 107.6
Z-Score -1.3 -2.1 -1.7 -1.9
HADDOCK score -65.5+11.6 -80.7+13.8 -55.8+ 3.3 -94.4+7.2
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Fig. 3. Interaction analysis of WT IL-2 and F42A IL-2 with IL-2Ra. (A) Docked complex of WT IL-2/IL-
2Ra showing some crucial interacting residues highlighted. (B) A colorful figure showing interface residues in both
WT IL-2 and IL-2Ra. (C) The docked complex of F42A IL-2/IL-2Ra showing some crucial interacting residues
highlighted. (D) A colorful figure showing interface residues in both F42A IL-2 and IL-2Ra.
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Fig. 4. Interaction analysis of Y45A IL-2 and E61A IL-2 with IL-2Ra. (A) Docked complex of Y45A IL-2/IL-
2Ra showing some crucial interacting residues highlighted. (B) A colorful figure showing interface residues in both
Y45A IL-2 and IL-2Ra. (C) Docked complex of E61A IL-2/IL-2Ra showing some crucial interacting residues
highlighted. (D) A colorful figure showing interface residues in both E61A IL-2 and IL-2Ra.

Binding affinity analysis of IL-2/IL-2 variants with IL-2Ra.

PRODIGY server-based free energy calculation results are described in Table 3. Briefly, the binding free energies
of IL-2Ra with IL-2/IL-2 variants were calculated to be as follows: -10.1 kcal mol* (WT IL-2), -10.6 kcal mol*
(FA2A 1L-2), -12.0 kcal mol* (Y45A IL-2), and -10.4 kcal mol? (E61A IL-2). These results also convey the trend
that mutation further stabilized the interaction of 1L-2 with its cognate receptor.

Table 3. PRODIGY server results for IL-2/IL-2 variants docked complexes with IL-2 receptor.

Parameters WT F42A Y45A E61A
AG (kcalmol™?) -10.1 -10.6 -12 -10.4
Kd (M) at °C 3.90E-08 | 1.60E-08 | 1.70E-09 | 2.20E-08
ICs charged-charged 7 7 9 10
ICs charged-polar 8 7 8 5
ICs charged-apolar 23 14 12 25
ICs polar-polar 1 6 2
ICs polar-apolar 9 18 21 8
ICs apolar-apolar 11 6 13 14
NIS charged 23.88 24.48 24.92 23.41
NIS apolar 39.33 36.87 37.24 39.31
Discussion

While IL-2 crystal structure was available, it had many loops. These internal missing residues were modeled by the
Modeller tool (Webb and Sali 2016). Moreover, single-point mutations were manually introduced. Both the IL-2
wild type and its single-point variants were then subjected to classical MD simulation for 10 nanoseconds to acquire
stabilized IL-2/IL-2 variant structures. Insights derived from MD simulation experiments were quite valuable to
guide the designing of more IL-2 mutants. Our study found that mutations at sites 42, 45, and 61 did not alter the
conformational structure of IL-2 considerably. Even the solvent exposure characteristic was maintained to a large
extent. However, there was an indication that the flexibility of IL-2 loops may be impacted due to mutation. Our
results are largely consistent with previously published studies which also confirms the validity of our approach.

By combining structural modeling and molecular refinements, a reasonably good quality protein structure of IL-2Ra
was obtained. Assessment by the ProSA-web server indicated that this structure lies very close to similar-sized
NMR and X-ray structures. Also, stereochemical quality check by PROCHECK showed that maximum residues
localized in the core and allowed regions whereas only 1.4% of modeled residues were localized in the outlier region.
Also, this refined structure had a high ERRAT score of 94.3231 which supports our strategy of model selection.

Molecular docking is extensively applied in biophysics to study the potential interaction of proteins as well as other

biomolecules (Guedes et al. 2014; Soler et al. 2016; Kozakov et al. 2017). To comprehend the stability and
flexibility of protein chains upon docking, the guru interface of HADDOCK tool was quite helpful. HADDOCK
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considers both biophysical approaches and/or biochemical data wherever applicable for docking interaction (Siddiga
et al. 2016). A negative docking score is a good indicator of strong interactions between the docked protein chains.
RMSD analyses also confirmed minimal structural deviations of individual protein structures upon docking.
Moreover, free energy calculations by the PRODIGY server shed light on the thermodynamic feasibility of
molecular interaction in nature. Altogether, a strong basis of molecular interaction was observed. Despite the
introduction of single-point mutations, the IL-2 structure not only maintained its compactness but also developed
stronger interactions with IL-2Ra. A few crucial molecular bonding events like hydrogen bonds, and non-covalent
interactions were also noticed hereby.

Unfortunately, we did not conduct specialized wet laboratory experiments to authenticate the binding association
dynamics of IL-2/IL-2 single-point variants with IL-2 receptor. No doubt molecular modeling and molecular
dynamics are valuable methods to study the potential interactions of proteins (Guterres and Im 2020; Nabi et al.
2022). However, these analyses are purely computational and should be verified by more biological tests.
Nevertheless, our work is a valuable addition to other published research on the subject matter. Very few published
studies explored the detailed amino-acid level interaction between IL-2/IL-2 variants and IL-2Ra by molecular
modeling methods. Altogether, our study not only increased our knowledge about IL-2 interaction with cognate
receptor but also provided useful clues to design novel IL-2 proteins with desired therapeutic properties.

Conclusions

Human Interleukin-2 is a major cytokine involved in crucial immunomodulatory events inside our body. Mutations
in the IL-2 gene may influence its structural flexibility and its onward interaction with IL-2Ra. In the present study,
we conducted comprehensive molecular modeling and simulation analyses to uncover the potential effect of some
single-point mutations on the IL-2 structure. Moreover, molecular docking and free-energy binding association were
conducted to comprehend the interaction of wild-type IL-2 and its single-variants with IL-2 receptor a. Our results
are in conformity with previous studies that indicated no major changes in the cognate structure of 1L-2. Molecular
docking and interaction analyses collectively suggested that targeted mutations in 1L-2 (42, 45, and 61) further
stabilized the interaction with IL-2 receptor a. These results will pave the foundation for the design of novel IL-2
variants with the desired properties for immunotherapy or other purposes.
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