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ABSTRACT

Background: Denileukin diftitox (trade name, Ontak) is the first recombinant Immunotoxin (IM), in
which the binding domain of diphtheria toxin has been replaced by the amino acid sequence of human
interleukin-2 (DT389IL-2) using genetic engineering. Purity, stability, and structural property of the
protein are critical factors for the scale-up production of this fusion protein. In this IM, location 519
has free cysteine residue that leads to cross S-S bound formation in the refolding process and, as a
result, misfolding/aggregation of the protein may occur.

Materials and Methods: To inhibit misfolding/aggregation, we substituted cysteine 519 by a serine
residue with site-directed mutagenesis, and then the ability of the mutated protein for binding to the
IL-2 receptor was predicted and determined by bioinformatics tools. For this purpose, the sequence
of the denileukin diftitox was adopted from Drugbank, and the mentioned substitution applied. Two
methods determined the folding of the fusion protein: de novo modeling method (by utilizing the
I-TASSER database) and homology modeling method (by using some databases and tools, including
Swiss-Model, PHYRE2, M4T, ModWeb, RaptorX, and EasyModeller). Finally, the ability of the
proteins for binding to the IL-2 receptor was investigated by pyDock and Zdock docking servers, as
well as Hex software.

Results: The result showed that the mutated form (C519S) of this protein folds appropriately, and the
AG of the models, measured by STRUM, showed no significant variation. Also, docking analysis
has shown that the protein can efficiently bind to the IL-2 receptor without any substantial changes in
the binding energy.

Conclusion: The present study shows that the suggested mutation of this protein can be an acceptable
replacement for denileukin diftitox with a similar affinity and a more proper refolding process.
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Introduction

enetic engineering has revolutionized
many biology-related industries, includ-
ing pharmacology and medicine [1]. For a
long time, the data derived from the com-
putational procedure (or “in silico” ap-
proach) were not much trusted by most experimental in-
vestigators due to the notorious local minimum problem.
They only believed in the experimental data and thought
that computational outputs are not reliable. But the cir-
cumstance has changed during the last decade with the
rapid development of structural and sequential bioinfor-
matics. Also, the knowledge of three-dimensional protein
structure or their ligand-binding complexes is vital for
rational drug design and development. Although crystal-
lography with X-ray is a powerful device in determining
protein structures, it is costly and time-consuming.

Besides, crystallization of all proteins cannot be suc-
cessful; for example, crystallizing of membrane proteins
is very difficult because most of them cannot be dis-
solved in ordinary solvents. As a result, a few membrane
proteins have been discovered so far. Nuclear Magnetic
Resonance (NMR) spectroscopy is a potent technique
[2] to determine the Three Dimensional (3D) structure of
membrane proteins, but it is also costly, time-consuming,
and laboratories. In these fields, a series of 3D protein
structures methods developed to receive of the structural
information effectively and with employing structural
bioinformatics tools [3].

Currently, due to the rapid growth of biological se-
quences discovered in the post-genomic area and their
timely use for drug design and production, a lot of criti-
cal sequence-based information using the computational
biology has played increasingly important roles in stimu-
lating and the evaluation of new pharmaceutical proteins
production. Several protein therapeutic drugs have been
produced by this strategy [4-6]. Denileukin diftitox or
Ontak (sequence accession number: DB00004, PDB
code of structures which using in prediction: 1m47- 1101
-1pw6-1dtp- Imdt) is an engineered fusion protein com-
posed of two parts: a fragment or truncated part of diph-
theria toxin (Met1-Thr387), as the catalytic and effector
part, and a piece of IL-2 cytokine (Alal- Thr133), as tar-
geting moiety [7]. After concluding, this fusion protein is
named DT389IL-2. The protein binds to cells expressing
the high-affinity IL-2 receptor (IL-2R, PDB: 2ERJ ) and
internalized by endocytosis [8].

In the cell, this immunotoxin inhibits protein synthe-
sis and leads to cell death. Ontak was the first immuno-
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toxin, which received the FDA’s approval in 2000 [9].
It has been used in the treatment of recurrent Cutane-
ous T-Cell Lymphoma (CTCL), Hodgkin Disease (HD),
adult T-cell leukemia (ATL), and other types of leukemia
and lymphomas in which overexpression of IL-2R oc-
curs [10]. However, because of the lack of stability of
the drug, its production was subject to customer demand.

Denileukin diftitox is composed of 521 amino acid resi-
dues with a molecular weight of 58 kD. The isoelectric pH
(pD ofthis proteinisabout 5.5, soitisanacidic protein [ 11].
One of the major problems in denileukin diftitox produc-
tion is improper folding of the protein. There are three
cysteine residues in IL-2 moiety of the protein [12],
and one of those does not take part in disulfide binding
(Cys519), so it is possible to substitute this amino acid,
which is not essential for the activity of the protein [13].
Free thiol groups which interest in thiol-disulfide inter-
actions can facilitate aggregation by creating new intra-
and inter-molecular bonds [14, 15].

At the same time, it is free to form an undesirable in-
termolecular linkage with another residue that may help
address this problem [16]. However, the substitution
may affect the folding and the physiological behavior of
the protein. Bioinformatics tools are exploited to evalu-
ate this possibility. Bioinformatics tools are increasingly
being used for the in silico analysis of different biologi-
cal issues [17]. These tools can be used for analyzing
the structural changes following the alteration in the se-
quence of a protein, the affinity of a protein to bind to dif-
ferent molecules, the stability of a protein, the possibil-
ity of the expression of a protein in a defined expression
system, and so on [18].

In the present study, cysteine 519 of DT389IL-2 pro-
tein is substituted by a serine residue, and changes in the
structure and function of the mutant protein are investi-
gated through bioinformatics analysis.

Materials and Methods
Adoption of DT389IL-2 sequence

The sequence of DT389IL-2 protein was adopted from
the Drugbank (https://www.drugbank.ca/) with the acces-
sion number of DB00004 and saved as FASTA format.

Structural modeling of DT389IL-2

Protein modeling is carried out through two common
strategies: de novo modeling, which is an algorithmic pro-
cess by which the tertiary structure of a protein is deter-
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mined based on its primary sequence; and homology mod-
eling, which employs the previously resolved structures of
the structurally related proteins [19]. De novo modeling is
performed using the I-TASSER database (https://zhanglab.
ccmb.med.umich.edu/I-TASSER/). Homology modeling is
carried out by the Swiss-Model server at (https://swissmo-
del.expasy.org/), PHYRE2 protein fold recognition server
(http://www.sbg.bio.ic.ac.uk/phyre2/html/ page.cgi), M4T
database (http:/manaslu.fiserlab.org/M4T), ModWeb, a
comparative protein structure modeller (https://modbase.
compbio.ucsf.edu/modweb/) RaptorX web server (http://
raptorx.uchicago.edu/StructurePrediction/predict/),  and
EasyModeller (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Model assessment

The quality of the predicted structures is validated us-
ing MolProbity (http://molprobity.biochem.duke.edu/).
SAVES server is also used for further validation of the
structure (http://servicesn.mbi.ucla.edu/SAVES).

Molecular docking study

To validate the efficiency and to compare the binding
of the DT389IL-2, C519S-mutated, and IL-2 cytokine
to the IL-2 receptor, we performed molecular docking
using HEX 6.0 software. The applied parameters for this
study were as follows: FFT mode - 3d fast life, distant
range -40, twist range - 360, ligand range -180, recep-
tor range -180, and grind dimension -0.6. Finally, the
obtained complex from the docking study was analyzed
using the protein interaction calculator of the pyDock
server (https://life.bsc.es/servlet/pydock/ home/), which
performs rigid docking using interaction restraints. Be-
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sides, ZDock server, an interactive docking predictor
(http://zdock.umassmed.edu) was also used.

Results
The amino acid sequence of DT389IL-2

Figure 1 displays the primary structure of DT389IL-2
protein. As can be seen, it is composed of 521 amino
acid residues.

Tertiary structure prediction

Figure 2 shows the three-dimensional structures of
DT389IL-2 and C519S-mutated by I-TASSER. The
best-predicted models were selected based on local qual-
ity plots and Z-scores.

Model assessment

Table 1 presents the assessment of the predicted 3D
structures using the MolProbity server. Poor and favored
rotamers, Ramachandran outliers and favored, bad bonds,
bad angles, cis pralines, cis non-prolines, and twisted
peptides are determined for the predicted structures by all
the mentioned methods. Also, Table 2 presents the vali-
dation of the proposed structures done by SAVES.

As it can be deducting from the obtained data, Easy-
Modeller proposed structures were selected for further
analysis of the affinity of the proteins to the IL-2 receptor.

Molecular docking study

To investigate and compare the binding affinity of
DT389IL-2, C519S-mutated, and IL-2 proteins to the

Figure 1. Amino acid sequence of DT389IL-2 protein, adopted from Drugbank database

Res Mol Med, 2020; 8(2):83-92
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Figure 2. The 3D structure of DT389IL-2 and C519S-mutated predicted by I-TASSER software

Figure 3. Binding affinity of DT389IL-2 and C519S-mutated to IL-2 receptor using Pydock web server

Res Mol Med, 2020; 8(2):83-92
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Figure 4. Binding affinity of DT389IL-2 and C519S-mutated to IL-2 receptor by Pydock web server

IL-2 receptor, we performed a docking study by the
mentioned servers. Asp20 and His133 residues from
IL-2 and IL-2 receptor, respectively, were selected as the
interacting residues. Glu403 and His138, respectively,
from C519S-mutated, and DT389IL-2 were also con-
sidered as the interacting residues. Table 3 presents the
binding energy of each protein.

The results show no significant difference between
DT389IL-2 and C519S-mutated regarding the binding
ability to the receptor.

Also, the result of the pyDock web server, which was
presented in figures 3 and 4, indicates that C519S-mutated

can efficiently bind to the IL-2 receptor, and there is no
significant difference between these two proteins in this
regard.

Analyses by the ZDock server further confirmed the
binding efficiency of DT389IL-2 and C519S-mutated to
their receptor (Figure 5).

Analysis of binding efficiency of the three proteins
using Hex software resulted in the following data: AG
of binding of IL-2, DT389IL-2, and C519S-mutated to
IL-2 receptor were -893.3, -527.9 and -565.4, respec-
tively, which confirms that C519S-mutated can bind to
IL-2 receptor more efficiently than DT389IL-2.

Figure 5. Binding affinity of DT389IL-2 and C519S-mutated to IL-2 receptor by ZDock web server

Res Mol Med, 2020; 8(2):83-92
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Table 1. Assessment of the 3D structures using MolProbity server

Factors I-TASSER Swiss-Model Phyre2 M4t ModWeb RaptorX Easy Modeller 1Mdt
Poor rotamers 15.14 6.25 8.69 3.82 2.49 4.45 5.35 10.26
Favored rotamers 70.16 86.96 84.19 89.74 94.75 88.42 87.97 80.88
Ramachandran outliers 12.52 1.56 4.24 2.12 0.52 1.35 3.85 1.25
Ramachandran favored 73.80 95.84 86.32 93.44 97.66 94.41 91.71 95.18
CB deviations >0.25A 13.52 0.84 6.97 3.29 0.56 1.23 6.35 1.45
Bad bonds 0.15 0 0.58 0.70 0 0.12 1.36 0.90
Bad angles 3.70 0.37 3.72 1.36 1.20 1.48 3.49 0.39
Cis Prolines 5.26 0 0 0 0 0 0
Cis nonProlines 0.60 - - -
Twisted peptides 13.65 - 0.58 0.39 - 0.38
Table 2. Validation of the structures using SAVES server
Program I-TASSER Swiss-Model PHYRE2 M4t ModWeb RaptorX EasyModeller 1Mdt
Verify3D 86.37 95.35 95.39 75.72 94.04 69.48 76.20 97.51
ERRAT 77.193 95.1743 64.9123 78.726 84.4262 71.2049 64.3275 90
Errors: 7 Errors: 0 Errors: 5 Errors: 4 Errors: 3 Errors: 3 Errors: 4 Errors: 3
PROCHECK Warning: 1 Warning: 6 Warning: 3 Warning: 2 Warning: 2 Warning: 2 Warning: 2 Warning: 4
Pass: 1 Pass: 2 Pass: 1 Pass: 2 Pass: 3 Pass: 3 Pass: 2 Pass: 1
Discussion part, the possibility of the proper folding may increase if

DAB389IL-2is a recombinant immunotoXin com-
posed of a catalytic moiety of diphtheria toxin fused to
the binding moiety of IL-2 [20]. In the purification pros-
ses of Ontak, many problems are showing up, including
misfolding and instability [21]. In the present study, to
solve these problems, the molecular and structural stud-
ies were exploited. Through mutagenesis in the IL-2
subunit, it may be possible to overcome the problem of
Ontak misfolding and instability. IL-2 has three cyste-
ine residues, Cys58, Cys105, and Cys125. Cys58 and
Cys105 are involved in disulfide bond formation, but not
Cys125. This issue can result in protein misfolding [22].

Since cysteine residues are not essential for the activity
of the protein, they are free to form undesirable intermo-
lecular or intramolecular linkages, which can cause the
problem. In aldesleukin (recombinant IL-2), this issue
was solved by the replacement of an amino acid residue
of the protein (Cysteine 125 substituted with a serine res-
idue). Since Ontak also has the same structure in the IL-2

another residue substitutes one of the cysteine residues
in this moiety of the fusion protein. In the present study,
we replaced Cys519 (Cys125 of the IL-2 moiety) with a
serine residue and analyzed the proper folding, as well as
the ability of the mutated protein to bind to IL-2 receptor
using bioinformatics tools.

In this silico study, we showed that substitution of
Cys519 by a serine residue in DT389IL-2 protein has nei-
ther any significant effect on the tertiary structure of this
protein nor on the binding efficiency of this protein to IL-2
R. This substitution was performed to prevent false cross-
linkage between Cys519 and two other cysteine residues
in IL-2 moiety of DT389IL-2, and as a result preventing
from misfolding of the protein. Also, tertiary structure
prediction was carried out by both de novo and homol-
ogy modeling strategies. Prediction of the 3D structure of
DT389IL-2 and C519S-mutated via the I-TASSER data-
base, which uses de novo strategy, showed no significant
change in the structure of these two proteins. The other
used software and tools also confirmed this result. Model

Res Mol Med, 2020; 8(2):83-92
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Table 3. The binding affinity of DT389IL-2 (left tab), C519S-mutated (middle tab) and IL-2 proteins (right tab) to the IL-2 receptor

Job Details: DT ___IL-2

389

E = OAMErep + —OAOEzn + SﬂﬂEeIec+ l.lmEDARS
Cluster Members Representative Weighted Score

Center -1019.2

0 88
Lowest Energy -1150.2
Center -1007.1

1 56
Lowest Energy -1163.2
Center -1002.9

2 47
Lowest Energy -1070.0
Center -952.9

3 46
Lowest Energy -1055.5
Center -905.5

4 45
Lowest Energy -1124.6
Center -1077.4

5 40
Lowest Energy -1167.2
Center -1034.0

6 29
Lowest Energy -1149.0
Center -902.2

7 29
Lowest Energy -1052.9
Center -874.2

8 27
Lowest Energy -1089.7

Job Details: C,, ;S mutated
E= 0.40Erep + —0.40Eatt + GqueIec + 1.|JDEDARS
Cluster Members Representative Weighted Score

Center -1077.7

0 99
Lowest Energy -1203.9
Center -1008.8

1 67
Lowest Energy -1128.6
Center -890.7

2 66
Lowest Energy -1099.2
Center -975.8

3 57
Lowest Energy -1156.1
Center -1029.4

4 36
Lowest Energy -1147.1
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Job Details: C,, ;S mutated

E= O.MErep + —0440Ean + SOOEeIec + l.DDEDARS
Cluster Members Representative Weighted Score
Center -905.0
5 36
Lowest Energy -1076.8
Center -1025.0
6 33
Lowest Energy -1105.5
Center -914.5
7 31
Lowest Energy -1029.0
Center -871.4
8 26
Lowest Energy -1027.0
Job Details: IL-2 proteins
E= 0.40Erep + —0,4DEatt + suﬂEeIec + 1.00EDARS
Cluster Members Representative Weighted Score
Center -859.8
0 186
Lowest Energy -1052.5
Center -1037.4
1 123
Lowest Energy -1348.9
Center -965.5
2 62
Lowest Energy -965.5
Center -850.2
3 61
Lowest Energy -850.2
Center -762.8
4 46
Lowest Energy -852.6
Center -821.2
5 45
Lowest Energy -821.2
Center -790.1
6 43
Lowest Energy -847.1
Center -740.8
7 38
Lowest Energy -1235.2
Center -814.2
8 36
Lowest Energy -915.0

ClusPro should only be used for noncommercial purposes.
ABC Group and Structural Bioinformatics Lab
Boston University and Stony Brook University
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assessment by MolProbity and SAVES showed the reli-
ability of the predicted models. On the other hand, molec-
ular docking study by Hex, Pydock, and ZDock software
showed that C519S-mutated protein has a higher affinity
to IL-2 R compared with DT389IL-2.

However, these two proteins had lower affinity than IL-2
to IL-2 R. According to the pioneer paper entitled “The
Biological Functions of Low-Frequency Phonons’ [23]
published in 1977, a series of studies and investigations
have been stimulating on biomacromolecules from the
perspective of the dynamic point. Following this work,
many remarkable biological functions and deep dynamic
mechanisms in proteins and DNA levels were determined.
Besides the understanding of the ligand-binding mecha-
nism and assessment of the protein receptor interaction,
we should consider both the static structures concerned
and the dynamic information obtained using simulating
their internal motions or dynamic procedure. We should
direct our efforts in these areas in our next study.

The knowledge of a binding pocket into the protein
receptor for its ligand is essential for pharmaceutical
protein design, mainly performing mutagenesis inves-
tigations [24]. In previous work, the ligand-binding
pocket into the protein receptor is usually defined by
those residues that have at least one heavy atom other
than hydrogen within 5A distance from a heavy atom of
the ligand. Initially, such a practical criterion was used to
define the ATP binding pocket in the Cdk5-Nck5a* com-
plex [25]. This criterion was later proved quite useful in
the functional domains identification and the stimulation
of relevant truncation experiments [26]. Also, a similar
method was used to define the binding pockets of many
other receptor-ligand interactions that are important for
the design of drugs [27].

Openly accessible and user-friendly web servers present
the next direction for reporting various influential compu-
tational studies and analyses [28]. With this approach, the
impacts of computational biology on medical science hold
significant promises for an unprecedented revolution [29].

In conclusion, the substitution of Cysteine 519 with a
serine residue with the aim of proper folding has neither
adverse effect on the structure nor the binding affinity
of the protein to IL-2 R. Therefore; the mutated protein
can substitute DT389IL-2 production and improve the
refolding process of this fusion protein.

Res Mol Med, 2020; 8(2):83-92
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