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Abstract Protein therapeutics, particularly of heterologous
origin are shown to elicit immunogenic responses which result
in adverse allergic reactions in spite of their promising clinical
benefit. L-Asparaginase is one such well known chemothera-
peutic agent that has enhanced the survival rates to 90% in the
treatment of acute lymphoblastic leukaemia for past 30 years.
But the use of this enzyme is accompanied by hypersensitive
reactions ranging from allergy to anaphylactic shock which
have a drastic influence in treatment outcomes. Numerous
attempts have been made to minimize the problems of immu-
nogenicity, which remained as a major bottleneck in the treat-
ment protocols. Conjugating the enzyme L- Asparaginase
with PEG was successful as it has reduced the complications
in therapy and frequency of injections (dosages), and thus
became prominent in reducing the immunogenicity up to a
certain extent. Keeping the bottlenecks in consideration dur-
ing the development of therapeutics, the present study concen-
trates on engineering of protein as an alternative to the
PEGylated enzyme, having reduced immunogenicity as an
inbuilt character of protein by using in silico approaches. L-
Asparaginase from Escherichia coli and Pectobacterium
carotovorumwere selected for the present study. The method-
ology consists of (i) locating the B and CD4+ T cell epitopes
of enzyme by in silico tools (ii) generating point mutations of
these epitopes to alter or reduce the immunogenicity of protein

(iii) generating enzyme models by molecular modelling (iv)
assessing the binding affinity of the substrate with L-
Asparaginase variants by in silico docking methods using
Autodock 4.2 and (v) validating the mutated model for stabil-
ity by molecular dynamics simulation studies using Gromacs.
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Introduction

Enzymes are widely used as therapeutics for around 40 years
[1]. L- Asparaginases (L-Asparagine amidohydrolase; EC
3.5.1.1) are the enzymatic therapeutics that have been used
to treat childhood acute lymphoblastic leukaemia (ALL) for
the past few decades [2, 3] and were reported to show en-
hanced cure rates or survival rates. These enzymes are in-
volved in catalyzing the hydrolysis of L-Asparagine into
aspartic acid and ammonia. Tumour cells are in great need
of L- Asparagine for their rapid proliferation and depend on
external supply of L- Asparagine for their growth. So, by
administering L-Asparaginase, the tumour cells are made to
starve of that particular amino acid, which leads to their apo-
ptosis [4, 5]. Three types of L- Asparaginase preparations are
available in the market, namely native and PEGylated forms
(PEG-Asparaginase) from Escherichia coli and enzyme from
Erwinia species (Erwinase). All the forms of the enzyme have
similar functionality but differ with respect to pharmacokinet-
ic properties [6]. Like all large proteins, L-Asparaginase was
also found to elicit immune responses that lead to the produc-
tion of anti-asparaginase neutralizing and non neutralizing
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antibodies which is the main cause of adverse reactions. This
leads to a reduction in the concentration of L- Asparaginase
enzyme in the body, causing ineffective depletion of L- As-
paragine [7, 8]. The production of these antibodies during the

therapy causes hypersensitive problems ranging from allergy
to anaphylactic shock which affects the treatment outcomes
[9, 10]. One of the most successful attempts in attending the
problem of clinical immunogenicity is conjugating the drugs

Wolinella         1 ---TGGTIAGSGESSVKSS-YSAGAVTVDKLLAAVPAINDLATIKGEQISS--IGSQEMT
Escherichia       1 ---TGGTIAGGGDSATKSN-YTAGKVGVENLVNAVPQLKDIANVKGEQVVN--IGSQDMN
pectobacterium    1 ---TGGTIAGSAAANTQTTGYKAGALGVETLIQAVPELKTLANIKGEQVAS--IGSENMT
Aspergillus       1 ---TGGTIAGSDSSSTATTGYTSGAVGVLSLIDAVPSMLDVANVAGVQVAN--VGSEDIT
Saccharomyces     1 ---TGGTIASKAIDSSQTAGYHVDLT-IQDLLDAIPDISKVCDIEYEQLCN--VDSKDIN
Cavia             1 ---PGLVTLLRTLPMFHDKEFAQAQGLPDHALALPPASHGPRVLYTVLECQPLLDSSDMT
Chlamydomonas     1 RRPNGRLYAANDGTISGGEHAPGARSTDDEELAEAFEEDESHNLRPRAGASDSYKGSLRP
Withania          1 ----GWSIALHG----------GAGDIPFSLPPERRKPREEGLRHCLQIGVEALKAQKPP

Wolinella        55  64GKVWLKLAKRVNELLAQKETEA-VIITHGTDTMEETAFFLNLTVKS-QKPVVLVGAM
Escherichia      55  84DNVWLTLAKKIN--TDCDKTDG-FVITHGTDTMEETAYFLDLTVKC-DKPVVMVGAM
pectobacterium   56  64SDVLLTLSKRVNELLARSDVDG-VVITHGTDTLDESPYFLNLTVKS-DKPVVFVAAM
Aspergillus      56  109SDILISMSKKLNRVVCEDPTMAGAVITHGTDTLEETAFFLDATVNC-GKPIVIVGA
Saccharomyces    55  114EDILYKIYKGVS--ESLQAFDG-IVITHGTDTLSETAFFIESTIDAGDVPIVFVGS
Cavia            58  89IDDWIRIAKIIER--HYEQYQG-FVVIHGTDTMAFGASMLSFMLENLHKPVILTGAQ
Chlamydomonas    61  100GEMLSSLLTMVPELDKFANVDL--QVVHGTDTLAYTASALSLMLCGFKKPIVLTGS
Withania         47  48LDVVELVVRELENIEHFNAGIGSVLTNSGTVEMEASIMDGNTMKCGAVSGLSTVLNP

Wolinella       110 RPG 122SSMSADGPMNLYNAVNVAI----NKASTNKGVVIVMNDEIHAAREATKLNTTA
Escherichia     108 RPS 140TSMSADGPFNLYNAVVTAA----DKASANRGVLVVMNDTVLDGRDVTKTNTTD
pectobacterium  111 RPA 122TAISADGPMNLYGAVKVAA----DKNSRGRGVLVVLNDRIGSARFISKTNAST
Aspergillus     111 MRPS 168TAISADGPFNLLEAVTVAA----STSARDRGAMVVMNDRIASAYYVTKTNAN
Saccharomyces   108 MRPS 171TSVSADGPMNLYQAICIAS----NPKSRGRGVLVSLNDQISSGYYITKTNAN
Cavia           112 VPI 146RVLWNDARENLLGALLVAG----QYIIP--EVCLFMNSQLFRGNRVTKVDSQK
Chlamydomonas   115 QLPL 158RAPRTDARQNLLDSIQVATSAFSPPHVELQEVAVCFGGKLMRGNRTQKVNSA
Withania        104 ISL 108ARLVMDKTPHIYLAFQGAQ-----DFAKQQGVETVDSSHLITAENVERLKLAI

Wolinella       162 VNAFASP 178NTGKIGTVYYGKVEYFTQSVRPH-TLASEFDIS-KIEELPRVDILYAHP
Escherichia     160 VATFKSV 196NYGPLGYIHNGKIDYQRTPARKH-TSDTPFDVS-KLNELPKVGIVYNYA
pectobacterium  163 LDTFKAP 178EEGYLGVIIGDKIYYQTRLDKVH-TTRSVFDVT-NVDKLPAVDIIYGYQ
Aspergillus     163 TMDTFKAM 224EMGYLGEMISNTPFFFYPPVKP--TGKVAFDIT-NVTEIPRVDILFSY
Saccharomyces   160 SLDSFN-V 226RQGYLGNFVNNEIHYYYPPVKPQGCHKFKLRVDGKHFKLPEVCILYAH
Cavia           162 FEAFCSP 200NLSPLATVGADVTIAWDLVRKVNWKDPLVVHSN----MEHDVALLRLYP
Chlamydomonas   171 AYQAFDSL 218TYPYLATLGIDVDWNTRYLLRAEGAYKPRFKLD-----PRVIRIPVVP
Withania        155 EANRVQV 163DYSQYN---------YPEPVKDDAEKELPLTNG----------------

Wolinella       216 DDTDVLVNAAL 236QAGAKGIIHAGMGNGN-PFPLTQ--NALEKAA-KSGVVVARSSRV
Escherichia     214 NASDLPAKALV 254DAGYDGIVSAGVGNGN-LYKTVF--DTLATAA-KNGTAVVRSSRV
pectobacterium  217 DDPEYMYDASI 236KHGVKGIVYAGMGAGS-VSKRGD--AGIRKAE-SKGIVVVRSSRT
Aspergillus     216 EDMHNDTLYNAI 281SSGAQGIVIAGAGAGG-VTTSFN--EAIEDVINRLEIPVVQSMR
Saccharomyces   215 QAFPPAIVN-LV 285ADKYDGIVLATMGAGS-LPEEVN--ETCMKLS----LPIVYSKR
Cavia           214 GIPASLVRAFL 256QPPLKGVVLETFGSGNGPSKPDL--LQELRAAAQRGLIMVNCSQC
Chlamydomonas   222 GSDPRTAYGDLY 273GRGVRGVVLEAFGVGNLPDQTSFGWIPWLKEQTAKGLQVCLTSQ
Withania        186 -DSQIGTVGCV 197AVDSHGNLASATSTGGLVNKMVG----------RIGDTPLIGAGT

Wolinella       268 GSGSTTQEAEVDDK- 291-----------------------------------------
Escherichia     266 PTGATTQDAEVDDA- 309-----------------------------------------
pectobacterium  269 GSGIVPPDAGQP--- 289-----------------------------------------
Aspergillus     269 TVNG-EVPLSDVSSD- 336----------------------------------------
Saccharomyces   263 SMDG-MVPIANVPKKG 337S---------------------------------------
Cavia           268 LRGSVTPGYATSLAG 314ANIVSGLDMTSEAALAKLSYVLGLPELSLERRQELLAKDLR
Chlamydomonas   278 CSSGPLQPALYHAGQL 333A---------------------------------------
Withania        231 YANELCAVSATGKG- 246-----------------------------------------

Wolinella       282 ----------KLGFVATES 300LNPQKARVL------------------LMLALTKTSD
Escherichia     280 ----------KYGFVASGT 318LNPQKARVL------------------LQLALTQTKD
pectobacterium  281 ------------GLVA-DS 295LSPAKSRIL------------------LMLALTKTTN
Aspergillus     283 -----------TATHIASGY 345LNPQKSRIL------------------LGLLLSQGK
Saccharomyces   279 ----------KEDNLIASGY 348LSPEKSRIL------------------LQLCLAGNY
Cavia           324 GEMTLPTADLHQSSPPGST 374LGQGVARLFSLFGCQEEDSVQDAVMPSLALALAHAGE
Chlamydomonas   295 ----------AEMGVDAGPH 344MTPECAAVK------------------MMFCLEHPD
Withania        245 ------------EEIIRAT 253VARDVAALMEF----------------KGLSLKEAAD

Fig. 1 Multiple sequence
alignment of L-Asparaginase
sequences showing maximum
conservation in between 57 and
373 amino acids
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with polyethylene glycol (PEG). An initial attempt has been
made in the case of L-Asparaginase enzyme where it was
successfully coupled with polyethylene glycol [10, 11]
which has enhanced the persistence of enzyme in circu-
lation and increased the stability of the enzyme by
protecting from proteolysis. Immunogenicity of PEG
Asparaginase (4–8 %) is relatively low showing less
allergic reactions when compared to the native enzyme
from Escherichia coli and so it is used in second- line
treatment nowadays in some treatment protocols [7,
12–15]. But PEG is not the primary choice in the treat-
ments mainly because of the increase in size as it binds
to water molecules leading to reduced drug efficacy.
And also as PEG is obtained by the process of chemical
synthesis, it shows polydisperse property and also
causes many complications as it accumulates in liver
due to its high molecular weight [16].

Later, this problem was solved by substituting
crisantaspase (Erwinase) in the place of both native
Escherichia coli asparaginase and PEGylated forms [6, 8].
But Erwinase has the problems of shorter half-life when com-
pared with preparations from Escherichia coli and also report-
ed to have a more glutaminase side activity which is the reason
behind most of the side effects in treatment protocols [2, 3].
Due to such problems, enzymes of heterologous property are
not advisable for humans in cases of long term or repeated
usage in the treatment protocols.

Enzyme from Pectobacterium carotovorum has been
selected and used in the present study as it has the
properties that are much better when compared with
the enzyme sourced from Escherichia coli and Erwinia
chrysanthemi that include less glutaminase side activity
leading to reduced side effects and also have the ability
of hydrolyzing β-aspartyl peptides. Recently, attempts
were also made to enhance the production of glutamin-
ase free L- Asparaginase from Pectobacterium
carotovorum [17, 18]. But like every therapeutic pro-
tein, this bacterial enzyme was also observed to have
a bottleneck in the form of immunogenicity problems
and hence we made an attempt in the present study to
reduce the protein immunogenicity by an in silico ap-
proach of identifying and mutating epitopic regions of
L-Asparaginase from Pectobacterium carotovorum
(PecA) and also the FDA approved L-Asparaginase
from Escherichia coli (EcA) as model enzymes.

Materials and Methods

Retrieval of L- Asparaginase Protein Sequences
and Construction of Dendrogram

L-Asparaginase sequences was considered from eight tremen-
dous producers of enzymes such as Aspergillus niger, Cavia
porcellus, Withania somnifera, Wolinella succinogenes, Sac-
charomyces cerevisiae, Chlamydomonas reinhardtii,
Escherichia coli and Pectobacterium carotovorum to study
about sequence conservation and also to understand about
the phylogenetic evolutionary relation. The sequences were
obtained in the form of FASTA format from the biological
database - National Centre for Biotechnology Information
(NCBI). Multiple sequence alignment of all the above collect-
ed sequences from different domains of living beings was
done using ClustalW (http://www.ebi.ac.uk/Tools/msa/
clustalw2). The parameters considered here include a gap

Fig. 2 Phylogenetic tree of L-Asparaginase sequences from different
organisms constructed by the maximum parsimony method

Table 1 Regions of conserved motifs for enzyme L- Asparaginase from different sources

S. No Organism Motif 1 Motif 2 Motif 3 Motif 4 Motif 5 Motif 6

1. Chlamydomonas reinhardtii 147–170 123–143 188–227 – – –

2. Cavia porcellus 135–158 111–131 170–209 – – –

3. Aspergillus niger 157–180 134–154 194–233 72–121 235–271 346–375

4. Pectobacterium carotovorum 111–134 88–108 148–187 27–76 190–226 296–325

5. Escherichia coli 107–130 84–104 144–183 25–74 186–222 297–326

6. Wolinella succinogenes 88–137 148–187 32–76 295–330 194–222 3–17

7. Saccharomyces cerevisiae 117–166 177–216 61–105 – 222–250 32–46

8. Withania somnifera 78–106 131–145 31–59 165–176 113–120 84–91
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open of 10, gap extension of 0.20 and gap distances of 5 with
no end gaps.

All the eight sequences of enzyme L- Asparaginase were
considered in the present work to study about their evolution-
ary relationships with the help of MEGA 5.1 (Molecular evo-
lutionary genetic analysis). Phylogenetic tree was constructed
from all the eight sequences using Maximum parsimony
method [19].

Identification of Conserved Motifs and Domains

MEME (Multiple EM for Motif EliCitation) [20] is a
well known tool which allows to discover motifs in
protein or DNA sequences. Input parameters such as

width of the motif and maximum number of motifs
were specified. This tool is helpful to perform motif-
motif database search, motif-sequence database search
and discovery of motifs etc. Blocks are also displayed
where the start and end point of the motifs were
displayed. Location of motifs or sites obtained in the
MEME describes the conserved regions that are related
to the structural and functional properties of the enzyme
in the process of evolution.

Pfam is a database which is used to analyze the domains of
L- Asparaginase where the sequences were submitted to Pfam
in the form of UniProt number. All the sequences were veri-
fied for the domain organization related to L- Asparaginase
protein [21].

Fig. 4 Graph showing maximum
antigenicity at 145–151 in PecA

Fig. 3 Graph showing maximum
antigenicity at 226–232 in PecA
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Identification of Antigenic Epitopes of L-Asparaginase

Sequences of enzymatic drug L- Asparaginase sourced from
EcA and PecAwere taken from NCBI and submitted to IEDB
analysis (www.tools.immuneepitope.org) resource [22] to
determine the B-cell and T-cell epitopic peptides. The se-
quences were primarily submitted for B-cell epitope predic-
tion based on the principle of surface accessibility and hydro-
philicity [23–25]. Two sequences, i.e., EcA and PecA were
scanned for identification of putative T-cell epitopic sites with
the help of ALL-associated HLA-DR DRB1*0401 allele [26]
using the consensus methodology.

In silico Mutagenesis and Molecular Modeling

Based on the scores obtained for B and T cell epitopes of L-
Asparaginase from both sources (PecA and EcA), peptides

having more antigenic score were selected as targets for in
silico engineering, as they may be the major contributors for
clinical immunogenicity. Accordingly, in silico site directed
mutations were carried out for the enzyme by the software
pymol. The generated mutants were analyzed by SAVS and
were validated using Ramachandran plot and the structures
were further used for docking studies to analyze the impact
of these mutations on the primary catalytic activity of the
antileukemic L-Asparaginase.

Building Ligand Structures

Ligand structure L- Asparagine were drawn using Hyperchem
software. Amino acids were selected from the database menu
of the software to draw 2-dimensional structures and are
modeled into 3D structures. Energy minimization for the li-
gand structures were also done by using hyperchem through

Fig. 6 Graph showing maximum
antigenicity at 76–82 in EcA

Fig. 5 Graph showing maximum
antigenicity at 312–317 in EcA
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semi-empirical and conjugate gradient Polak- Ribiere
methods to obtain the most stable geometries which are fur-
ther used for docking studies.

Molecular Docking Studies of L-Asparaginase

Molecular Docking studies for PecA and EcA were performed
using Autodock 4.2 version (http://autodock.scripps.edu/
resources/adt) using the free energy function and the
Lamarckian genetic algorithm [27–29]. Polar hydrogens were
added to the protein and gasteiger charges were added to the
ligand. Gpf (grid parameter file) and Dpf (docking parameter
file) files were prepared and the grid points for autogrid
calculations were set with active site residues in the center of
the grid box with a grid spacing of 0.375 A0 -1 A0. The param-
eters of docking include 50 randomly placed individuals with 15

million energy evaluations and a maximum of 27,000 genera-
tionswith amutation rate of 0.02, over a cross rate of 0.80 values.
Independent dockings of one hundred were carried out for the
ligand where the result was represented in terms of binding en-
ergy. Out of 100 docked conformations obtained, the structure or
protein- ligand complex with best docking energy (lowest
docked energy) was selected. Clustering histogram gives the
detained data of the interactions computed at specific RMSD
(Root mean square deviation). Overall docking energy of a mol-
ecule in Autodock is expressed as the sum of intermolecular
interaction energies that includes van der Waals attractive and
repulsive energies, H-bonding, electrostatic energy and the total
internal energy [30].

Molecular Dynamics Simulation Studies

L- Asparaginase variants with mutated T-cell and B-cell epi-
tope from both Pectobacterium carotovorum and Escherichia
coli has been subjected to MD simulation studies. Molecular
dynamics (MD) simulations were performed using the
GROMACS 4.5.5 software with the standard GROMOS96
force field [31, 32]. GROMOS96 force field was selected for
the system as this is embedded in the software itself and also it
calculates both bonded and non-bonded parameters [33]. Co-
ordinate files and Topology files related to the ligand were
generated using the PRODRG program [34]. Protein is filled
with a cubic system with solvent (water) and is neutralized by
adding counter ions by replacing water molecules, respective-
ly. Protein complex with water is subjected to energy minimi-
zation using the steepest descent approach realized in the
GROMACS package for getting lowest energy conforma-
tions. Both temperature and pressure coupling steps were car-
ried out, followed by 15 NS, MD simulations using the peri-
odic boundary conditions in all three dimensions [35]. All
these processes were carried out on the Vega cluster with the
help of message passing interface implementation (MPI).

Table 3 Best Antigenic scores of T-cell epitopes after mutating with all
the amino acids

S No Amino acids Escherichia coli Pectobacterium
carotovorum

1. Native 0.96 0.19

2. Alanine 2.49 19.24

3. Valine 2.04 3.15

4. Leucine 1.68 2.57

5. Proline 6.35 24.75

6. Glycine 3.46 24.75

7. Serine 2.96 24.75

8. Isoleucine 1.40 1.49

9. Methionine 2.02 4.48

10. Cysteine 3.98 5.39

11. Phenyl Alanine 2.76 1.98

12. Tyrosine 5.86 3.01

13. Histidine 3.32 19.54

14. Lysine 5.04 24.75

15. Asparagine 3.12 24.75

16. Glutamine 5.28 24.75

17. Threonine 2.49 15.70

18. Glutamic acid 5.07 24.75

19. Aspartic acid 5.13 24.75

Table 4 T-cell epitopic scores of different sources producing
asparaginase

S No Organism Region Score Sequence

1. Escherichia coli 23–37 0.84 QQELRYIEALSAIVE

2. Pectobacterium
carotovorum

227–241 0.19 DPEYMYDASIKHGVK

3. Withania somnifera 108–122 1.69 LARLVMDKTPHIYLA

4. Aspergillus niger 36–50 2.36 NGLNFTQMNTTLPNV

5. Guinea Pig Serum 32–46 1.12 GPGLVTLLRTLPMFH

6. Chlamydomonas
reinhardti

139–153 0.88 SAAYQAFDSLTYPYL

7. Withania somnifera 38–52 1.69 LARLVMDKTPHIYLA

8. Saccharomyces
cerevisiae

56–70 0.22 EETAFFLDLTINSEK

Table 2 B-cell epitopic scores obtained for EcA and PecA L-
asparaginase

Method Peptide Region Score

Escherichia coli Surface
accessibility

QTCDPQ 312–317 1.462

Hydrophilicity DCLKTDG 76–82 4.114

Pectobacterium
carotovorum

Surface
accessibility

YQDDPEY 226–232 5.167

Hydrophilicity DKNSRGR 145–151 6.186
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Results and Discussion

Multiple Sequence Alignment and Construction
of a Phylogenetic Tree

Conserved amino acids in all the eight sequences were obtain-
ed and are represented by boxshade server (Fig. 1). The anti-
genic determinants are characteristics of surface regions and
are found in places where polar hydrophilic amino acids are
present in huge number. Previous studies reported that the
presence of more aromatic amino acids like tyrosine, histidine
in a protein may render antigenic property of the protein L-
Asparaginase which is in agreement with the results obtained
in this study. Also, from the result, it was observed that polar
uncharged residues like threonine, serine, histidine might be
responsible for antigenically active regions of a protein. In

case of asparaginase from Wolinella (D217), Pectobacterium
(D218), Aspergillus (D217) and Withania (187), D218 of
epitopic peptide YQDDPEY is highly conserved whereas Al-
anine is present in E. coli (A215) and Saccharomyces (A216).
Ile and Ser are found in Cavia (I215) and Chlamydomonas
(S223) in the place of D218 which clearly shows that antigen-
ic property might be influenced. In another epitopic peptide,
DKNSRGR, Serine was found to be conserved in Wolinella
(S138), E.coli (S145), Pectobacterium (S148) and Aspergillus
(S144) whereas same place is occupied by lysine, Isoleucine,
Histidine and Alanine in Saccharomyces (K140), Cavia
(I145), Chlamydomonas (H147) andWithania (A136) respec-
tively. From the ClustalW result, it was observed that maxi-
mum similarity and identity was observed to be in between
Pectobacterium, Aspergillus, Escherichia coli and Wolinella.
The relationship between prokaryotic and eukaryotic

Fig. 7 Graph showing
antigenicity score for mutated
protein at 226–232 in PecA

Fig. 8 Graph showing
antigenicity score for mutated
protein at 145–151 in PecA
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producers of L- Asparaginase was examined by constructing a
dendrogram using Maximum parsimony method. Dendro-
gram revealed that all the domains of living beings ie., plants,
animals, bacteria, fungi and algae appeared in different clus-
ters. Fungal sources Aspergillus and Saccharomyces appeared
in same clusters. Pectobacteriumwas found to be appearing in
different cluster, but nearer toAspergillus and Saccharomyces.
Bacterial species Wolinella and Escherichia coli appeared in
same cluster showing sequence level similarity. The plant
source,Withania appeared in different cluster separately from
all the others. Enzyme from plant sources was not in wide
clinical usage as the problem of antigenicity was very high
due to the differences that exist in terms of pharmacological
properties. Cavia porcellus shows sequence similarity with
eukaryotic algae Chlamydomonas and so appeared under sim-
ilar cluster showing sequence level similarity (Fig. 2). For the
first time, in the year 1922, Clementi identified that, Cavia

porcellus (Guinea pig serum) is a rich source of the en-
zyme L- Asparaginase [36] and also it was reported to
have nil glutaminase side activity, but as the production
of the enzyme is insufficient when compared with other
sources, this was not in clinical usage [2, 37, 38]. Other
species like Wollinella succinogenes were also found to
have L- Asparaginase that act on lymphomas, but did
not gain importance for clinical use [39, 40].

Conservation of Motifs

TheMEMEmotif algorithm uses a Bayesian probabilistic model
for searching the motifs for all the sequences and optimizes the
statistical parameters by Expectation Maximization algorithm
[20]. A total of sixmotifs labelled as 1–6were identified by using
the tool MEME (Motif-based sequence analysis tool). Distribu-
tion of these motifs (regions) among eight L- Asparaginase

Fig. 9 Graph showing
antigenicity score for mutated
protein at 312–317 in EcA

Fig. 10 Graph showing
antigenicity score for mutated
protein at 76–82 in EcA
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sequences shows 3 motifs in common. Motif 5 and 6 have been
observed to be present in only Aspergillus niger, Pectobacterium
and Escherichia coli (Table 1). This clearly shows that the major
function of the enzyme in spite of its origin fromdifferent sources
was conserved and thesemotifs clearly suggest their possible role
in structural and enzymatic functions.

The domain analysis using Pfam clearly revealed that the
sequences from various sources of the enzyme L- Asparaginase
have a single domain organization ranging from 25 to 340 that
belong to L- Asparagine amidohydrolase but have slight differ-
ences with respect to the number of amino acids.

Identification of Antigenic Epitopes of L-Asparaginase

L- Asparaginase sequences of EcA and PecA were taken in
FASTA format and submitted to the IEDB prediction server to
determine the antigenic epitopes in the enzyme. Antigenic
sites in a protein are formed either by continuous sequential
regions or by several antigenic determinant groups. In the
process of reducing the immunogenicity of the enzyme drug
L- Asparaginase, primarily, B- cell epitopic regions of the

protein were predicted by continuous method based on the
major antigenic properties like Emini surface accessibility
method which is based on surface accessibility scale and also
by the Parker hydrophilicity method as most of the antigenic
proteins are rich of charged and polar residues along with
lacking in hydrophobic residues. B-cell epitopic sites from
PecAwere identified which have two peptide regions, namely
3226YQDDPEY232 (Fig. 3) and 145DKNSRGR151 (Fig. 4)
whereas for EcA, the regions were found to be 312QTKDPQ317

(Fig. 5) and 76DCDKTDG82 (Fig. 6). More is the hydrophilic
part in the epitopic site of protein, more is the immunogenicity.
Thus replacement of one of the residues of epitopic sites with
valine and leucine which are hydrophobic in nature has led to a
reduction in the antigenic scores in an attempt made by Bander
for 177Lutetium-Labeled J591, a Monoclonal Antibody to
Prostate-Specific Membrane Antigen [41] (Table 2).

Activation of CD4+ cells is an important step in the develop-
ment of immunity against foreign bodies. Crucial step in the
process is the recognition of epitope that is presented in complex
with the help of MHC II molecules on the surface of antigen
presenting cells. Mutating or removal of T-cell epitopes helps in
attaining success related to immunogenicity when it does not
affect the native catalytic property of protein [42–44]. To identify
various peptide segments related to T-cell epitopes, one of the
widely used methods is based on the consensus algorithm [45,
46]. So, T-cell epitopes for both PecA and EcA proteins having
key residues which are important for MHC binding were identi-
fied by giving an input parameter of allele DRB1*0401 that is
specific for ALL based on the consensus method of IEDB. Pep-
tide of 15mer of both PecA and EcAwere obtained which cover
the regions of 227DPEYMYDASIKHGVK241 and
301KARVLLQLALTQTKD315 with a lower percentile of 0.19
and 0.96 (Table 3). Eukaryotic enzymes, particularly sourced
from Chlamydomonas and Saccharomyces were also checked
for immunogenicity scores based on MHC binding (Table 4).

Fig. 11 Active site interactions of L-Asparaginase from Pectobacterium
carotovorum with asparagine bound in it

Fig. 12 Active site interactions of L-Asparaginase from Escherichia coli
with asparagine bound in it

Fig. 13 Enzyme L-Asparaginase with substrate asparagine in the active
site (Mesh)
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In silico Mutagenesis

Identified antigenic epitopes of L- Asparaginase from PecA
and EcAwere mutated in the regions of B- cell epitopes and T-
cell epitopes by the help of pymol software. The obtained
enzyme mutant structures were then analyzed by using SAVS
and validated by using Ramachandran plot. In the present
study, for EcA, in the case of B- cell epitopes, promising
scores ie., reduced antigenicity were obtained in case of
K314C (1.462) (Fig. 7) and D78L (4.114) mutations (Fig. 8)
whereas for PecA, 2.299 were obtained in E231V mutation
(Fig. 9) and a score of 3.443 were obtained in D145Lmutation
(Fig. 10). In the case of T-cell epitopes, Q307P in EcA was
found to be the best replacement, whereas in case of PecA,
mutations D229G showed promising results with respect to
the reduced antigenic property. It was observed that these
replacements would less likely influence the structure of the
enzyme or its functional properties and further studies
are carried out towards evaluating the advantages of
antigenically modified enzyme drugs in therapy. Zainab
et al. in 1994 made a trial for reducing immunogenicity
by site directed mutagenesis in case of Erwinia
chrysanthemi where it was observed that replacement
of any other amino acid in the place of proline, which
is the most important amino acid for antibody binding
in the epitopic region was found to reduce the immu-
nogenicity. Particularly, change of proline to threonine
(P285T) has led to a reduction in the immunogenicity

of the enzyme [46]. Alanine scanning was done in the
case of E.coli L- Asparaginase wherein most prominent
amino acids responsible for antigenicity were identified.
Alanine was placed instead of three continuous alkaline
residues where mutation 195RKH197 to 195AAA197
reduced antigenicity greatly [47]. Based on the scores
obtained after mutations, final validated structures were
selected and further subjected to docking studies to
study about the functional aspects of the protein.

Determination of Primary Catalytic Efficiency
of L- Asparaginase and its Variants by Docking Studies

The substrate L- Asparagine was drawn using the software
hyperchem and the structures were subjected to energy mini-
mization to rectify the errors attained by crystallization. Ener-
gy minimization scores of L- Asparagine was found to be
−1767.2177 KCal/mole. PDB structures of EcA and PecA
were taken from Protein Data Bank having the PDB IDs
3ECA and 2JK0 respectively. Both the native and mutated
proteins were subjected to flexible docking, giving Gly14,
Thr15, Gly61, Ser62, Glu63, Gly94, Thr95, Asp96, and
Ala120 as active site flexible residues [37, 48] (Fig. 11) for
PecA and Thr12, Ser58, Gln59, Thr89 and Asp90 for EcA
[49] (Fig. 12). Enzymes were docked against the substrate
L- Asparagine (Fig. 13) and the binding energies were calcu-
lated. Docking studies give a clustering histogram for 100
conformations along with their RMSD values. The lowest
binding energy values with an RMSD of 0.00 A0 were taken
from the most populated cluster. Hydrogen bonds, van der
Waal’s forces and total internal energy are the other factors
which stabilize the ligand - protein interaction in the present
docking studies, wherein the values of electrostatic force of
molecules were significant, which is a sign of a good protein-
ligand interaction. Presence of polar residues in the substrate
binding site reflects a stable electrostatic interaction (Table 5).
Presence of multiple H-bonds between the substrate and pro-
tein is significant enough for strong bonding interactions [50].
Ligand asparagine interacted well with the protein L-

Table 5 Molecular docking energy level table for EcA and PecA

S. No Organism Est. free energy of
binding (Kcals/mole)

Number of H-bonds
formed in interaction

vdW + Hbond + desolv
Energy (Kcals/mole)

Electrostatic
energy
(Kcals/mole)

Total intermolec.
energy (Kcals/mole)

1. E.coli (Native) −11.86 7 −2.56 −1.56 −7.03
2. E.coli (Mutated) −12.01 7 −2.64 −1.24 −6.53
3. Pectobacterium

carotovorum
(Native)

−10.26 4 −1.00 −0.34 −7.42

4. Pectobacterium
carotovorum
(Mutated)

−10.24 5 −1.33 −1.03 −7.94

Table 6 Binding energies of native and mutated L-asparaginase after
docking

S. No Organism ASN (KCals/mole)

1. Escherichia coli Normal −11.86
Mutated −12.01

2. Pectobacterium carotovorum Normal −10.26
Mutated −11.60
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Asparaginase sourced from both Escherichia coli and
Pectobacterium carotovorum in the docking grid.

Native EcA, when docked with L- Asparagine as substrate
a binding energy value of −11.86 KCals/mole was obtained
which shows good asparaginase activity, whereas for PecA, it
was found to be −10.26 KCals/mole. The mutated models
show promising binding energy values (−12.01 KCals/mole
for EcA and −11.60 KCals/mole for PecA) which clearly say
that there is no influence on the catalytic activity of the en-
zyme even after mutating the immune regions (Table 6). Thus,
it was confirmed that protein model with reduced antigenic
property without any change in the functionality of the en-
zyme was obtained.

Molecular Dynamics Simulation Studies

As some of the atoms in the PDB file were missing, they were
added with the help of pymol software. The protein is solvated
with water molecules in a cubic lattice. 5 Cl− ions are added to
neutralize the system and thereafter energy minimization is
carried out to obtain a protein without any steric clashes or
inappropriate geometry. Then, simulations were carried out
for 15 ns, where an RMSD of 0.25–0.3 nm is observed and
the system was found to be stabilized after 8 ns. A graph
between the mutated protein with respect to immunogenicity
and native protein was drawn where two lines were found to
be stabilized, which clearly states that the enzyme variants
remained stable even after mutating the residues that are dis-
tributed throughout the protein [Fig. 14].

Conclusion

L-Asparaginase, one of the most successful therapeutic which
play a vital role in the treatment of acute lymphoblastic leu-
kaemia in children. Even though various organisms are report-
ed to be great producers of enzyme, they have been reported to
have the problems of hypersensitivity. So, in the present study,
we made an attempt to reduce the immunogenicity by in silico
engineering. Peptides of B-cell and T-cell epitopes were iden-
tified and were mutated at the epitopic sites which has given a
50 % reduction in the immunogenicity score. The models
were generated and docked with substrate L- Asparagine to

analyze their clinical efficacy and found that they are equally
potent in their catalytic function. Further the models were
subjected to molecular dynamics simulation studies and found
that the models are stable with respect to their structure and
activity. Obtained in silico results shall pave a way for further
enzyme engineering and clinical studies to obtain a more po-
tent L- Asparaginase with reduced event free survival in ALL.
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