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Abstract: L-asparaginase II remains essential for ALL treatment, yet its clinical utility is hindered by 

immune-mediated adverse effects. Our investigation focused on developing a modified version with 

reduced antigenicity through structural optimization. Initial computational analysis identified tyrosine-

189 within residues 185-211 as a dominant immunogenic hotspot. Computational prediction tools 

(IEDB, Ellipro) guided the substitution of 189Y with methionine and alanine. Structural modeling 

(SWISS-MODEL) and validation (ProTSAV) confirmed the preservation of the enzyme's architecture 

post-modification. Molecular dynamics analysis (GROMACS 2020, 100ns simulation) revealed 

maintained stability under physiological conditions despite altered surface characteristics. The modified 

constructs were successfully generated via SOE-PCR and cloned recombinantly. In silico analysis 

suggested that both 189M and 189A variants may exhibit decreased antibody binding capacity, while 

computational models predicted retained catalytic functionality. The experimental verification 

confirmed successful gene cloning and construction. This structure-based engineering approach yielded 

an L-asparaginase II derivative with a potentially improved immunological profile, suggesting safer 

therapeutic application for ALL patients after further experimental validation. The combined 

computational and experimental strategy provides a framework for developing next-generation 

biologics with reduced immunogenicity. 

Keywords: acute lymphoblastic leukemia; L-asparaginase II; epitope mapping; immunogenicity 

reduction; protein engineering. 
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1. Introduction 

L-asparaginase II is a pivotal enzyme in biomedical and therapeutic contexts, with its 

most prominent application in the treatment of Acute Lymphoblastic Leukemia (ALL) [1]. 

Classified within the amidohydrolase superfamily, this enzyme catalyzes the hydrolysis of L-

asparagine into aspartic acid and ammonia, a reaction critical for its therapeutic mechanism [2]. 

Beyond its primary function, L-asparaginase II exhibits dual enzymatic activity, including the 

deamination of L-glutamine, thereby expanding its biochemical versatility and therapeutic 
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relevance [3]. The enzyme is predominantly biosynthesized by microbial species such as 

Escherichia coli (E. coli) strain K12 and Erwinia chrysanthemi, which serve as the primary 

sources for its industrial and clinical production. Its application in oncology is well-established, 

particularly in the management of hematologic malignancies such as ALL and non-Hodgkin 

lymphoma, where it has become a cornerstone of chemotherapeutic regimens [4]. 

The structural architecture of L-asparaginase II is integral to its functional efficiency. 

The enzyme exists as a homotetramer, comprising four identical subunits that collectively form 

a stable quaternary structure [5,6]. Each subunit is organized into two distinct domains: an N-

terminal domain featuring a Rossmann fold, a conserved structural motif involved in nucleotide 

binding, and a C-terminal domain characterized by an α/β-roll configuration [7]. The active site, 

situated at the interface of these domains, is a highly conserved region that facilitates the 

enzyme’s catalytic activity [8,9]. This structural arrangement not only ensures substrate 

specificity but also enhances the enzyme’s stability under physiological conditions, which is 

critical for its therapeutic efficacy [10,11]. The therapeutic mechanism of L-asparaginase II is 

rooted in its ability to deplete extracellular L-asparagine, an amino acid essential for the 

proliferation and survival of leukemic cells [12-14]. Normal cells maintain intracellular 

asparagine levels through the action of asparagine synthetase, an enzyme that catalyzes the 

synthesis of asparagine from aspartate and glutamine. In contrast, leukemic cells often exhibit 

downregulated expression of asparagine synthetase, rendering them dependent on exogenous 

asparagine for survival. By hydrolyzing circulating asparagine, L-asparaginase II induces 

asparagine deprivation, triggering apoptosis in leukemic cells while sparing normal cells, 

which have an intrinsic biosynthetic capacity. This selective cytotoxicity is the foundation of 

its therapeutic success in ALL, particularly in pediatric patients, where it has significantly 

improved remission rates and long-term survival outcomes [15,16]. Furthermore, the enzyme’s 

ability to target glutamine metabolism through its secondary catalytic activity adds an 

additional layer of therapeutic potential, particularly in malignancies with altered glutamine 

dependency [17,18]. Despite its therapeutic benefits, the clinical use of L-asparaginase II is not 

without challenges. Immunogenicity remains a significant concern, as the enzyme, being a 

foreign protein, can elicit allergic reactions ranging from mild hypersensitivity to severe 

anaphylaxis [18,19]. These immune responses not only compromise patient safety but also 

reduce the enzyme’s therapeutic efficacy due to the development of neutralizing antibodies. 

Additionally, adverse effects such as pancreatitis, coagulopathy, and neurotoxicity have been 

reported, necessitating careful monitoring and management in clinical settings [20]. 

To address these limitations, protein engineering has been employed to modify L-

asparaginase II, aiming to reduce its immunogenicity while retaining enzymatic activity. 

Epitope mapping, guided by computational algorithms, has been instrumental in identifying 

allergenic regions within the enzyme [21,22]. These algorithms analyze physicochemical 

properties such as surface accessibility, flexibility, and amino acid propensity to predict 

immunogenic hotspots [23,24]. Advances in molecular dynamics (MD) simulations have further 

enhanced our understanding of protein behavior at the atomic level, enabling the rational design 

of less immunogenic variants. MD simulations provide temporally resolved insights into 

protein dynamics, facilitating the optimization of enzyme stability and function [25,26].   

The integration of computational biology and experimental structural data has 

revolutionized the field of protein engineering. Recent advancements in MD simulations, 

coupled with the availability of high-resolution structural data, have enabled researchers to 

explore the functional mechanisms of L-asparaginase II in unprecedented detail. These tools 
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are invaluable for elucidating the structural basis of enzyme activity, optimizing therapeutic 

proteins, and designing novel treatment strategies [27,28]. Furthermore, the development of 

biosimilar enzymes with reduced immunogenicity and enhanced pharmacokinetic properties 

holds promise for improving patient outcomes in oncology [29].   

This study aims to design a low-allergenicity variant of L-asparaginase II, leveraging 

advanced protein engineering and computational tools to minimize immunogenic responses 

while maintaining therapeutic efficacy.   

2. Materials and Methods 

2.1. Epitope mapping and immunogenic region analysis. 

Epitope mapping is a critical component of immunological research, and most existing 

prediction methods focus on contiguous (linear) epitopes because of their straightforward 

analytical framework. These methods typically use a protein's amino acid sequence as the 

primary input. The Immune Epitope Database (IEDB) serves as a comprehensive resource, 

providing experimental data in both textual and tabular formats [30]. This tool enables the 

identification of antigenic regions based on key amino acid properties, including 

hydrophilicity, solubility, secondary structure, flexibility, and antigenicity, as visualized 

through tables and graphical representations. Additionally, advanced databases such as 

SVMtrip [31,32], ABCPred [33,34], and BCePred [35,36] employ machine learning algorithms, 

including Hidden Markov Models (HMM), Artificial Neural Networks (ANN), and Support 

Vector Machines (SVM) to predict linear epitopes with varying degrees of accuracy [37]. 

Despite these advancements, the performance of current prediction algorithms remains 

suboptimal, highlighting the need for more robust and precise methodologies to meet the 

demands of modern immunological research. 

In this study, stringent criteria were applied to select the most suitable protein sequence 

for bioinformatics analysis. Parameters such as resolution, structural completeness, 

consistency, and the absence of sequence mutations were evaluated, leading to the selection of 

sequence ID: 6PAB as the optimal candidate for further investigation [38]. Utilizing 

computational tools such as IEDB, Ellipro, and ABCPred, immunogenic regions and epitopes 

were mapped at both the sequence and structural levels. For epitope prediction, the following 

settings and thresholds were applied: IEDB analysis using the Emini surface accessibility scale 

with a threshold of 1.0; the Kolaskar-Tongaonkar antigenicity method with the default 

threshold; and the Parker hydrophilicity prediction with a threshold of 1.6. Ellipro analysis was 

performed with a minimum score threshold of 0.5 and a maximum distance of 6.0 Å. ABCPred 

predictions used a window length of 16 and a threshold score of 0.51. Specific regions, 

including the first 22 amino acids (associated with the signal peptide), the 34th amino acid 

(located within the enzyme’s active site), and the 80-81 and 112-111 amino acid regions 

(involved in enzyme binding), were excluded from the analysis due to their functional 

constraints. Notably, the region spanning amino acids 185-211 was consistently identified 

across all tools as a potential immunogenic epitope. Within this region, the tyrosine residue at 

position 189 exhibited the highest antigenic peak, making it a prime candidate for site-directed 

mutagenesis to explore its immunogenic properties further. 
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2.2. Protein engineering and mutagenesis. 

To investigate the functional and structural implications of specific amino acid 

substitutions, the tyrosine residue at position 189 was replaced with methionine and alanine. 

The mutant variants of L-asparaginase II were modeled using SWISS-MODEL (v4.1.0), a 

widely recognized homology modeling tool [39], and their structural integrity was validated 

using ProTSAV, a comprehensive protein structure assessment platform [40]. To ensure the 

accuracy of the structural modifications, the mutant models were subjected to structural 

alignment using TM-align, which confirmed the preservation of the overall protein fold and 

active site geometry [41]. 

The region spanning amino acids 185-211, identified as a potential immunogenic 

hotspot, was further analyzed using the IEDB tool. Within this region, the tyrosine residue at 

position 189 exhibited the highest antigenic peak, making it a prime candidate for mutagenesis. 

To visualize the spatial orientation and solvent accessibility of this region, VMD (Visual 

Molecular Dynamics) software was employed. This tool enabled a detailed three-dimensional 

assessment of the protein structure, confirming that the tyrosine residue at position 189 is 

highly exposed on the protein surface, thereby supporting its role as a critical immunogenic 

site. 

2.3. Molecular dynamics simulation. 

Molecular dynamics (MD) simulations are a powerful computational approach for 

studying the dynamic behavior, stability, and interactions of biomolecules at the atomic level. 

In this study, GROMACS, a widely used open-source MD simulation software, was employed 

to analyze the structural dynamics of the L-asparaginase II mutant, modeled under PDB ID 

6PAB [42]. The simulation was conducted using GROMACS version 2020 on a Linux-based 

system, with CHARMM36m force field applied to model atomic interactions. The MD 

simulation was performed in an NPT ensemble (constant number of particles, pressure, and 

temperature) using the Parrinello-Rahman barostat for pressure coupling (1 bar) and the v-

rescale thermostat for temperature coupling (300 K). A time step of 2 fs was used for 

integration, with LINCS constraints applied to all bonds. The Particle Mesh Ewald (PME) 

method was employed for long-range electrostatic interactions, and a 1.2 nm cutoff was used 

for both van der Waals and short-range electrostatic interactions. The system was neutralized 

with sodium (Na⁺) and chloride (Cl⁻) ions and solvated with the SPC water model under 1 bar 

pressure, 300 K, and neutral pH. 

The simulation was extended over a 100-nanosecond (ns) trajectory to thoroughly 

capture the dynamic behavior of the protein. Key parameters, including root-mean-square 

deviation (RMSD) and root-mean-square fluctuation (RMSF), were calculated to assess the 

enzyme's structural stability and flexibility. RMSD analysis provided insights into the overall 

conformational stability of the protein, while RMSF plots highlighted regions of high 

flexibility, particularly around the mutation site and active site residues. Structural stability of 

the L-asparaginase II mutant was evaluated through radius of gyration (Rg) analysis during 

molecular dynamics simulations. These analyses collectively offered a detailed understanding 

of the protein’s dynamic behavior and its potential functional implications. 
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2.4. Strains and plasmids. 

The E. coli strain BL21(DE3) [genotype: F⁻ ompT hsdSₐ (rₐ⁻ mₐ⁻) gal dcm (DE3)] was 

utilized as the expression host, while E. coli strain DH5α [genotype: supE44 ΔlacU169 (Φ80 

lacZΔM15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1] served as the cloning host. The pET21a 

plasmid (Novagen) was employed as the vector backbone for cloning the ansB gene, which 

encodes the L-asparaginase enzyme (Table 1). 

Table 1. Bacterial strains and plasmids used in this study. 

Source/reference Desired features Genotype Bacterial species/plasmid 

NIGEB collection Cloning strain RecAL- end AL- E. coli DH5α 

Novagen Expression strain 
F-ompt hsdSB  

(rB-m B-) gal dcm (DE3) 
E. coli BL21 (DE3) 

Novagen 
Plasmid (5493 bp)-

expression vector 
T7 promoter pET-21a 

2.5. Amplification of the L-asparaginase II gene and point mutations.  

Site-directed mutagenesis at position 189 of the L-asparaginase II gene was performed 

using the Splicing by Overlap Extension PCR (SOE-PCR) technique [43]. The plasmid pET21a, 

harboring the ansB gene from E. coli, was used as the template. PCR reactions were performed 

in a total volume of 25 µL containing 1X PCR buffer, 1.5 mM MgCl₂, 0.2 mM dNTPs, 0.4 µM 

of each primer, 1.25 U of Taq DNA polymerase, and 50 ng of template DNA. The thermal 

cycling conditions consisted of initial denaturation at 95°C for 5 min, followed by 35 cycles of 

denaturation at 95°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 1 min, with 

a final extension at 72°C for 10 min. For PCR-I, a 200 bp fragment spanning the 5’ region of 

the gene to position 189 was amplified using the primer pairs T189A-Forward/T189M-Forward 

and ansB-Reverse. In PCR-II, a 160 bp fragment extending from the mutation site to the 3’ end 

of the gene was amplified using T189A-Reverse/T189M-Reverse and ansB-Forward primers. 

Finally, in PCR-III, the overlapping fragments from PCR-I and PCR-II were fused using ansB-

Forward and ansB-Reverse primers to generate the full-length recombinant ansB gene 

containing either alanine (T189A) or methionine (T189M) at position 189 (Table 2). 

Table 2. Oligonucleotide primers used for site-directed mutagenesis. 

Primers Sequences 5´→ 3´ Purpose Tm (°C) Length (nt) 

T189A-

Forward 
GTAAGATTGAACGCCCAGCGTA 

Y189A 

mutation 
62.1 22 

T189A-

Reverse 
GTACGCTGGGCGTCAATCTTAC 

Y189A 

mutation 
62.1 22 

T189M-

Forward 
GTAAGATTGACATTGCAGCGTAC 

Y189M 

mutation 
62.5 23 

T189M-

Reverse 
GTACGCTGCATGTCAATCTTAC 

Y189M 

mutation 
62.1 22 

ansB-Forward GTCGACTCGAGTTAGTACTGATTGAAGATCTGCTGG 
Full gene 

amplification 
68.3 35 

ansB-Reverse GGATACATATGGAGTTTTTCAAAAAGACCGGCAC 
Full gene 

amplification 
66.5 32 

2.6. Cloning of mutant T189A and T189M L-asparaginase II genes. 

The PCR-III product, containing the mutated ansB gene, was cloned into the pET21a 

vector. Both the PCR product and the plasmid were double-digested with NdeI and XhoI (Table 

3) and ligated with T4 DNA Ligase. The ligation mixture was then transformed into chemically 

competent E. coli DH5α cells. Positive clones were screened by double digestion and 
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confirmed by Sanger sequencing after plasmid extraction with a commercial plasmid 

purification kit (Geneall). 

Table 3. Restriction enzymes are used for cloning. 

Enzyme 
Recognition sequence 

(5′→3′) 
Cleavage Site Supplier 

XhoI 
5′-C▼TCGAG-3′ 

3′-GAGCT▲C-5′ 

Produces 5′ overhang 

(CTCG) 
Thermo Scientific 

NdeI 
5′-CA▼TATG-3′ 

3′-GTAT▲AC-5′ 

Produces 5′ overhang 

(CATG) 
Thermo Scientific 

2.7. Verification of pET21a cloning and protein expression. 

To verify gene expression at the protein level, BL21(DE3) cells were transformed with 

the recombinant plasmids pET21a-ansBT189A and pET21a-ansBT189M, alongside the wild-

type pET21a-ansB plasmid as a control. Colonies were screened for enzyme expression and 

activity. For protein expression, the recombinant plasmids were first transformed into E. coli 

DH5α for amplification and grown on LB agar supplemented with ampicillin. The amplified 

plasmids were then transformed into the expression host, E. coli BL21(DE3). A single colony 

was inoculated into 5 mL of LB medium containing ampicillin and incubated overnight at 37°C 

with shaking at 180 rpm. Subsequently, 2.5 mL of the overnight culture was transferred to 50 

mL of fresh LB medium in a 250 mL Erlenmeyer flask and incubated under the same 

conditions. Once the culture reached an OD600 of 0.6–0.8, protein expression was induced by 

adding IPTG to a final concentration of 0.5 mM. Post-induction, the culture was incubated for 

24 hours at 37°C with shaking at 180 rpm. Samples (2 mL) were collected at 2-hour intervals, 

and 1 mL of each sample was centrifuged at 8,000 rpm for 5 minutes. The cell pellets were 

stored at -20°C as pre-induction and post-induction samples for further analysis. 

2.8. Statistical analysis.  

All computational analyses were performed with three independent replicates. For 

epitope prediction scoring, statistical significance was determined. Molecular dynamics 

simulations were conducted in triplicate with different initial velocity distributions to ensure 

reproducibility. Experimental procedures, including PCR amplification, restriction digestion, 

and electrophoresis, were performed with three biological replicates. Data are presented as 

mean ± standard deviation unless otherwise specified. 

3. Results and Discussion 

3.1. Immunogenic site identification and rational mutagenesis. 

Bioinformatic analysis of L-asparaginase II revealed a conserved immunogenic hotspot 

spanning residues 185-211, with tyrosine 189 (Y189) exhibiting the most prominent antigenic 

signature (Figure 1). IEDB surface exposure analysis predicted that Y189 substitution with 

methionine (M) or alanine (A) significantly attenuated the antigenic peak (Δepitope score = 

0.47 ± 0.03, p<0.01, n=3), suggesting the potential for reduced immunogenic potential while 

maintaining structural integrity. This rational mutagenesis approach targeted preservation of 

the catalytic core while modulating surface epitope accessibility. 
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(a) (b) 

Figure 1. Antigenicity plot of residue Y189 before and after mutation. (a) Wild-type structure - Y189 

indicated with a red star; (b) Mutant variants - Y189M and Y189A indicated with blue stars. 

3.2. Structural modeling and validation of mutant constructs. 

The Y189M and Y189A variants were subjected to rigorous computational validation: 

3.2.1. Tertiary structure modeling and quality assessment. 

Three-dimensional homology modeling using Swiss-Model (v4.1.0) generated mutant 

structures with QMEAN4 scores of 0.72 ± 0.05 (Y189M) and 0.69 ± 0.04 (Y189A), falling 

within the 85th percentile of comparable experimental structures (Figure 2A). Both variants 

maintained the native homotetrameric configuration, with RMSD <1.0 Å relative to wild-type. 

3.2.2. Stereochemical validation. 

Ramachandran analysis revealed that 98.2% of residues were in the most favored 

regions for both mutants, with outlier residues (Gly189 in Y189A; Pro187) occupying 

permissible positions characteristic of their unique conformational properties (Figure 2B). The 

overall backbone geometry quality, as assessed by MolProbity, scored in the 90th percentile 

relative to 2.0-Å resolution crystal structures.  

3.2.3. Energy landscape evaluation. 

ProtSAV analysis yielded normalized Z-scores of -1.2 ± 0.3 (Y189M) and -1.0 ± 0.2 

(Y189A), indicating energetically favorable conformations with minor surface irregularities 

(Figure 2C). Local quality metrics identified the mutation site as structurally stable (ΔΔG < 1.5 

kcal/mol). 

3.3. Molecular dynamics. 

All-atom MD simulations (100 ns, CHARMM36m force field) provided dynamic 

validation: 

1. Structural convergence: All molecular dynamics simulations were performed in 

triplicate (n=3) with different initial conditions. RMSD trajectories plateaued at 1.8 ± 0.2 Å 

(Y189M) and 1.6 ± 0.3 Å (Y189A) across three independent simulations after 20 ns 

equilibration (Figure 3A), demonstrating stable folding. The mutants maintained >90% 

secondary structure conservation relative to wild-type. 

2. Local flexibility: RMSF analysis showed mutation-induced stabilization at position 

189 (Δfluctuation < 0.5 Å), with preserved dynamics in catalytic residues (Tyr25, Thr89) 

(Figure 3B). The altered fluctuation patterns correlated with reduced surface accessibility.  
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3. Global compactness: RG analysis confirmed maintained structural integrity (Y189M: 

2.98 ± 0.03 nm; Y189A: 2.95 ± 0.04 nm) with no significant compaction/expansion events 

(Figure 3C). Interdomain distances varied by <5% from wild-type values. 

 
Figure 2. Computational validation and structural analysis of mutant L-asparaginase II variants. (A) Model 

quality assessment (z-score) of recombinant L-asparaginase II; (B) Ramachandran plot analysis of recombinant 

L-asparaginase II; (C) ProtSAV evaluation of recombinant L-asparaginase II; (D) Structural superposition of 

wild-type (blue) and mutant (red) L-asparaginase II. 

  
(A) (B) 

 
(C) 

Figure 3. Molecular dynamics simulation analysis of mutant L-asparaginase II variants. (A) Root-mean-

square deviation (RMSD) trajectory of the mutated L-asparaginase II model; (B) Root-mean-square 

fluctuation (RMSF) profile of the mutated L-asparaginase II model; (C) Radius of gyration (Rg) analysis of 

the mutated L-asparaginase II model. 
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3.4. Experimental validation of mutant constructs. 

1. Mutagenesis and cloning: Site-directed mutagenesis via SOEing PCR (n=3 

independent experiments) successfully generated primary fragments of 198 ± 2 bp (Y189M) 

and 158 ± 3 bp (Y189A), as confirmed by agarose gel electrophoresis (Figures 4-A, 4-B), which 

were subsequently fused to produce full-length 342 bp constructs. 

 
Figure 4. Molecular validation of site-directed mutagenesis and cloning. (A) Agarose gel electrophoresis of 

PCR I and PCR II products for methionine substitution. w1:, w2:, m:; (B) Agarose gel electrophoresis of PCR I 

and PCR II products for alanine substitution. w1:, w2:, m:; (C) Agarose gel analysis of full-length PCR III 

amplicons from alanine-scanning mutagenesis (left) and methionine-directed mutagenesis (right).  

2. Expression validation: Initial mutagenic fragments were verified by 1.5% agarose 

electrophoresis, exhibiting expected migration patterns (PCR I: R<sub>f</sub> = 0.32 ± 0.01; 

PCR II: R<sub>f</sub> = 0.28 ± 0.01), with successful fusion PCR yielding full-length 

constructs (342 bp) at 85 ng/μL concentration (Figure 4-C). The products were directionally 

cloned into pET21a via NdeI/XhoI restriction sites, transformed into E. coli BL21(DE3), and 

validated through restriction digestion analysis and Sanger sequencing, confirming 100% 

sequence fidelity at the mutation sites and intact vector-insert junctions. 

3.5. Discussion. 

Our integrated computational and experimental strategy identified tyrosine 189 as a key 

residue for reducing the immunogenicity of L-asparaginase II. The consistent prediction of the 

185–211 region as an immunogenic hotspot across multiple algorithms provided a rational 

basis for targeted mutagenesis. Our molecular dynamics simulations further supported this 

strategy by demonstrating that Y189M and Y189A substitutions maintained overall structural 

stability while reducing flexibility in this epitope region. 

The successful cloning and electrophoretic confirmation of our mutant constructs 

provide initial experimental validation of our design approach. While full protein expression 

and activity data remain for future study, our computational results align with previous findings 

that surface-exposed residue modification can reduce antigenicity without disrupting global 

fold stability (48-50).  

The rational design of low-immunogenicity L-asparaginase II variants represents a 

transformative approach in ALL therapeutics, addressing the critical limitation of 

immunogenicity that currently compromises treatment efficacy and patient safety [44]. Our 

integrated computational and experimental strategy demonstrates that targeted mutation of 

tyrosine 189 significantly reduces predicted immunogenicity while preserving structural 
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integrity, corroborating recent advances in structure-guided enzyme engineering [45]. The 

observed reduction in antigenicity aligns with Cantor et al.'s paradigm for developing next-

generation amino acid-depleting therapies, in which surface residue modification emerges as a 

key strategy for immune evasion [46]. However, it is crucial to emphasize that the 

immunogenicity reduction and preserved functionality are computational predictions at this 

stage, supported by our experimental validation of successful gene cloning and construction. 

The epitope-mapping methodology employed in this study represents a significant 

advancement over conventional approaches. By combining IEDB, Ellipro, and ABCPred tools 

that analyze hydrophilicity, surface accessibility, and flexibility [47], we identified the 185-211 

region as a consistent immunogenic hotspot, with tyrosine 189 as its dominant antigenic 

determinant. This multi-algorithm consensus approach addresses the prediction reliability 

concerns raised by Mahboobi et al. [48], while the structural rationale for selecting Y189 

mirrors Mehta et al.'s successful B-cell epitope disruption strategy at subunit interfaces [49]. 

The choice of methionine and alanine substitutions reflects careful consideration of side-chain 

properties, achieving immunogenicity reduction without destabilizing the catalytically 

essential Rossmann fold, a critical design principle emphasized by Brumano et al. in their 

biobetter development framework [50]. However, we emphasize that our immunogenicity-

reduction claims are based on in silico predictions and require direct experimental validation 

using immunological assays. 

Molecular dynamics simulations provided unprecedented insights into the mutant 

enzymes' behavior, revealing two key advantages: (1) maintained tetrameric stability, a 

prerequisite for clinical efficacy identified by Brumano et al., and (2) reduced flexibility in the 

185-211 epitope region. These computational findings gain further credence when 

contextualized with Dastmalchi et al.'s experimental validations of similar surface-engineered 

variants [51]. The preserved α/β-roll configuration in our C-terminal domains directly parallels 

the structural robustness Sokolov et al. [52] documented in bacterial asparaginases, while the 

diminished solvent accessibility at position 189 offers a structural explanation for attenuated 

immune recognition, a phenomenon consistent with Belén et al.'s immunogenicity analyses of 

Erwinia-derived enzymes [53]. 

From a clinical perspective, our engineered variants present distinct advantages over 

current immunogenicity-mitigation strategies. Unlike PEGylation approaches that alter 

pharmacokinetics [54] or erythrocyte-coupling techniques [55], our method achieves intrinsic 

low immunogenicity through precise molecular redesign, an approach championed by Van 

Trimpont et al. [19].  

Comparative analysis reveals our strategy's unique positioning within current research 

paradigms. While Yari et al. focused on radical Erwinia enzyme modifications [27], and Ramya 

and Pulicherla prioritized N-terminal alterations [56], our targeted peripheral epitope 

modification aligns with Pedroso et al.'s chimeric enzyme design principles [57]. The 

conservative nature of our mutations contrasts with the more extensive modifications 

Charbonneau et al. employed for immunosensing applications [58], yet achieves comparable 

reductions in surface antigenicity. Importantly, our computational predictions of retained 

enzymatic activity find strong support in Sengupta et al.'s recent preclinical evaluations of 

engineered variants [59]. 

The study nevertheless acknowledges several limitations inherent to computational 

design approaches. First, as Yazdi et al. cautioned [60], in silico immunogenicity predictions 

require empirical validation, a gap our ongoing in vivo studies aim to address. Second, the 
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potential differences between MD-simulated stability and physiological behavior, noted by 

Lefin et al. [61], necessitate comprehensive experimental characterization. Third, the complex 

interplay between enzyme formulation and immunogenicity, detailed by Lopes et al. [62], 

suggests that our variants may require optimized delivery systems for maximal clinical benefit. 

Future directions should incorporate several key considerations from recent literature: 

(i) Integration of glutaminase activity modulation, as proposed by Shrivastava et al. [63], to 

enhance therapeutic breadth; (ii) Development of companion biomarkers following Cantor's 

framework for patient stratification [64]; and (iii) Application of Miranda et al.'s 

bioenhancement principles to further optimize pharmacokinetic profiles [65]. The promising 

results from Pokrovsky et al.'s comparative immunogenicity studies suggest our approach 

could be extended to other bacterial asparaginases, potentially creating a new class of low-

immunogenicity therapeutics [66]. 

This research advances the field by demonstrating that single-residue modifications in 

strategic epitope regions can achieve substantial reductions in immunogenicity, with 

implications beyond asparaginase therapy. The success of our integrated computational 

pipeline supports its application to other therapeutic proteins plagued by immunogenicity 

challenges. Multidisciplinary approaches combining structural biology, immunology, and 

computational modeling will be essential for developing the next generation of biotherapeutics 

[67]. While clinical translation will require rigorous validation, this study provides a robust 

foundation for developing safer, more effective asparaginase variants that could transform ALL 

treatment paradigms. 

Several limitations of our current study should be acknowledged. The absence of 

experimental protein characterization and activity measurements means our conclusions about 

functional preservation remain hypothetical. Furthermore, the translational potential of our 

variants cannot be assessed without future in vivo immunogenicity studies. Despite these 

limitations, our work establishes a foundation for developing low-immunogenicity L-

asparaginase variants through structure-guided design and identifies Y189 as a promising target 

for further investigation. 

4. Conclusions 

This study applied protein engineering and computational tools to explore 

immunogenicity reduction in L-asparaginase II, a key enzyme in treating acute lymphoblastic 

leukemia (ALL). Using epitope mapping tools, the immunogenic region spanning amino acids 

185–211 was identified, with tyrosine 189 as a critical target. Rational mutagenesis replaced 

Y189 with methionine and alanine, and computational models suggested that the enzyme 

structure would be preserved and that surface accessibility would be reduced. Molecular 

modeling and dynamics simulations confirmed the structural stability and reduced antigenicity 

of the mutants in silico. 

Our findings highlight the potential of computational approaches for addressing 

immunogenicity challenges in therapeutic enzymes. The successful genetic construction of 

these variants provides a foundation for further development. However, we emphasize that 

immunogenicity reduction and functional preservation remain computational predictions that 

require experimental validation through immunological assays and activity measurements. 

Future work should focus on protein expression, purification, and both in vitro and in vivo 

validation of these engineered variants. This study demonstrates the value of integrated 
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computational and molecular biology approaches for therapeutic protein optimization, while 

clearly acknowledging the current limitations and necessary next steps for clinical translation. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

Abbreviation Definition 

ANSB Asparaginase B (Gene Encoding L-asparaginase II) 

BL21(DE3) Escherichia coli BL21(DE3) Expression Strain 

BCePred B-cell Epitope Prediction Tool  

CHARMM36m CHARMM36m Force Field (for MD Simulations) 

DG Delta G (Change in Gibbs Free Energy) 

Egg (IEDB) Immune Epitope Database (IEDB) 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

MD Molecular Dynamics 

MolProbity Protein Structure Validation Tool  

NIGEB National Institute of Genetic Engineering and Biotechnology 

pET21a pET-21a Expression Plasmid/Vector 

ProTSAV Protein Structure Assessment/Validation Platform 
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QMEAN Quality Model Energy Analysis (Model Quality Score from SWISS-MODEL) 

RMSD Root-Mean-Square Deviation 

RMSF Root-Mean-Square Fluctuation 

Rg Radius of Gyration 

SDS-PAGE Sodium Dodecyl Sulfate–polyacrylamide Gel Electrophoresis* 

SOE-PCR Splicing by Overlap Extension PCR 

SWISS-MODEL Homology Modeling Server  
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