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Abstract

L-asparaginase is an essential drug used in the treatment of acute lymphoblastic leukemia
(ALL), a highly prevalent cancer in children. However, its immunogenicity and allergenicity
often lead to adverse reactions in patients. As a result, alternative strategies, such as identify-
ing novel enzyme sources and employing protein engineering, have been explored. This study
aimed to elucidate the molecular structure and predict the immunogenic profile of L-asparagi-
nases from Spirulina subsalsa, Nannochloropsis gaditana CCMP526, and Gracilaria domin-
gensis to propose potential substitutes for bacterial asparaginases, such as EcAIl and ErAll.
The corresponding enzyme sequences were retrieved from GenBank. Phylogenetic analysis re-
vealed three distinct clusters corresponding to class 1,2, and 3 L-asparaginases. Algal enzymes
from N. gaditana CCMP526 (GenBank ID: EWM28374.1) and G. domingensis (GenBank ID:
KAI0567449.1) clustered within class 2 L-asparaginases, whereas S. subsalsa (NCBI Refer-
ence Sequence ID: WP_265263300.1) exhibited a closer evolutionary relationship with class 3
asparaginases. These findings suggest that algal asparaginases possess unique functional char-
acteristics compared to their bacterial counterparts. Immunogenicity assessment indicated that
the T-cell and B-cell epitope densities of S. subsalsa, N. gaditana CCMP526, and G. domin-
gensis were comparable to those of EcAIl but significantly lower than ErAll. Additionally,
these algal asparaginases demonstrated lower epitope density for the HLA-DRB107:01 allele,
which is associated with hypersensitivity reactions, suggesting a reduced likelihood of trigger-
ing immune responses. Among the algal sources, N. gaditana exhibited the lowest epitope den-
sity, followed by G. domingensis and S. subsalsa. However, in the B-cell epitope analysis, S.
subsalsa demonstrated the least potential to elicit allergenic reactions, as it contained only one
allergenic epitope. Structural modeling using AlphaFold 3 predicted highly reliable three-di-
mensional models for the algal asparaginases.
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Introduction

L-asparaginase (ASNase) is an enzyme
with industrial and therapeutic applications.
It is primarily recognized for its ability to
reduce acrylamide formation in the food in-
dustry and its crucial role in treating acute
lymphoblastic leukemia (ALL). This en-
zyme is an essential component of combi-
nation chemotherapy for ALL, playing a
key role in inhibiting the proliferation of
asparagine-dependent cancer cells. Given
the high prevalence of ALL, accounting for
approximately 30% of childhood malignan-
cies, extensive research is being conducted
to identify and optimize ASNase sources
from various microorganisms (Andrade et
al. 2024; Belén et al. 2019). The antitumor
properties of ASNase arise from the hydro-
lysis of L-asparagine into aspartic acid and
ammonia. While healthy cells can synthesize
asparagine, neoplastic cells rely on external
sources for growth and survival. ASNase
depletes circulating asparagine, leading to
the inhibition of leukemic cells, nutrient
depletion, DNA damage, cell cycle arrest,
and ultimately apoptosis. This mechanism
makes ASNase a key agent in chemotherapy
for ALL (Pedroso et al. 2023).
Structurally, L-asparaginases are classified
into three groups (Loch and Jaskolski 2021):
Class 1 includes tetrameric enzymes, initial-
ly identified in bacteria but also found in
yeasts and mammals (Karamitros and Kon-
rad 2014). This class comprises cytoplasmic
(Type I) enzymes that exhibit low substrate
affinity (mM) and periplasmic (Type II)
enzymes that demonstrate a higher affini-
ty (uM) for L-asparagine (Srikhanta et al.
2013). Class 2 contains Type III enzymes,
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divided into potassium-dependent and potas-
sium-independent proteins. These enzymes
are initially inactive and acquire catalytic
activity through self-maturation (Linhorst
and Liibke 2022a; Loch et al. 2022). Class
3 includes Type IV (thermostable) and Type
V (thermolabile) enzymes, originally identi-
fied in Rhizobium etli. These enzymes exist
as homodimers with low substrate affinity
for L-asparagine (Borek and Jaskolski 2001;
Loch et al. 2023).

Currently, only Type II (Class 1) ASNases
from Escherichia coli (EcAlIl) and Erwin-
ia chrysanthemi (ErAll) are approved for
ALL treatment (Tosta Pérez et al. 2023a).
However, in addition to glutaminase activ-
ity, which contributes to severe side effects,
these enzymes exhibit high immunoge-
nicity and allergenicity, triggering adverse
immune responses in patients (Belén et al.
2020). Hypersensitivity reactions associated
with ASNase include anaphylaxis, broncho-
spasm, urticaria, itching, limb swelling, and
erythema. 30-75% of patients experience
hypersensitivity reactions, and up to 70%
develop anti-ASNase antibodies, altering
the drug’s pharmacokinetics, shortening its
half-life, and reducing therapeutic efficacy
(Bowman et al. 2011). In some cases, this
condition occurs asymptomatically while
significantly diminishing drug effectiveness,
known as silent inactivation (Fernandez et
al. 2014; Schalk et al. 2014).

Due to these challenges, the research ac-
tively explores alternative ASNase sources
with reduced immunogenicity to mitigate
side effects while maintaining therapeutic
efficacy. However, ASNases from Classes

2 and 3 have largely been overlooked due
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to their initially perceived low substrate af-
finity, even though their antileukemic and
immunogenic properties remaining under-
explored.

This study aims to evaluate algal alternatives
to bacterial ASNase using computational
tools. Specifically, it focuses on the structur-
al and immunogenic profile of ASNase de-
rived from Spirulina subsalsa, Nannochlo-
ropsis gaditana CCMP526, and Gracilaria
domingensis, which are economically sig-
nificant algae due to their widespread ap-
plications in the food and pharmaceutical
industries. These algae are recognized for
their high growth rate, valuable biochemi-
cal compounds, and broad industrial utility,
making them promising sources for safer

and more effective therapeutic ASNase.

Material and methods
Phylogenetic Tree Reconstruction

The sequences of Class 1 (InterPro
ID: 1PR027474), Class 2 (InterPro ID:
[PR000246), and Class 3 (InterPro ID:
IPR010349) L-asparaginases (Andrade et al.
2024), along with the sequences of the three
L-asparaginases studied in this research,
were obtained from the InterPro database
(Blum et al. 2021). Sequence alignment was
performed using the MUSCLE algorithm in
MEGA 7 software (Kumar, Stecher, and Ta-
mura 2016). Then, a phylogenetic tree was
constructed using the Maximum Likelihood
(ML) method with the WAG+G model and
500 bootstrap replicates.
The NetMHCII 4.0 server (Kagami et al.
2020) was used to predict T-cell epitopes us-
ing default parameters. Peptides with lengths

ranging from 9 to 15 amino acids were ana-
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lyzed for selected alleles. The peptides were
classified into three categories based on
their predicted rank scores: strong binding
(SB < 1%), weak binding (WB < 5%), and
non-binding (> 5%). The epitope density was
calculated using the formula fi = ni/N, where
ni represents the number of predicted immu-
nogenic epitopes (SB and WB), and N is the
total number of epitopes for each allele. The
alleles analyzed included HLA-DRB101:01,
HLA-DRB103:01, HLA-DRB104:01, HLA-
DRB107:01, HLA-DRB108:01, HLA-
DRBI111:01, HLA-DRB113:01 and HLA-
DRB115:01.

Statistical analysis was performed utilizing
Python, which included libraries such as
pandas (McKinney 2010), scipy (Virtanen
et al. 2020), seaborn (Waskom 2021), and
matplotlib (Hunter 2007). Non-parametric
methods were employed to address the po-
tential non-normal distribution of the data.
Pairwise comparisons were conducted using
the Mann-Whitney U test, while the Kru-
skal-Wallis test was used for comparisons
among multiple groups. Results, including
test statistics and p-values, were considered
statistically significant when p < 0.05. Data
were presented as medians with interquartile
ranges and visualized through boxplots and
strip plots to illustrate the distribution of epi-
tope densities across the different groups.
Prediction of B-cell Epitopes, Allergenicity,
Antigenicity, and 3D  Structure  of
L-Asparaginase

The topology of the outer membrane influ-
ences linear B-cell epitopes on the cell sur-
face. To predict the linear B-cell epitopes of
asparaginases from S. subsalsa, N. gaditana
CCMP526, and G. domingensis, the AB-


https://www.zotero.org/google-docs/?FBYf3c
https://www.zotero.org/google-docs/?FBYf3c
https://www.zotero.org/google-docs/?YdTZie
https://www.zotero.org/google-docs/?X01AVU
https://www.zotero.org/google-docs/?X01AVU
https://www.zotero.org/google-docs/?6qWgPU
https://www.zotero.org/google-docs/?6qWgPU

Plant, Algae, and Environment, Vol. 9, Issue 3, Sept. 2025

CPred server (Saha and Raghava 2006a) was
used. A threshold of 0.8 was applied, and the
sequence length was set to 16- mers.

The allergenicity of each epitope was as-
sessed using the AlgPred server (Saha and
Raghava 2006b), while the antigenicity of
these proteins was predicted using the Vax-
iJen server (Doytchinova and Flower 2007),
with default parameters retained and tumors
selected as the target organisms.

For the three-dimensional structure predic-
tion of the enzyme, the amino acid sequences
of L-asparaginase from S. subsalsa, N. gadi-
tana CCMP526, and G. domingensis were
input into AlphaFold 3. AlphaFold 3 is a deep
learning model developed by DeepMind that
predicts protein structures based on their ami-
no acid sequences. This model provides high-
ly accurate predictions of protein folding and
spatial arrangements.

The quality of the predictions was assessed
using the predicted local distance difference
test (pLDDT) and predicted aligned error
(PAE) metrics (Abramson et al., 2024). Fi-
nally, epitope map visualization was per-
formed using PyMOL software (Kagami et
al., 2020).

Results
Phylogenetic tree of algal L-asparaginases
The phylogenetic tree was constructed
using the alignment of the L-asparaginase
gene sequences from the algae N. gaditana
CCMP526, S. subsalsa, and G. domingensis,
along with 25 L-asparaginase sequences from
classes 1, 2, and 3, specifically types I and II
L-asparaginase. The tree (Figure 1) revealed
three distinct clusters: class 3 L-asparaginas-

es, class 2 L-asparaginases, and class 1 L-as-
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paraginases, supported by strong bootstrap
values. The cluster of class 3 L-asparaginases
was distinct from class 2 enzymes, supported
by a strong bootstrap value. The L-asparagi-
nase from S. subsalsa was positioned within
the class 3 cluster, indicating that the S. sub-
salsa enzyme shares the highest structural
similarity with class 3 L-asparaginases.

The L-asparaginases from N. gaditana
CCMP526 and G. domingensis were grouped
within the class 2 Ntn-hydrolase family of
L-asparaginases, which are mainly found in
eukaryotic organisms.

Class 1 L-asparaginases were grouped into
closely related branches and were distinct
from the central cluster of class 2 and 3 L-as-
paraginases. The therapeutic asparaginases
from E. coli and E. chrysanthemi were within
this cluster.

Prediction of immunogenicity

Epitope density is used to evaluate the im-
munogenicity of proteins. It emphasizes
that more epitope density is directly related
to higher immunogenic potential. This con-
cept was applied to assess the immunogenic-
ity of asparaginases from the selected algal
sources compared with clinical asparaginases
from EcAIl and ErAll. The results showed
no significant difference in immunogenic-
ity between the algal asparaginases and the
EcAIl asparaginase. However, a significant
difference was observed with ErAll, which
demonstrated higher immunogenicity com-
pared to algal asparaginases and EcAll.

The algal asparaginases exhibited lower im-
munogenicity than clinical asparaginases,
with N. gaditana CCMP526 showing lower
immunogenicity than the others (Figure 2).
The T-cell epitope density for each of the
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Fig. 1. The phylogenetic tree of the L-asparaginase enzyme was constructed using the maximum
likelihood method and the WAG+G model. The blue color indicates microorganisms currently
used in the commercial production of drugs; the classes 1, 2, and 3 are represented in yellow,
green, and purple, respectively
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eight (HLA-DRBI101:01, HLA-DRB103:01,
HLA-DRB104:01, HLA-DRB107:01, HLA-
DRB108:01,  HLA-DRBI11:01,  HLA-
DRBI113:01 and HLA-DRB115:01) alleles is
shown in Figure 3, and the results indicate
variability in distribution for each species
depending on the allele. In most cases, the
epitope density of S. subsalsa, N. gaditana
CCMP526, and G. domingensis was lower
than that of ErAll (Figure 3).

The HLA-DRB107:01 alleles are associated
with hypersensitivity reactions and a higher
risk of allergic reactions during treatment with
bacterial asparaginase. The results showed
that algal asparaginases exhibited lower epi-
tope density for the HLA-DRB107:01 allele
comparing EcAll and ErAll asparaginases.
Structure prediction

The AlphaFold 3 predicted the three-dimen-
sional structure of S. subsalsa L-asparagi-
nase, resulting in five structural models. The
generated graphs and indicators demonstrat-

ed that the predicted structures are highly

reliable. Among these structural models, the
rank 1 structure was selected for its highest
reliability, with a pLDDT index of approx-
imately 100 and a PTM index of 0.96. The
structures of G. domingensis and N. gaditana
CCMP526 were also predicted with PTM in-
dices of 0.84 and 0.85, respectively, indicat-
ing good structural reliability (Figure 4).
Prediction and analysis of linear B-Cell epi-
topes in algal asparaginases

The linear B-cell epitopes of asparaginases
from S. subsalsa, N. gaditana CCMP526,
and G. domingensis were predicted to evalu-
ate their potential for antibody production in
serum. The results revealed that S. subsalsa
had 11 epitopes, of which one was allergenic,
10 were non-allergenic, 7 were immunogen-
ic, and 4 were non-immunogenic. In N. gadi-
tana CCMP526, 20 epitopes were identified,
including 13 allergenic, 7 non-allergenic, 10
immunogenic, and 10 non-immunogenic epi-
topes. Similarly, G. domingensis exhibited 17
epitopes, with 10 allergenic, 7 non-allergen-
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ic, 11 immunogenic, and 6 non-immunogenic
epitopes.

The mapping of allergenic epitopes, as shown
in Figure 5, indicates that most regions of S.
subsalsa are covered by non-allergenic epi-
topes, making it less likely to induce hyper-
sensitivity reactions compared to asparagi-
nases from N. gaditana CCMP526 and G.

domingensis.

(&) (B)
5

In contrast, N. gaditana CCMP526 exhibited
the highest allergenic epitopes among the an-
alyzed species, suggesting a greater potential
for unwanted immune responses. Similarly,
G. domingensis contains many allergenic and
immunogenic epitopes, which may influence
its immunogenic potential and likelihood of

triggering immune responses.

Fig. 4. Prediction of the 3D structures of asparaginases with AlphaFold 3, with colors shading
from blue (high confidence) to yellow (low confidence) for each structure. Predicted enzyme
structures of (A) 8. subsalsa, (B) (7. domingensis, and (C) N, gaditana CCMP526

(A)

)

Fig. 5. Structural distribution of B-cell epitopes in the asparaginases monomers of (A, B) X
subsalsa; (C, D) G, domingensis, and (E, F) ¥, goditana CCMP526, Panels (A, C, E) show the
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Discussion

In this study, a phylogenetic tree of L-as-
paraginase was constructed using sequenc-
es from three algae species: N. gaditana
CCMP526, S. subsalsa, and G. domingen-
sis, along with 25 L-asparaginase sequences
from classes 1, 2, and 3. The L-asparagi-
nase from S. subsalsa was found to cluster
with the L-asparaginases belonging to class
3. This class of enzymes encompassesboth
permanent (thermophilic, type IV) and in-
ducible (thermosensitive, type V) enzymes,
which were initially discovered in Rhizobi-
um etli (Sciuk et al. 2024). The phylogenet-
ic tree revealed that class 3 enzymes differ
significantly in amino acid sequence and
structural features from the other classes.
These differences are primarily attributed to
unique features in their active sites and ho-
modimeric structure. Until now, no phylo-
genetic studies have been conducted on the
S. subsalsa L-asparaginase.
L-asparaginases from N. gaditana CCMP526
and G. domingensis clustered within the
L-asparaginase class 2. Class 2 L-asparagi-
nases consist of type III enzymes, which can
be further divided into potassium-dependent
(K-dependent) and potassium-independent
(K-independent) enzymes (Sodek, Lea, and
Miflin 1980). Type III L-asparaginases be-
long to the Ntn-hydrolase family (Linhorst
and Liibke 2022b) and are produced as inac-
tive precursors, which gain catalytic activity
through self-activation.
Currently, only type II enzymes (class 1)
from E. coli (EcAll) and E. chrysanthemi
(ErAll) are approved for the treatment of
acute lymphoblastic leukemia (ALL) (Tosta
Pérez et al. 2023b). On the other hand, the
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potential therapeutic use of other L-aspara-
ginases (from class 2 or class 3) has often
been overlooked due to their low substrate
affinity. However, recent studies have re-
ported that class 3 L-asparaginase exhibits
favorable properties and efficacy in treating
ALL and AML (Sciuk et al. 2024).

This study compared the immunogenicity of
L-asparaginases from S. subsalsa, N. gadi-
tana CCMP526, and Gracilaria domingen-
sis with clinical enzymes EcAIl and ErAll
utilizing epitope density. Epitope densi-
ty measures immunogenic potential, with
higher epitope densities indicating greater
immune system stimulation (Belén et al.
2020). The results showed that the L-as-
paraginases from S. subsalsa, N. gaditana
CCMP526, and G. domingensis exhibited
immunogenicity similar to ECAIl. However,
significant immunogenicity was observed in
ErAll, which showed a higher immunogen-
ic potential than the other enzymes. In com-
parison to other algal enzymes, N. gaditana
CCMP526 L-asparaginase showed the low-
est immunogenicity. This finding suggests
that some algae-derived enzymes may have
better immunogenic profiles for clinical use,
with N. gaditana demonstrating the lowest
epitope density and, therefore, the least po-
tential for unwanted immune responses.
Further analysis of T-cell epitope density
revealed differences based on HLA-DRB al-
leles. Notably, the HLA-DRB107:01 allele,
associated with hypersensitivity reactions
and an increased risk of allergic reactions
during L-asparaginase treatment for leuke-
mia (Fernandez et al. 2014), showed lower
epitope density in S. subsalsa, N. gaditana
CCMP526, and G. domingensis compared to
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the clinical enzymes EcAIl and ErAll. This
suggests that algae-derived L-asparaginases
may present a lower risk of hypersensitiv-
ity reactions. Furthermore, the type III en-
zyme from N. gaditana CCMP526 exhibits
a lower allergenicity compared to other algal
sources.

In addition to T-cell epitope analysis, lin-
ear B-cell epitopes were predicted to eval-
uate the potential for antibody production
in serum. The results indicated that S. sub-
salsa had fewer allergenic epitopes than .
gaditana CCMP526 and G. domingensis,
making it a safer option for clinical use. On
the other hand, N. gaditana CCMP526 had
the highest number of allergenic epitopes
among the species studied, which could lead
to unwanted immune responses. Moreover,
G. domingensis displayed more allergenic
epitopes and immunogenicity, which may
affect its immunogenic profile and increase
immune responses.

Combining the results from both T-cell and
B-cell epitope analyses, it can be conclud-
ed that S. subsalsa represents the most ap-
propriate candidate for clinical use. This
species not only demonstrated low epitope
density in both T-cell and B-cell analyses
but also exhibited a reduced risk of aller-
gic reactions, making it a safer alternative
for clinical applications. In contrast, while
N. gaditana CCMP526 exhibited the low-
est T-cell epitope density, it had the highest
number of allergenic epitopes in the B-cell
analysis, which could potentially lead to un-
wanted humoral responses. G. domingensis,
although showing some advantages over
N. gaditana, still presented more allergenic

epitopes than S. subsalsa and could trigger

more immune reactions.

Therefore, S. subsalsa stands out as the most
promising option for clinical use, as it offers
a lower epitope density and a potentially saf-
er immunogenic profile, with a reduced risk

of triggering immune responses.
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