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Abstract

Acute lymphoblastic leukemia is the most common cancer among children worldwide, characterized by an overpro-
duction of undifferentiated lymphoblasts in the bone marrow. The enzyme L-asparaginase isolated from Escherichia
coli and Dickeya chrysanthemi is a key factor in multiple therapies against this disease. Regardless of their effectiveness,
these formulations present well-known adverse effects, highlighting the immunogenicity and allergenicity they cause.
Some strategies have been adopted in this regard, such as PEGylation and modification by bioengineering as well as
the search for new non-bacterial microorganisms producing the enzyme. Fungi have been shown to be asparaginase
producers with high antitumor activity; however, little is known about the immunological features of fungal asparagi-
nase. In this work, we developed the first immunoinformatics study focused on revealing the antigenic determinants
that contribute to the immunogenicity of nine asparaginases of filamentous fungi experimentally tested, and compared
them with the enzyme from E. coli. We were able to predict that the fungal asparaginases evaluated have a high degree
of immunogenicity, which is an important result to consider if the aim is to produce clinical L-asparaginase from a fungal
source. Likewise, for the first time, a bioinformatics-based approach was used to predict the immunogenic and allergenic
epitopes present in fungal asparaginases.
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1 Introduction

L-asparaginase (ASNase) is considered a key therapeutic
enzyme for the treatment of acute lymphoblastic leu-
kemia (ALL) nowadays. This disease is recognized as the
most frequent cancer among children [1], also affecting
adults [2]. ALL consists of the overproduction of undif-
ferentiated lymphocytes in the bone marrow, which
can lead to death [3]. As part of the multiple therapy for
the treatment of ALL, the enzyme ASNase has enabled

remission rates over 90% to be reached [4]. Leukemic
cells, unlike normal ones, are unable to synthesize
asparagine in sufficient quantities, so they incorporate
this amino acid from the circulation [5]. ASNase hydro-
lyzes the circulating amino acid, exerting its therapeutic
action by starving the tumor cells [6]. There are currently
four ASNase formulations available for clinical use from
the bacterial source Escherichia coli [7-9] and Dickeya
chrysanthemi [10]. Additionally, bacterial asparaginases
present glutaminase activity, which has been reported
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to be responsible of several side effects in patients
[11-13]. Notwithstanding their pharmacological effec-
tiveness, these formulations generate a wide range of
adverse effects in patients [14-16]. However, the side
effects best documented for this biopharmaceutical
likely correspond to immunogenicity and allergenicity
[17-19] due mainly to its prokaryotic nature [20]. The
occurrence of hypersensitivity reactions has been related
to the generation of antibodies, either IgG [21-24] or
IgE type [25-27]. On the other hand, some reports have
indicated that ASNase from E. coli is more allergenic than
its equivalent from D. chrysanthemi [28, 29]. The patient’s
immune response to ASNase not only results in unde-
sirable effects at a clinical level, but also in decreased
enzyme activity [30]. This is because the antibodies gen-
erated as part of the humoral response contribute to the
inactivation of the enzyme, thus decreasing its half-life
in circulation [31, 32].

One of the strategies adopted to reduce the immuno-
genicity caused by ASNase has been the search for new
microorganisms capable of producing the enzyme with
a lower risk of causing side effects in patients [33-35].
In this regard, fungal sources have been explored for
their eukaryotic nature, as their similarity to humans at
cellular level could reduce the unwanted immunologi-
cal reactions [36, 37]. Several reports [38-41] and com-
prehensive reviews [20, 42-44] have been published,
revealing the potential of fungi as a feasible source of
ASNase and presenting antitumor activity [45, 46]. In
addition to being eukaryotes, they can produce ASNase
with reduced glutaminase activity [47, 48]. In spite of
a high antitumor activity having been demonstrated
in vitro using fungal enzymes [49-51], the immunologi-
cal implications in patients have been scarcely explored.

The use of bioinformatics tools for evaluating immu-
nological responses from an in silico approach has been
addressed in many studies in recent years [52-57]. Sev-
eral have focused on explaining antigenic epitopes in
the structure of various proteins, including ASNase, for
subsequent modification and reduction of immuno-
genicity [58-61]. All this knowledge in the bioinformatics
arena offers an opportunity to discover and develop new
safer and more effective biopharmaceuticals.

In this work, we present the first in silico study that
describes L-asparaginase from nine experimentally
tested filamentous fungi species in terms of their pre-
dicted immunogenicity profile. Our objective is to show
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the structural features that could be responsible for gen-
erating an immunological reaction in patients, after the
administration of fungal ASNase, also predicting for the
first time the composition of the peptides that contrib-
ute to the allergenicity of fungal ASNase. These findings
are of great significance in the development of therapeu-
tic asparaginases from new sources.

2 Materials and methods
2.1 L-asparaginase sequence dataset

For this study, the amino acid sequences of nine fungal
L-asparaginases were downloaded from the National
Center for Biotechnology Information (NCBI) Protein Data-
base (https://www.ncbi.nlm.nih.gov/protein) and the Uni-
ProtKB Database (https://www.uniprot.org/). Table 1 shows
the filamentous fungi selected for the study, whose activ-
ity has previously been proven. Additionally, the amino
acid sequence of Escherichia coli type Il (EcA) L-asparagi-
nase was downloaded from the Protein Data Bank (https://
www.rcsb.org/). All the sequences appear in Supplemen-
tary Material A.1.

2.2 T-cell epitope prediction and epitope density
determination

For T-cell epitope prediction the NetMHCII 2.3 Server (http://
www.cbs.dtu.dk/services/NetMHCII/) was used [57], setting

Table 1 Filamentous fungi used for the in silico immunogenicity
analysis of L-asparaginases in the current research

Filamentous fungi species References
Aspergillus niger [62, 63]
Aspergillus terreus [37, 48, 64]
Aspergillus flavus [43, 65]
Fusarium oxysporum [40, 66, 67]
Penicillium digitatum [36]
Penicillium chrysogenum [63, 68]
Aspergillus tubingensis [62]
Aspergillus nidulans [66, 69]
Beauveria bassiana [70]

The different colored areas correspond to the predicted B-cell
epitopes in each asparaginase


https://www.ncbi.nlm.nih.gov/protein
https://www.uniprot.org/
https://www.rcsb.org/
https://www.rcsb.org/
http://www.cbs.dtu.dk/services/NetMHCII/
http://www.cbs.dtu.dk/services/NetMHCII/
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the default parameters of the program. The peptides pre-
dicted as “strong binder” (< 2%) and “weak binder” (< 10%)
were selected as immunogenic epitopes. For epitope
density computation, the relative frequency was used:
f.=n;/N =n;/ 3 ;n;, where n; is the number of immu-
nogenic epitopes predicted, and N is the total number of
epitopes determined by the program (immunogenic and
non-immunogenic). The HLA-DRB1*01:01, HLA-DRB1*03:01,
HLA-DRB1*04:01, HLA-DRB1*07:01, HLA-DRB1*08:01, HLA-
DRB1*11:01, HLA-DRB1*13:01 and HLA-DRB1*15:01 alleles
were used for the prediction because these are reference
alleles with a high distribution worldwide [71, 72].

2.3 Prediction of epitope allergenicity

In order to perform the allergenicity prediction of the nine
fungal asparaginases, the AllerTOP v. 2.0 server (http://
www.ddg-pharmfac.net/AllerTOP/) was used [73]. For this
purpose, each of the T-cell epitopes predicted as immuno-
genic for the HLA-DRB1*07:01 allele for the nine fungal and
E.coli ASNase were evaluated using this program. The pro-
gram evaluates the sequence of peptides and returns the
results as “probable allergen” or“probable non-allergen."The
relative frequency of the predicted allergenic epitopes was
calculated, dividing the number of immunogenic epitopes
for the HLA-DRB1 * 07: 01 allele over the total immunogenic
epitopes previously determined as described for each
ASNase in Sect. 2.2.

2.4 Modeling, refinement and quality assessment
of tertiary structures of fungal ASNase

The sequences of the nine fungal ASNases were used for
homology modeling of their tertiary structures, with the
Phyre2 program [74]. Subsequently, the models were refined
with the GalaxyRefine tool [75], and the quality of the gen-
erated models was assessed with the MolProbity tool [76],
available in Swiss-Model.

2.5 B-cell epitope prediction and mapping

We performed the B-cell epitope prediction (linear epitopes)
by using the ElliPro server (http://tools.iedb.org/ellipro/) [77]
from the IEDB Analysis Resource database. For this analy-
sis, we used the monomeric structures of the nine fungal

ASNase previously modeled. The epitope mapping in the
modeled structures of fungal asparaginases was carried out
with PyMOL (PyMOL Molecular Graphics System, Version 2.0
Schrodinger, LLC).

2.6 Statistical analysis of the epitope density

A comparative analysis of epitope density of the L-aspar-
aginases was performed by using a one-way ANOVA with
Tukey'’s test a posteriori. Probability values (p <0.05) were
considered significant. The analysis was carried out with the
GraphPad Prism package version 5.0 for Windows (GraphPad
Software, San Diego, California, USA).

3 Results and discussion

The identification of immunogenic epitopes in the pro-
tein structure by computational tools has been a strat-
egy used to achieve a reduction in the immunogenicity
of several proteins [78-80]. It is also the case of ASNase
from E. coli, where the use of bioinformatics techniques
has allowed engineering the enzyme with the aim of
obtaining an improved therapeutic agent [58, 81, 82].
On the other hand, the search for novel sources such
as yeast and fungi has provided a new niche for obtain-
ing less immunogenic ASNase [34, 83-85]. In our work,
we address the problem of asparaginase immunogenic-
ity through the evaluation of enzymes from nine fila-
mentous fungi using computational tools. For this, we
applied the measure known as relative frequency, since
it has been used in previous studies to determine the
immunogenic epitope density present in several pro-
teins, correlating this measure with theirimmunogenic-
ity level [86-91].

In assessing the degree of asparaginase immuno-
genicity, we found that there were no significant dif-
ferences in the predicted immunogenicity between the
nine fungal ASNases evaluated (Fig. 1). However, when
comparing the relative frequencies of these asparagi-
nases with that obtained for the enzyme from E. coli,
interestingly, the predicted immunogenicity degree of
fungal asparaginases was equivalent to the bacterial
enzyme and even higher in the particular cases of Peni-
cillium digitatum (Fig. 1). These results are remarkable:
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Fig. 1 Statistical analysis

of the relative frequency of
predicted immunogenic T-cell
epitopes in fungal and bacte-
rial asparaginases for eight
alleles (HLA-DRB1*01:01, HLA-
DRB1*03:01, HLA-DRB1*04:01,
HLA-DRB1*07:01, HLA-
DRB1*08:01, HLA-DRB1*11:01,
HLA-DRB1*13:01 and HLA-
DRB1*15:01). Significant
differences were observed only
between Penicillium digi-

0.154

0.10+

0.05+

Relative frequency
(epitope density)

tatum versus Escherichia coli

(p=0.05). Error bars represent
the standard deviation of the
data set @\\

first, because they constitute the only report to date
that refers to a study of the immunogenicity of fungal
L-asparaginase, and second because they contradict
expectations as to the possible safety of this enzyme
derivative from eukaryotic cells. However, considering
the analysis performed, an immune response analogous
to that of the E.coli ASNase could be likely if the enzyme
derived from one of these evaluated species were used.
Therefore, although it is promising to obtain ASNase
with an activity from the nine species of fungi reported,
this activity will presumably be affected after recognition
by the immune system, which could lead to subsequent
neutralization, as in the case of bacterial ASNase. The
predicted immunogenic T-cell epitopes are presented in
Table B.1 as Supplementary Material.

Since HLA-DRBT1 alleles confer high-affinity binding to
ASNase epitopes causing several allergic reactions [92, 93],
we compared the relative frequency of T-cell epitopes for
the eight alleles evaluated. Significant differences were
observed between the HLA-DRB1*01:01 allele versus the
HLA-DRB1*08:01, HLA-DRB1*11:01, HLA-DRB1*13:01 and
HLA-DRB1*15:01 alleles, respectively (Fig. 2). In previous
research, the HLA-DRB1*01:01 allele has been linked to the
occurrence of hypersensitivity reactions associated with
the administration of the antiretroviral drugs nevirapine
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and efavirenz, used in the treatment of patients infected
with HIV [94-96]. This allele was also associated with
the occurrence of hypersensitivity reactions producing
liver damage after administration of the nonsteroidal
anti-inflammatory lumiracoxib [97]. However, this is the
first report that highlights the association between the
HLA-DRB1*01:01 allele and the probable occurrence of
immunological reactions against asparaginases, particu-
larly those obtained from fungal sources. In our study,
significant differences were also observed between the
HLA-DRB1*04:01 allele and the HLA-DRB1*11:01 and HLA-
DRB1*13:01 alleles, respectively (Fig. 2). HLA-DRB1*04:01
allele has previously been associated with an immune
system response in the case of the therapeutic protein
interferon-3 [98].

By contrast, it has been well established that the HLA-
DRB1*07:01 allele is associated with a high risk of hyper-
sensitivity reactions after treatment with bacterial ASNase,
possibly due to it being a high-binding allele [93, 99]. In
our work, we performed a predictive analysis of the rela-
tive frequency of allergenic T-cell epitopes for the HLA-
DRB1*07:01 allele in the nine fungal asparaginases, com-
paring them with the enzyme from E. coli. Surprisingly, a
high epitope density was observed for fungal asparagi-
nases in comparison with the bacterial one, underscoring
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Fig. 3 Relative frequency of allergenic T-cell epitopes for the HLA-DRB1*07: 01 allele for the ten microorganisms studied. A high epitope

density was observed for fungal asparaginases
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A. flavus

A. nidulans

A. niger

Fig.4 Monomeric three-dimensional models predicted for the nine fungal ASNase and quality assessment using Ramachandran plots. All

predicted models showed a quality higher than 95%

B-cell epitope identification has been a widely used
approach in peptide-based vaccine design and disease
diagnosis [104-106]. Additionally, we identify the lin-
ear B-cell epitopes present in the nine fungal and E.coli
ASNase. Previously, we modeled the monomeric three-
dimensional structure of fungal ASNase, since these are
not crystallized or reported. We present the predicted
models in Fig. 4, as well as the quality assessment of these
models. As can be seen in the Ramachandran plot, all the
models present more than 95% of their amino acid resi-
dues in favorable regions, suggesting that the predicted
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models have a high quality. Supplementary Material C.1
summarizes the linear B-cell epitopes identified in the
monomeric structure of the nine fungal and E. coli ASNase,
while Fig. 5 shows the mapping of the B-cell epitopes iden-
tified. In general, the results show that the immunogenic
B-cell epitope distribution in fungal ASNase as well as
their length (Supplementary Table C.1) is very similar to
the pattern in E.coli. This finding reinforces the fact that the
immune response generated by the fungal ASNase could
be very similar to that generated by E.coli in patients, as
suggested from the results obtained in the prediction of
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A. nidulans

A. flavus

P. digitatum P. chrysogenum

A. terreus

A. tubingensis

Fig.5 Mapping of predicted B-cell epitopes in nine fungal asparaginases and E.coli

T-cell epitopes. All these reports offer new insights about
the choice of fungal ASNase as a possible alternative for
the treatment of ALL because, although they are attractive
as producers of the enzyme, the way in which the immune
system of patients could respond to their administration is
detrimental to its quality at industrial level.

4 Conclusions

This research is the first study to determine the immu-
nogenicity of fungal L-asparaginases using an in silico
approach, also showing the allergenic peptides predicted
in the nine fungal enzymes studied. ASNase from fungi
showed high immunogenicity patterns. This knowledge is
important in the search for new sources of asparaginases
and demonstrates the usefulness of bioinformatics tools
in the discovery of immunological features for the design
of safer biopharmaceuticals.
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Supplementary Material A.1. Amino acid sequences of fungal and bacterial asparaginases used in

this study.

>XP_001393807.2 asparaginase [Aspergillus niger CBS 513.88]

MAALDVNGPLPELSEQQPDDLIPESRVLIIMTGGTICMRQSPSGFIPARGFQEQCLARVP
TFENDGSHPSM  MDVVINSDGEIKGHPALRTPQTAY GRRVRY TVFEFEELLDSSSIDAKGWA
QIAHTVERNYTLFDGFVVLHGTDSLAYTCSALSFMLONLGKPVILTGAQAPMLELQNDAT
DNLLGSLVVASHFMIPEVCLYFNNRLFRGNRSIKVAASDFAAFDSPNCPPLAVTTSMRTNV
NWELVNRPKSLEHFRIQTNLDTTHVACLRIFPGIKPEMVDAVLKLEGLRGLVLETFGAGNA
PSGQDNAMTNVLAAAIKRGIVIVNVTQCLTGSVSPVYAPGMSLSRAGVVAGLDLTTEAAL
TKMSYLLALPDSTPEWVAKKMSVSLRGELTEVSQPVFRHPDGALPERVQSLTVLGYAI
AQGDLERVEEIVAREHQWLLNDADY SGNTPIHLAATSPSIEILRY LLLQGGSVHLRNRNGR
TPLFLAANAGFSEHVLLLRKSGAHLHSDERTAAQLLARRRPGVYWGLAGIGPREV SEREMEE
LEDSSVSIGR MAQRVMAG SAP

>L -asparaginase OS=Aspergillus terreus (strain NIH 2624 / FGSC A1156)

MGFNIKALTVAALAALGHASPLY SRADANVTYVFTNAHGLNFTOQMNTTLPNVTILATGGT
IAGSSADNTATTGYKAGAIGIQQLIDAVPEMLNVANVAGVQVTNVGSPDVTSHILLDMVR
MLDELVCQDETMAGAVITHGTDTLEETAFFLDATMPCRKPVVVYVGAMRPSTAISADGPFN
LLOQSVTVAATPAARDRGALVVLNDRVLSAFYTSKTNANTMDTFKAIEMGALAAIVSNKPY
FYYPPVRPTGHEFFDVRNVSALPRVDILYSYQDMQNDTLYDAAKNGAKGIVIAGSGAGSY
SSGFSAAIEDVMDTYHIPVVASTRTGNGEVPPSDDGAIGSGFLNPQK SRIWLELLLMQKKTV
AEVREMFAKVAVA

>XP_002372983.1 L -asparaginase [Aspergillus flavus NRRL 3357]

MGVNFKVLALSALATISHASPLLYPRATDSNVTYVFTNPNGLNFTOMNTTLPNVTIFATGG
TIAGSSADNTATTGYKAGAVGIQTLIDAVPEMLNVANVAGVQVTNVGSPDITSDILLRLSK
QINEVVCNDPTMAGAVVTHGTDTLEESAFFLDATVNCRKPVVIVGAMRPSTAISADGPLNL
LQSVTVATSPKARDRGALIVMNDRIVSAFYASKTNANTVDTFKAIEMGNLGEVV SNKPY FF
YPPVKPTGKTEVDIRNITSIPRVDILY SYEDMHNDTLY SAIDNGAKGIVIAGSGSGSV STPFS
AAMEDITTKHNIPIVASTRTGNGEVPSSAESSQIASGY LNPAKSRVLLGLLLAQGKSIEEMR
AVFERIGVA

>XP_018232431.1 L-asparaginase [ Fusarium oxysporum f. sp. lycopersici 4287]

MGHFAAGFIVY LNLPL SLSSEAGPWLARKKDKRPTVLYWMSK LK TQESQIMMPSFKRLHG
RALVATAPVY CSGPAASSTIKMAPSSASWTTCLWRIILSVLAPSTALLQFGSWAASVFGPPV
HELY L QPHFSALQKAPIQTGIPFEISTTPEFNCFSPNLPNITIYATGGTIAGSASSADQTTGYQS
AALSVQSLIDAVPQLCNVANVRGVQFANTDSIDMSSDMLQALAEQIQADLNSPSTQGAVV

THGTDTLDESAFFLDLTIQSDKPVVVTGSMRPATAISADGPMNLLSSV TLAASQNARGRGV

MIAINDRIGSARFTTKVNANHLDAFQAPDSGLLGTFVNIQPVFFY PPSRPL GHHHFK L QSRP

PSSALPQVDILYAYQELSVGMFKAAVDLGARGIVLAGLGAGFWTSKGTEEIRRIVRETKIPV
IV SRRPEGGFV GPCQA GIGAGFLNPQKARIQLQLALEAKMDNDAIRALFEHAGVH



>XP_014538187.1 L-asparaginase [Penicillium digitatum Pd1]

MGITIQTLAISALVTTSYASPLIYPRAVNTSYTNSNGLTFSHFNGSLPNVTILATGGTIAGTSD
DKTTTAGYKSGALGINTLLSGIPDIFKIANIAAIQAHNVNSGDISSSLLLNLTQTLQTQVCDD
PTMSGAVITHGTDTLEESAFFLDATVNCGKPIVFVGSMRPSTAISADGPMNLLQGVTVAAD
KNSRDRGALVVLNDRIVSALFATKTSANTVDTFKAYEQGSLGFIVSNKPYFYYPAVQANA
KHVADVSNVDAMPRVDILYAYEDMQIDSIY SAVKNGAKGIVIAGEGAGGV STDFASAINDI
GVKHSIPVVLSHRTVNGEVPTADFTGENAETKIASGMFNPQQSRILLGLLLAEKKGFKEIRE
VFSKATVA

>trJAOA167SH91|AOA167SH91 PENCH Putative L-asparaginase OS=Penicillium chrysogenum
OX=5076 GN=EN45_ 057250 PE=3 SV=1

MGFSLQALTVSALAITSYASPLIHSRATNTSY TNSNGLTFNHFNGSLPNVTILATGGTIAGTS
DDKTATAGYESGALGINTLLSKIPEIFNVANIAAVQAHNVNSGDISSSLLLNLTHTLQATVC

DDPTMSGAVITHGTDTLEESAFFIDATVNCGKPIVFVGSMRPATAISADGPMNLVQGVTVA

ADNDSRDRGALVVLNDRIVSALFATKTHANTMDTFKAY EQGNLGFIVSNKPY FYYPAV QA
NVKHVVDVSNVDSVPRVDILYAYEDMQVDSLY SAMKNGAKGIVVAGEGAGGVATDFGS

AINDIVKKHNIPVVLSHRTVNGEVPTADFTGEDAQTKIASGLFNPQQARILLGLLLAEKKGL
KEIREVFLKATVA

>trlAOALILONDY 3|JAOAILONDY3_ASPTU Uncharacterized protein OS=Aspergillus tubingensis
CBS 134.48 OX=767770 GN=ASPTUDRAFT_51588 PE=3 SV=1

MPLKPFLFSALATLASASPLLYTRTTNETFVFTNANGLNFTOMNTTLPNVTIFATGGTIAGS
DSSSTATTGYTSGAVGVLSLIDAVPSMLDVANVAGVQVANVGSEDITSDILISMSKKLNRYV
VCEDPTMAGAVITHGTDTLEETAFFLDATVNCGKPIVIVGAMRPSTAISADGPFNLLEAVTV
AASASARDRGAMVVMNDRIASAYYVTKTNANTMDTFKAMEMGY LGEMISNTPFFFY PPV
KPTGKVTFDIANVTEIPRVDILFSYEDMHNDTLY NAISSGAQGIVVAGAGAGGVTTSFNEAI
EDVINRLEIPVVQSMRTVNGEVPLSDVSSDTATHIASGY LNPQKSRILLGLLLSQGKNITEIA
DVFALGTDA

>trlACALUBQU27|ACA1UBQU27 EMENI Uncharacterized protein OS=Aspergillus nidulans
(strain FGSC A4/ ATCC 38163 / CBS 112.46 / NRRL 194 / M139) OX=227321 GN=ANO0300.2
PE=3Sv=1

MGLRVKALAVAALATLSQASPVLYTREDTTSNTTYAFTNSNGLNFTQMNTTLPNVTIFATG
GTIAGSAASNTATTGY QAGALGIQTLIDAVPEMLSVANIAGVQISNVGSPDVTSTILLEMAH
RLNKVVCEDPSMAGAVVTHGTDTLEETAFFLDATVNCGKPIVIVGAMRPATAISADGPYN
LLQAVTVASTKEARNRGAMVVMNDRIASAYYVSKTNANTMDTFKAVEMGYLGAIISNTP
FFYYPAVQPSGKTTVDVSNVTSIPRVDILY SFODMTNDTLY SSIENGAKGVVIAGSGAGSVD
TAFSTAIDDIISNQGVPIVQSTRTGNGEV PY SAEGGISSGFLNPAKSRILLGLLLAQGGKGTEE
IRAVFGKVAV

>XP_008601542.1 thermolabile L -asparaginase [ Beauveria bassiana ARSEF 2860]

MTKTTRDDGCVVIDRNGVIENRHELHAVVVDSTGKTLFVVGDPNRVTLIRSAAKPAQSVAI
VETGALEKYGLDEADLALMCASHSSEDRHAERARSILAKAGNSEESLRCGGHPALMPERN
KAWIRAGFEPTPVWSNCSGKHAGMLAAARAIDTEPDHYHVLSHPLQQRVKRVTEEIARLP
PDQVRWAIDGCNMPAPAYPLIYLARTNAAFAEAADAVARDGDLDATTTTTTTTTTTTPRQ
RNMARVFNAMSTY PEMVAGEGRFCTELLRAFGGRVIGKVGADACY GVGIRACEETRRLG




AVGSVGIAAKIEDGNMDILY SAVAEILARLDIGAAEMRSALDSFHSVAIKNTVGVVTGHVS
YPFKLQAV

>3ECA:A|PDBID Escherichia coli

LPNITILATGGTIAGGGDSATKSNY TVGKVGVENLVNAVPQLKDIANVK GEQVVNIGSQD
MNDNVWLTLAKKINTDCDK TDGFVITHGTDTMEETAYFLDLTVKCDKPVVMVGAMRPST
SMSADGPFNLYNAVVTAADKASANRGVLVVMNDTVLDGRDVTKTNTTDVATFKSVNY G
PLGYIHNGKIDY QRTPARKHTSDTPFDV SKLNELPKVGIVYNYANASDLPAKALVDAGYD
GIVSAGVGNGNLYKSVFDTLATAAKTGTAVVRSSRVPTGATTQDAEVDDAKY GFVASGTL
NPQKARVLLQLALTQTKDPQQIQQIFNQY
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VRGVQFANTDSIDMS
RGVQFANTDSIDMSS
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SALVTTSYASPLIYP
RAVNTSY TNSNGLTF
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GIPDIFKIANIAAIQ
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DIFKIANIAAIQAHN
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KIANIAAIQAHNVNS
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RATNTSYTNSNGLTF
ATNTSYTNSNGLTFN
IFNVANIAAV QAHNV
FNVANIAAVQAHNVN
NVANIAAVQAHNVNS
VANIAAVQAHNVNSG
ANIAAVQAHNVNSGD
NIAAVQAHNVNSGDI
SSLLLNLTHTLQATV
VNCGKPIVFVGSMRP
IVSALFATKTHANTM
VSALFATKTHANTMD
SALFATKTHANTMDT
ALFATKTHANTMDTF

SALATLASASPLLYT
SASPLLYTRTTNETF
ASPLLYTRTTNETFV
SPLLYTRTTNETFVF
PLLYTRTTNETFVFT
LLYTRTTNETFVFTN
RTTNETFVFTNANGL
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EDITSDILISMSKKL
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DRIASAYYVTKTNAN
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PDVTSTILLEMAHRL
DVTSTILLEMAHRLN
TSTILLEMAHRLNKV
STILLEMAHRLNKVV
DRIASAYYVSKTNAN
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IDTEPDHYHVLSHPL
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RRLGAVGSVGIAAKI
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EDGNMDILY SAVAEI
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NMDILYSAVAEILAR
MDILY SAVAEILARL
DILYSAVAEILARLD
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SALDSFHSVAIKNTV
ALDSFHSVAIKNTVG
LDSFHSVAIKNTVGV
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TTDVATFKSVNY GPL
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VATFKSVNYGPLGY
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EVDDAKY GFVASGTL
VDDAKY GFVASGTLN
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Supplementary Material C.1
Linear B-cell epitopes predicted for the nine fungal and E.coli ASNase.

A. flavus
No. Chain Start End  Peptide
1 _ 272 290 SYEDMHNDTLY SAIDNGAK
2 _ 297 319 SGSGSV STPFSAAMEDITTKHNI
3 _ 235 247 EVVSNKPY FFY PP
4 _ 169 178 MRPSTAISAD 10
5 _ 330 340 GEVPSSAESSQ
6 _ 126 136 EVVCNDPTMAG
7 _ 64 107 AGSSADNTATTGYKAGAVGIQTLIDAVPEMLNVANVAGVQVTNV
8 _ 360 370 AQGKSIEEMRA
9 _ 191 198 TSPKARDR
10 _ 251 264 TGKTEVDIRNITSI
A. nidulans

No. Chain Stat End  Peptide

1 273 291 SFQDMTNDTLY SSIENGAK

2 298 320 SGAGSVDTAFSTAIDDIISNQGV
3 127 137 KVVCEDPSMAG
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Chain

170
65

360
235
331
192
253
228

Start
38
297
271
233
169
370
329
105
215
130

179
108
371
249
341
199
264
231

End
99
323
291
260
178
385
349
108
222
133

MRPATAISAD 10

AGSAASNTATTGY QAGALGIQTLIDAVPEMLSVANIAGVQISNV
AQGGKGTEEIRA

GAIISNTPFFYY PAV

GEVPYSAEGGI

STKEARNR

GKTTVDVSNVTS

AVEM

Peptide

MRQSPSGFIPARGFQEQCLARVPTFNDGSHPSMMDVVINSDGEIKGHPALRTPQTAY GRRVR

FGAGNAPSGQDNAMTNVLAAAIKRGIV
IFPGIKPEMVDAVLKLEGLRG
VTTSMRTNVNWELVNRPKSLEHFRIQTN
QAPMLELQND

ALPDSTPEWVAKKMSV
QCLTGSVSPVYAPGMSLSRAG

FEEL

VAASDFAA

YTLF



A. terreus
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A. tubingensis

No.

N~ o o0~ WO N P

Chain

270
295
233
124
62

167
357
328
189
249

Start
268
293
121
229
165
60
326

288
317
245
134
105
176
367
338
196
261

End
286
315
131
243
174
103
341

SYQDMQONDTLYDAAKNGAK

SGAGSV SSGFSAAIEDVMDTYHI

AIVSNKPYFYY PP

ELVCQDETMAG
AGSSADNTATTGYKAGAIGIQQLIDAVPEMLNVANVAGVQVTNV
MRPSTAISAD

MQKKTVAEVRE

GEVPPSDDGAI

ATPAARDR

TGHEFFDVRNV SA

Peptide

SYEDMHNDTLYNAISSGAQ

AGAGGVTTSFNEAIEDVINRLEI

NRVVCEDPTMA

LGEMISNTPFFFY PP

MRPSTAISAD
AGSDSSSTATTGYTSGAVGVLSLIDAVPSMLDVANVAGVQVANV
GEVPLSDVSSDTATHI



8 360 367 SQGKNITE

9 _ 187 194 ASASARDR

10 _ 248 260 GKVTFDIANVTEI
B. bassiana

No. Chain Start End  Peptide

1 _ 259 274 AGEGRFCTELLRAFGG

2 _ 62 75 VETGALEKYGLDEA

3 _ 32 49 STGKTLFVVGDPNRVTLI
4 _ 311 318 IEDGNMDI

5 _ 81 96 CASHSSEDRHAERARS

6 _ 293 302 CEETRRLGAV

7 _ 328 335 ARLDIGAA

8 _ 104 161  SEESLRCGGHPDHYHV

9 _ 235 242  TTTTPRQR

F. oxysporum

No. Chain Start End  Peptide

1 408 430 LGAGFWTSKGTEEIRRIVRETKI

2 383 401 AYQELSVGMFKAAVDLGAR

3 173 216 AGSASSADQTTGYQSAALSVQSLIDAVPQLCNVANVRGVQFANT
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235
277
343
469
299
441
362
327

P. chrysogenum

No.

© 00 N o 0o b~ wWw N P

Chain Start

268
293
231
121
60

326
165
361
187

244
286
358
479
305
450
375
332

End
286
315
243
131
100
342
174
371
194

ADLNSPSTQG
MRPATAISAD
TFVNIQPVFFY PPSRP
EAKMDNDAIRA
ASQNARG
GFVGPCQAGI

HHFK LQSRPPSSAL
ANHLDA

Peptide

AYEDMQVDSLY SAMKNGAK
EGAGGVATDFGSAINDIVKKHNI

FIVSNKPYFYY PA

QATVCDDPTMS
AGTSDDKTATAGYESGALGINTLLSKIPEIFNVANIAAVQA
GEVPTADFTGEDAQTKI

MRPATAISAD

AEKKGLKEIRE

ADNDSRDR



10
1

P. digitatum
No.  Chain
1 _

2 _

3 _

4 _

5 _

6 _

7 _

8 _

9 _

10

E. coli

No.  Chain
1 A

2 A

247
215

Start
268
293
328
121
231
60
165
249
187
361

Start
219
278

260
219

End
286
315
342
131
245
103
174
260
194
371

End
236
290

NVKHVVDVSNVDSV
ANTMD

Peptide

AYEDMQIDSIY SAVKNGAK
EGAGGVSTDFASAINDIGVKHS
VPTADFTGENAETKI
QTQVCDDPTMS
FIVSNKPYFYYPAVQ
AGTSDDKTTTAGYKSGALGINTLLSGIPDIFKIANIAAIQAHNY
MRPSTAISAD
KHVADVSNVDAM

ADKNSRDR

AEKKGFKEIRE

Peptide
NYANASDLPAKALVDAGY
TTQDAEVDDAKYG
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244
74

14

181
115
311
137
198
165

265
81

52

195
124
318
144
211
168

VGNGNLYKSVFDTLATAAKTGT

NTDCDKTD

AGGGDSATKSNY TVGKVGVENLVNAVPQLKDIANVKGEQ
YIHNGKIDY QRTPAR

MRPSTSMSAD

TQTKDPQQ

ADKASANR

TSDTPFDVSKLNEL

TTDV
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