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Abstract

A lectin-like protein of unknown function designated as LSMT was recently
discovered in the edible mushroom Agaricus bisporus. The protein shares high
structural similarity to HA-33 from Clostridium botulinum (HA33) and Ricin-B-like
lectin from the mushroom Clitocybe nebularis (CNL), which have been
developed as drug carrier and anti-cancer, respectively. These homologous
proteins display the ability to penetrate the intestinal epithelial cell monolayer,
and are beneficial for oral administration. As the characteristics of LSMT are
unknown, a structural study in silico was performed to assess its potential
pharmaceutical application. The study suggested potential binding to target
ligands such as HA-33 and CNL although the nature, specificity, capacity,
mode, and strength may differ. Further molecular docking experiments suggest
that interactions between the LSMT and tested ligands may take place. This
finding indicates the possible use of the LSMT protein, initiating new research
on its use for pharmaceutical purposes.
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Introduction

Proteins of Lectin family have been assessed for application as drug carrier because of
their capability to recognize and bind sugar moieties. Depending on the type of sugar,
lectin can be employed to deliver drug or therapeutic protein to different target, i.e. mucosa
(galactose [GAL], N-acetyl-galactosamine [NGA], and N-acetyl-glucosamine [NAG]) or
gastrointestinal track (NAG, mannose [MAN], N-acetyl-sialic acid [ASA], glucose [GLU],
and GAL) [2]. This capability promotes their use in drug delivery via oral route, the most
favorite option of drug administration [41]. This route is often hampered by the ability of the
drugs to pass through the epithelial cells of intestine. On the other hands, peptides or
proteins based drugs and carrier usually not survive upon exposure to gastrointestinal
track conditions, such as acidic and presence of proteases [35]. Whilst designing a
delayed- or timed-release of the drugs has solved the latter issue, liposome and cell-
penetrating peptide (CPP) have been developed to overcome issues with delivery of the
drugs across the epithelial cell. However, the use of liposome is limited by the size of the
drug can be carried and by the hydrophobic nature of the carrier [35], while the use of CPP
is hampered by unclear mode of internalization and its potential immunogenicity [35].
Therefore, employing proteins capable of penetrating the epithelial cell of intestine is
increasingly popular. In particular for therapeutic proteins, the carrier protein can be
produced as a fusion with the therapeutic protein load. The fusion protein is equipped with
a cleavage site to ensure the release of the load. Preparation of such carrier would benefit
the patient from belonephobia, sterility upon use, air boluses, even inexperience use of
injection tools upon self-administration, and from ease of administration.

Recently, a protein of unknown function is discovered in the mushroom Agaricus bisporus
upon elucidation of the structure of PPO3 (PDB ID 2y9w and 2y9x), one of mushroom A.
bisporus tyrosinase isoforms [17]. The protein has consistently been found and addressed
as the light subunit of mushroom tyrosinase (LSMT), which its encoding gene (0rf239342)
was found to cluster in the same chromosome with the genes coding for PPO [49]. The
protein was not identified as the mushroom lectin [10] but shares a typical B-trefoil fold of
lectin. Unfortunately, apart from this structural information, practically nothing is known
about its characteristics. Most importantly, LSMT shares high structural homology with HA-
33 from Clostridium botulinum (HA-33, PDB ID 3AH2, r.m.s.d 0.97 A for 106 of 140 amino
acid residues) and Ricin-B like lectin from mushroom Clitocybe nebularis (CNL, PDB ID
3NBE, r.m.s.d 1.18 A for 90 of 140 amino acid residues), which both have been developed
for pharmaceutical applications.

HA-33 is one of the non-toxic non-hemagglutinin components in the 16S progenitor toxin
from C. botulinum. The protein is a 284 amino acid long and forms a B-trefoil configuration
[1], which is a typical fold for proteins of lectin family. The protein is part of the Botulinum
neurotoxin (BoNT) complex that assists the absorption of the toxin by intestinal epithelial
cells [18]. The mechanism of HA-33 penetration into intestinal epithelial cell monolayer is
still a puzzle [13]. HA-33 appears to bind epithelial cells and likely facilitates attachment of
the toxin to the apical surface of the cells and receptor-mediated endocytosis [12]. The
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protein is usually in complex with HA-17, which altogether undergoes conformational
change in the presence of sugars [37]. Importantly, this protein is remarkably resistant to
proteases and acidic pH thereby survives the conditions of gastrointestinal tract [29].
Therefore, HA-33 has been developed as drug carrier [27].

Unlike HA-33, CNL is member of lectin family and isolated from mushroom [31]. Thus,
CNL appears to be more related to LSMT than HA-33. CNL exhibits agglutinating activity,
binds various type of sugars, and display immuno-stimulatory and anti-proliferative activity
[31, 44]. The latter promotes CNL for use in therapeutic strategy in strengthening anti-
tumor immune response. CNL has a Ricin-B like fold [33] and displays toxicity against
insects, amoebozoa, and nematodes [3, 32]. Toxicity of CNL is originated the binding of
sugar component of glycoprotein or glycolipid, facilitating internalization and intracellular
transport of the protein [51]. The unique feature of CNL is recognition to N-N’-2-
acetyllactosediamine (ALD), which is a glycan structure rarely found in mammal, restricted
only to glycoprotein in hormone [46] and in human Jurkat leukemic cells thus is associated
with malignancy [16, 24, 33]. Therefore, CNL is developed as an anti cancer agent. Lectin
from mushroom A. bisporus has also been developed as an anti-cancer agent [23], for
demonstrating inhibition to proliferation of epithelial cell of the colon.

During evaluation of their amino acid sequences, the carbohydrate-binding residues in HA-
33 and CNL appeared to be not conserved in LSMT [27, 33], therefore binding to
carbohydrate or attachment to cell wall was proposed to be unlikely [17]. However, the
sugar binding residues of HA-33 are different to those of CNL despite sharing the same
binding pocket with nearly identical architecture. Interestingly, this binding site architecture
is also prevailed in LSMT, therefore opens an opportunity for evaluating its possible
function and further possible pharmaceutical application.

In order to assess that possibility, the LSMT structure was subjected to in silico structural
analysis to find possible interaction with other biomolecules. The study was initiated with
defining region on the protein available for interaction with other biomolecules and to
screen for biomolecule to test. Potential binding energy is calculated from validated
molecular docking experiments, in which docking of ALD onto CNL was also performed as
a comparison. Further, the structure of LSMT was also compared to that of CNL and HA-
33 to gain further insight into possible interactions at molecular level. Based on docking of
the tested biomolecules and structural assessment, possible pharmaceutical application
was devised. Most importantly, this in silico study serves as the concept for our current
investigation that provides experimental evidences, which will soon be published.

Results and Discussion

Numerous amount of proteins in the database (for both amino acid or gene sequences)
still have no assigned biological function even after their structures have been elucidated
[26]. This includes LSMT, which its structure was discovered serendipitously during the
elucidation of the structure of PPO3 [17]. This protein was initially speculated as the
C-terminal fragment of the tyrosinase subunit, which its identity was also ambiguous prior
to elucidation of its structure. Even today, information on LSMT i.e. its presence and
nature in cellular compartment, characteristics, and even association to PPO3, is
unknown. So far, our effort to isolate LSMT is fruitless whilst preparing its recombinant
version would be hampered by validation of the gene product. Nevertheless, similarity of
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LSMT structure with its structural homolog allows prediction of its functionality [22],
because protein structure is more conserved than amino acid [36] and dictates its
functionality [14]. Therefore, performing in silico study appears as an appealing alternative
to propose the function and potential use of LSMT.

Search for potential binding site

The program FTSite [4, 28] predicted the presence of two sufficiently large cavities for the
binding of molecules onto the surface of LSMT. In the structure of PPO3-LSMT complex,
the first site occupies the interface region between the two subunits while the second is
located at the opposite site in the molecule. Interestingly, the second putative ligand-
binding region in LSMT structure highly resembles the sugar-binding site in the structures
of CNL and HA-33. This region is in vicinity of a long surface loop (fragment 29-34 in the
amino acid sequence) that is missing in the structure of LSMT [43]. This surface loop
would not interfere with ligand binding due to its high flexibility. Thus, the structural
architecture perspective permits binding of ligands in that region. Most importantly, the
secondary structures of CNL, HA-33, and LSMT in that region are similar thereby potential
interactions could be predicted (Figure 1a—d).

The program 3DLigandSite [48] confirmed the prediction of the second ligand-binding site.
Molecules predicted to suit for interactions were NAG, fucose (FUC) and NGA.
Interestingly, they are among type of sugars decorating mucosa or gastrointestinal track
targeted by lectins [2].

Fig. 1. Structural comparison of LSMT (A), CNL (B), HA-33 (C). Predicted potential
ligand molecules in the binding site region LSMT, ligand binding-sites of CNL
and HA-33 are indicated by an NAG molecule (in stick) in the superimposed
structures (D). Each structure is colored accordingly.

Amino acid residues responsible for binding of the sugars in lectins are previously reported
to be absent in LSMT [17]. However, this study revealed that the predicted binding site for
ligand in LSMT is located in similar region to that of CNL and HA-33. The architecture of
the binding sites is also very similar. The result of this structural similarity updates the
previous hypothesis, which is based on the output of comparison of amino acid sequence.
Furthermore, although HA-33 and CNL display capability to penetrate intestinal epithelial
cell monolayer, the residues responsible for binding of ligands are not shared. Thus in
principle, LSMT could also perform such interactions. Finally, additional analysis using the
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program Findsite [52] supported the prediction on the binding of FUC and NAG to LSMT,
as well as location of the binding site.

Assessment of the potential binding site

Further assessment was carried out with molecular docking programs to evaluate whether
the proposed interactions are not only structurally possible but also energically favorable.
Upon initial molecular docking experiment employing Autodock4.2.5, negative binding
energies were obtained from thermodynamics calculation when tested ligands were
docked into the putative binding pocket of LSMT. This output indicates that interaction
between tested ligands and LSMT may take place [5], although the binding appears to be
weak. However, the calculated binding energy values obtained from Autodock4.2.5 were
still quite varying, with deviation up to 25%. Therefore, molecular docking experiment was
further carried out using Autodock Vina, focused on this putative binding region. The
output of Autodock Vina was similar to that of Autodock4.2.5 but with better statistics
(Table 1).

Tab. 1. Prediction of interaction between LSMT and tested ligands from molecular
docking with Autodock Vina. CNL was included to provide illustration of its

interaction with the natural ligand partner.

No Ligand AG° CNL AG° LSMT
(kcal/mol) (kcal/mol)
1 ALD -49+0.1 -45+0.1
2 FUC -4.9+0.0 -3.4+0.0
3 GAL -4.7+0.0 -3.6+0.0
4 NAG -5.1+0.3 -4.3+0.0
5 NGA -54+0.1 -3.8+0.0
6 L-DOPA -4.7+0.0 -5.3+0.0
7 ANA -5.2+0.0 -4.2+0.1
8 BCT 129.2+244 -05+0.9
9 CHL n.d.* n.d.*
* n.d. denotes that the program was failed to dock the
molecule.

As a comparison, docking was also done in parallel using the structure of CNL and its
ligands, ALD and GAL. In the crystal structure of CNL, GAL and ALD adopts the same
position, in which the pyranose ring of GAL overlaps perfectly with that of ALD [33]. Upon
docking, both GAL and ALD docked quite well in the putative binding site of LSMT,
adopting similar orientation as in CNL. Binding of FUC, NAG, and NGA was also predicted
to involve their pyranose rings, indicating that sugars containing this structural feature
might be suitable ligand for LSMT.

Control compounds of organic molecule containing ring structure were recruited to test for
specificity of the binding. L-3,4-dihydroxyphenylalanine (L-DOPA) was chosen because of
LSMT association with tyrosinase. This compound is well known as the substrate for the
enzyme[40]. N-acetyl neuraminic acid (ANA) was the next to test because the molecule is
a derivative of monosaccharide that has been reported to associate with lectin recognition
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to glycan [47]. The docking result suggested that both LSMT and CNL are able to bind
these compounds, indicating for binding of any compounds with ring structure. To test this
indication, B-carotene (BCT) was recruited. The testing output suggested that BCT was not
suitable for docking onto both CNL and LSMT. Further testing was carried out with CHL
because the molecule was predicted to bind LSMT, in the preliminary site search. The
molecular docking program was failed to dock the molecule. These latter results suggest
that LSMT (and CNL) are able to bind molecule with ring structure but not randomly.
Furthermore, the number of possible conformation adopted by the molecule upon docking
indicated that all molecules with good binding energy have nine possible conformations
whilst BCT has only one.

Reconstruction of ligand binding

Details of interaction between LSMT and the ligand were further evaluated structurally
through inspection of amino acid residues reside in vicinity of the ligand. Residues with
orientation supporting for interaction within a distance of up to 3.5 A were considered. In
CNL, Ob of Asp20, Nd of Asn38, and N® of Asn46 facilitate interaction with the pyranose
ring of ALD whilst interactions with the peptide bone of Thr22-Gly23 and Oy of Ser24 (CNL
amino acid sequence numbering) stabilize the binding [33]. Interestingly, amino acid
residues responsible for interaction in CNL are equally present in LSMT. Binding residues
proposed for interaction in LSMT are Asn24, Ser26, Thr37, Leu38, Asp42, and Ser44.
Those residues are located in proximity, indicating that they actually reside in the same
binding pocket. This observation also supports the validation of the docking, which shows
minimum variation in the calculated binding energy.

ALD is bound to CNL through hydrogen bonds with residues Asp20, Ser24, Asn38, and
Asn46 (CNL amino acid sequence numbering) (Figure 2a). Similar interactions may take
place in LSMT, involving Asn24, Asp42, and Ser44 (LSMT amino acid sequence
numbering) (Figure 2c). Position and orientation of these residues in LSMT and CNL are
equal, implying that interactions in CNL can mostly be reconstructed in LSMT.

Pyranose )
ring

Fig. 2. Interactions between ligand and protein in CNL (a), HA-33 (b) and the
reconstruction in LSMT (c). Depicted amino acids are numbered according to
their respective position in the amino acid sequence of each protein.

Interaction between the ligand and protein in HA-33 is rather different. The NGA molecule
forms hydrogen bonds with Asn167 and Arg183, and stabilized by hydrophobic interaction
involving Leul68 and Trpl76 (HA-33 amino acid sequence numbering) (Figure 2b) [27].
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Asnl67 of HA-33 interacts with the hydroxyl groups of the sugar through hydrogen
bonding. Positions of Asn167 and Leul68 residues in HA-33 are occupied by Ser26 and
Ala27 (LSMT amino acid sequence numbering), in which Ser26 was predicted to be
involved in the interaction (Figure 2c). Asnl67 and Leul68 reside in the beginning of
surface loop that equals to the missing surface loop in LSMT. This missing surface loop is
long and flexible, and hosts Asn30 and Leu31, which if in existence may have similar
function to Asn167-Leul68 of HA-33. This analysis suggests that interaction of HA-33 with
its substrate is less replicated in LSMT.

The output of molecular docking suggests that ligand binding in LSMT may resemble more
of CNL than HA-33. However, HA-33 was not yet to be excluded from structural homology
because of similarity in its binding pocket architecture to LSMT. The structure of HA-33
may still be useful in reconstructing the potential binding pocket of LSMT.

The size of the putative binding pocket of LSMT is about 4A deep, 14A long, and 6A wide,
sufficiently large to accommodate binding of a molecule. Major interactions appear to
occur at one side of the groove as indicated by the NAG molecule docked (Figure 3).

Fig. 3. Predicted docking of NAG on the surface of LSMT; presented at different angle
and zoomed into the binding site.

Structural comparison suggests that the binding of sugars in the binding pocket of LSMT is
plausible because the amino acid residues that facilitate interactions are actually available.
Molecular docking study of LSMT and structural comparison to CNL and HA-33 indicates
that the molecular detail of interactions between LSMT and potential ligands resembles
more of that of CNL than HA-33, involving Asn24, Ser26, Thr37, Leu38, Asp42, and Ser44
(Figure 2c). Differences between CNL, HA-33 and LSMT may indicate that LSMT is
capable of binding different type of sugar, has different affinity towards sugar, different
strength, or different fashion of binding.

Potential immunogenicity

HA-33, CNL, and LSMT are proteins of foreign origin that potentially is recognize by our
defense system as an antigen. Introduction of bacterial recombinant HA-33 is found to
evoke high titer of antibody in mice [42]. CNL demonstrates immune stimulatory activity in
vitro, as shown by activation and maturation of DC cells [44]. However, although CNL
appears to stimulate innate immune response, it is not yet indicated to provoke adaptive
immune response, therefore possibility of its clearance by the antibody is not yet firmly
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established. Furthermore, no experiments have been reported to show that both proteins
are indeed immunogenic in animal models or human.

In silico experiments were conducted to predict possibilities of immunogenicity of LSMT.
Using as low as 60% possibility as the cut off, prediction with the program Ellipro revealed
the presence of four linear and three discontinuous B cell epitopes in LSMT, respectively
[34]. That prediction was confirmed by other prediction tools such as BCPreds [8], AAP [6],
ABCpred [39], Bcepred [38], Discotope [20] and Bepipred [21]. The final consensus is
presented in table 2. The length of predicted epitopes are between 7-8 amino acid
residues, which is actually rather short. Also, of the four peptides presented, only two
peptides are scored above a confident level of 75%. Prediction with Ellipro is based on the
protein structure while other programs are mostly based on amino acid sequence.
Therefore, the output of Ellipro is adopted as the primary result. The prediction output was
not really suggesting immunogenicity of the protein because the recognizing peptide is
short and the level of confident is below 85%. Thus, the prediction suggests that LSMT
could be recognized as an antigen but the chance is low. Nevertheless, its recognition by
human antibody is still to be evaluated. LSMT has so far not been reported as toxin or
toxin component. The protein is present in the edible button mushroom fruiting bodies,
which are part of our dietary.

Tab. 2. Consensus of predicted regions for antibody recognition. The score refers to the
output of Ellipro.

No Length of amino acid Sequence Score
1 7 P123-ASSQG-P129 0.834
2 7 L136-LKETD-P142 0.719
3 8 P110-REGGGG-A117 0.759
4 7 Q43-STPGQ-D49 0.655

Our in silico study showed that LSMT is capable of recognizing sugars that are natural
ligands of its lectin and lectin-like protein homologs. Thus, the protein can potentially be
developed for pharmaceutical purposes, as its homologs have been. Further, in the
absence of characteristics and biochemical information on the protein, the study may
provide insights to the functioning of the protein in nature, derived from type of molecules
that are capable to dock in its binding site. In addition, we have recently performed study
ex vivo and in vitro using mice that provides experimental evidence for the hypothesis
presented. The results are being reviewed and will soon be published.

Experimental
Protein models

The structure of LSMT was extracted from the structure of mushroom tyrosinase
quaternary complex at 2.3 A resolution (PDB ID 2y9w), removing all notations for
molecules except for that of chain C. The protein structure was checked with the program
COOT to ensure no structural defects from manual modification [9]. Search for protein
homolog was initiated with amino acid sequence similarity search using the online program
BLAST [19]. The search was continued using the online program DALI for proteins of
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similar structural fold and architecture [15]. The structures of LSMT closest homolog (CNL:
PDB ID 3NBE, and HA-33: PDB ID 3AH2) were downloaded from the PDB database. The
structure of CNL was modified by means of removing notation for molecules except for the
chain A and its ligand. The structure of HA-33 was truncated to contain only the C terminal
domain (residues 147-286) of the chain B and the ligand.

Search for binding site and potential ligand

In search for possible binding sites and ligands, LSMT structure was submitted to the
program FTSite [4, 28]. The output of analysis was visualized online with the viewer
embedded in the program and then compared to 2y9w and to LSMT model. The two latter
models were reoriented according to the output of FTSite. To prevent speculation, result of
the FTSite analysis was employed only to indicate regions possible to facilitate interaction
with different biomolecule.

Further search was done by the program 3DLigandSite [48]. A total of 15 ligands from 10
different structures were recommended, of which were GAL, NAG, NGA, chlorophyll
(CHL), and FUC. CHL were excluded because of its lack of biological relevance to LSMT
and pharmaceutical interest. Six of eight amino acids were recorded as potential residues
for interactions: Asn24, Ser26, Asn30, lle40, Ser44, and Thr45. Additional analysis was
done using the program Findsite-comb [52]. From the initial 82 structure templates and
171 bound ligands, only ten templates and ligands survived the first screening of template
filtering. Most importantly, five possible binding pockets were found, of which only one was
regarded as highly potential. This binding pocket was recorded and considered in
evaluating structural model of LSMT and of its homologs.

Based on those results, further structural evaluation was conducted. First, structures of
CNL and HA-33 were independently superimposed onto that of LSMT using the program
LSQKAB from the CCP4 program suite [50]. ALD and NAG (natural ligands of CNL and
HA-33, respectively) were extracted from their crystal structures and imposed onto the
structure of LSMT to find correlation between the three structures. The position of ALD and
NAG were also adopted for initial positioning of the ligands for molecular docking.
Furthermore, location of the grid during molecular modeling was referred to the region in
which ALD and NAG are bound.

Preparation of ligands

Ligands selected for molecular docking were based on sugars predicted from initial
structural homolog and ligands search results. The ligands used in molecular docking were
built using molecular builder on GaussView 5.0 and optimized to the lower energy
configuration using Gaussian09w on 6-31G basis set and Becke three-parameter Lee-
Yang-Parr (B3LYP) hybrid Density Functional Theory (DFT) [7, 11]. The ligands were
prepared by adding all hydrogen atoms and the partial atomic charges that was calculated
using Gasteiger charge and merged all the non-polar hydrogen.

Molecular docking

The structure with the lowest energy conformation was prepared for docking study with
AutoDockTools1.5.6 and docked using Autodock4.2.5 [25]. The protein was prepared by
removing the water molecules, adding polar hydrogen, and assignment of the Kollman
united-atom partial charges. A grid box with dimension of 40x40x40 and 0.375A spacing
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was created to allow the ligand to explore particular space in the macromolecules. Docking
run employed Genetic Algorithm with a total of 100 docking cycles. Number of individuals
in population was set at 150 while maximum number of energy evaluations and of
generation were 2.5 Millions and 50,000, respectively. Rate of gene mutation and of
crossover were 0.02 and 0.8, respectively. The ligands with highest binding affinity were
visualized using Discovery Studio Visualizer4.1 [30]. As a confirmation, second molecular
docking experiment was performed using Autodock Vina [45]. Validation was done with the
output of 25 cycles of docking to inspect for consistency in the calculated binding energy.
Consensus was made from best docking models, resulted in one model that was adopted
for further analysis. Furthermore, the structure of CNL was also subjected onto molecular
docking with its natural ligands to obtain view on the CNL - ligand interaction. The grid box
dimension and experimental setting was kept similar to that of Autodock4.2.5 for
comparable results.

B-cell epitope region prediction

Recognition by the B-cell was evaluated in silico exploiting various programs
[6, 8, 20, 21, 34, 38, 39]. The outputs of prediction program other than Ellipro were
collected to establish a peptide library. The level of confidence for each prediction program
(except for Ellipro) was maintained at minimum of 75-80% and the length of epitope was
limited to a range of 5-20 amino acids. Screening was performed by alignment of
peptides, in which peptides with overlap of more than three amino acids were kept.
Peptides with the most overlap were regarded as hotspots, which are consensus of
peptides from all prediction programs. This consensus was then consulted with the output
of Ellipro. For Ellipro, only output scores better than 60% (0.6) were accounted for, in order
to prevent excessive elimination of any possible B-cell epitope region. The output from
Ellipro was made primary because its prediction is based on the protein structure.

Acknowledgement

The research has been funded by The Ministry of Research, Technology, and Higher
Education of The Republic of Indonesia through the Excellent Research Program
managed by Bandung Institute of Technology (Contract No. 1059.10/11.C03/KU/2015),
and supported by Dexa Laboratories of Biomolecular Sciences, Dexa Medica.

Authors’ Statement
Competing Interests
The authors declare no conflict of interest.

References

[1] Bies C, Lehr C, Woodley JF.
Lectin-mediated drug delivery: history and applications.
Adv Drug Delivery Rev. 2004; 56: 425-435.
http://dx.doi.org/10.1016/j.addr.2003.10.030

[2]  Sastry SV, Nyshadham JR, Fix JA.
Recent technological advances in oral drug delivery - a review.
Pharm Sci Technolo Today. 2000; 3: 138-145.
http://dx.doi.org/10.1016/S1461-5347(00)00247-9

Sci Pharm. 2016; 84: 203-217


http://dx.doi.org/10.1016/j.addr.2003.10.030
http://dx.doi.org/10.1016/S1461-5347(00)00247-9

Potential Application of a Lectin-Like Protein from A. bisporus 213

(3]

[4]

(5]

(6]

[7]

(8]

9]

(10]

(11]

[12]

(13]

Reidy MJ.
Engineering of the RTB lectin as a carrier platform for proteins and antigens.
Virginia, USA: Virginia Polytechnic Institute and State University; 2007.

Ismaya WT, Rozeboom HJ, Weijn A, Mes JJ, Fusetti F, Wichers HJ, Dijkstra BW.

Crystal structure of Agaricus bisporus mushroom tyrosinase: Identity of the tetramer subunits and
interaction with tropolone.

Biochemistry. 2011; 50: 5477-5486.

http://dx.doi.org/10.1021/bi200395t

Weijn A, Bastiaan-Net S, Wichers HJ, Mes JJ.

Melanin biosynthesis pathway in Agaricus bisporus mushrooms.
Fungal Genet Biol. 2013; 55: 42-53.
http://dx.doi.org/10.1016/j.fgh.2012.10.004

Flurkey A, Cooksey J, Reddy A, Spoonmore K, Rescigno A, Inlow J, Flurkey WH.

Enzyme, protein, carbohydrate, and phenolic contaminants in commercial tyrosinase preparations:
Potential problems affecting tyrosinase activity and inhibition studies.

J Agric Food Chem. 2008; 56: 4760-4768.

http://dx.doi.org/10.1021/j{f800109a

Arndt JW, Gu J, Jaroszewski L, Schwarzenbacher R, Hanson MA, Lebeda FJ, Stevens RC.

The structure of the neurotoxin-associated protein HA33/A from Clostridium botulinum suggests a
reoccurring beta-trefoil fold in the progenitor toxin complex.

J Mol Biol 2005; 346: 1083-1093.

http://dx.doi.org/10.1016/j.jmb.2004.12.039

Ito H, Sagane Y, Miyata K, Inui K, Matsuo T, Horiuchi R, lkeda T, Suzuki T, Hasegawa K, Kouguchi H,
Oguma K, Niwa K, Ohyama T, Watanabe T.

HA-33 facilitates transport of the serotype D botulinum toxin across a rat intestinal epithelial cell
monolayer.

FEMS Immunol Med Microbiol. 2011; 61: 323-331.
http://dx.doi.org/10.1111/j.1574-695X.2011.00779.x

Fujinaga Y.

Interaction of botulinum toxin with the epithelial barrier.
J Biomed Biotechnol. 2010; 2010: 974943.
http://dx.doi.org/10.1155/2010/974943

Fujinaga Y, Inoue K, Nomura T, Sasaki J, Marvaud JC, Popoff MR, Kozaki S, Oguma K.
Identification and characterization of functional subunits of Clostridium botulinum type A progenitor
toxin involved in binding to intestinal microvilli and erythrocytes.

FEBS Lett. 2000; 467: 179-183.

http://dx.doi.org/1016/S0014-5793(00)01147-9

Sagane Y, Hayashi S, Matsumoto T, Miyashita S, Inui K, Miyata K, Yajima S, Suzuki T, Hasegawa K,
Yamano A, Nishikawa A, Ohyama T, Watanabe T, Niwa K.

Sugar-induced conformational change found in the HA-33/HA-17 trimer of the botulinum toxin
complex.

Biochem Biophys Res Commun. 2013; 438: 483-487.

http://dx.doi.org/10.1016/j.bbrc.2013.07.112

Niwa K, Koyama K, Inoue S, Suzuki T, Hasegawa K, Watanabe T, lkeda T, Ohyama T.

Role of nontoxic components of serotype D botulinum toxin complex in permeation through a Caco-2
cell monolayer, a model for intestinal epithelium.

FEMS Immunol Med Microbiol. 2007; 49: 346—352.
http://dx.doi.org/10.1111/j.1574-695X.2006.00205.x

Nakamura T, Tonozuka T, Ide A, Yuzawa T, Oguma K, Nishikawa A.

Sugar binding sites of the HA1 subcomponent of Clostridium botulinum type C progenitor toxin.
J Mol Biol. 2008; 376: 854—-867.

http://dx.doi.org/10.1016/j.jmb.2007.12.031

Sci Pharm. 2016; 84: 203—-217


http://dx.doi.org/10.1021/bi200395t
http://dx.doi.org/10.1016/j.fgb.2012.10.004
http://dx.doi.org/10.1021/jf800109a
http://dx.doi.org/10.1016/j.jmb.2004.12.039
http://dx.doi.org/10.1111/j.1574-695X.2011.00779.x
http://dx.doi.org/10.1155/2010/974943
http://dx.doi.org/1016/S0014-5793(00)01147-9
http://dx.doi.org/10.1016/j.bbrc.2013.07.112
http://dx.doi.org/10.1111/j.1574-695X.2006.00205.x
http://dx.doi.org/10.1016/j.jmb.2007.12.031

214

W. T. Ismaya et al.:

(14]

[15]

[16]

(17]

(18]

[19]

(20]

[21]

(22]

(23]

Pohleven J, Obermajer N, Sabotic J, Anzlovar S, Sepci¢ K, Kos J, Kralj B, Strukelj B, Brzin J.
Purification, characterization, and cloning of a ricin B-like lectin from mushroom Clitocybe nebularis
with antiproliferative activity against human leukemic T cells.

Biochim Biophys Acta. 2009; 1790: 173-181.

http://dx.doi.org/10.1016/j.bbagen.2008.11.006

Svajger U, Pohleven J, Kos J, Strukelj B, Jeras M.

CNL, a ricin-B like lectin from mushroom Clitocybe nebularis, induces maturation and activation of
dendritic cells via the toll-like receptor 4 pathway.

Immunology. 2011; 134: 409-418.

http://dx.doi.org/10.1111/j.1365-2567.2011.03500.x

Pohleven J, Renko M, Magister S, Smith DF, Kiinzler M, Strukelj B, Turk D, Kos J, Saboti¢ J.
Bivalent carbohydrate binding is required for biological activity of Clitocybe nebularis lectin (CNL), the
N-N'-diacetylactosediamine (GalNacb1-4GIcNAc, LacdiNAc)-specific lectin from basidiomycete C.
nebularis.

J Biol Chem. 2012; 287: 10602—-10612.

http://dx.doi.org/10.1074/jbc.M111.317263

Bleuler-Martinez S, Butschi A, Garbani M, Walti MA, Wohlschlager T, Potthoff E, Saboti¢ J,
Pohleven J, Luthy P, Hengartner MO, Aebi M, Kiinzler M.

A lectin-mediated resistance of higher fungi against predators and parasites.

Mol Ecol. 2011; 20: 3056-3070.

http://dx.doi.org/10.1111/j.1365-294X.2011.05093.x

Pohleven J, Brzin J, Vrabec L, Leonardi A, Cokl A, Strukelj B, Kos J, Saboti¢ J.
Basidiomycete Clitocybe nebularis is rich in lectins with insecticidal activities.
Appl Microbiol Biotechnol. 2011; 91: 1141-1148.
http://dx.doi.org/10.1007/s00253-011-3236-0

Wohlschlager T, Butschi A, Zurfluh K, Vonesch SC, auf dem Keller U, Gehrig P, Bleuler-Martinez S,
Hengartner MO, Aebi M, Kinzler M.

Nematotoxicity of Marasmius oreades agglutinin (MOA) depends on glycolipid binding and cysteine
protease activity.

J Biol Chem. 2011, 286: 30337-30343.

http://dx.doi.org/10.1074/jbc.M111.258202

Van den Eijnden DH, Neeleman AP, Van der Knaap WP, Bakker H, Agterberg M, Van Die I.
Novel glycosylation routes for glycoproteins. The lacdiNAc pathway.

Biochem Soc Trans. 1995; 23: 175-179.

http://www.ncbi.nlm.nih.gov/pubmed/7758724

Machado E, Kandzia S, Carilho R, Altevogt P, Conradt HS, Costa J.

N-Glycosylation of total cellular glycoproteins from the human ovarian carcinoma SKOV3 cell line and
of recombinantly expressed human erythropoietin.

Glycobiology. 2011; 21:376-386.

http://dx.doi.org/10.1093/glycob/cwq170

Huang J, Liang JT, Huang HC, Shen TL, Chen HY, Lin NY, Che MI, Lin WC, Huang MC.
Beta-1,4-N-Acetylgalactosaminyltransferase Il enhances malignant phenotypes of colon cancer cells.
Mol Cancer Res. 2007; 5: 543-552.

http://dx.doi.org/10.1158/1541-7786.MCR-06-0431

Lugang Yu, David G. Fernig, John A. Smith, Jeremy D. Milton, Rhodes JM.

Reversible inhibition of proliferation of epithelial cell lines by Agaricus bisporus (Edible Mushroom)
lectin.

Cancer Res. 1993; 153: 4627-4632.

http://www.ncbi.nim.nih.gov/pubmed/8402638

Sci Pharm. 2016; 84: 203-217


http://dx.doi.org/10.1016/j.bbagen.2008.11.006
http://dx.doi.org/10.1111/j.1365-2567.2011.03500.x
http://dx.doi.org/10.1074/jbc.M111.317263
http://dx.doi.org/10.1111/j.1365-294X.2011.05093.x
http://dx.doi.org/10.1007/s00253-011-3236-0
http://dx.doi.org/10.1074/jbc.M111.258202
http://www.ncbi.nlm.nih.gov/pubmed/7758724
http://dx.doi.org/10.1093/glycob/cwq170
http://dx.doi.org/10.1158/1541-7786.MCR-06-0431
http://www.ncbi.nlm.nih.gov/pubmed/8402638

Potential Application of a Lectin-Like Protein from A. bisporus 215

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

Nadzirin N, Firdaus-Raih M.

Proteins of unknown function in the protein data bank (PDB): An inventory of true uncharacterized
proteins and computational tools for their analysis.

Int J Mol Sci. 2012; 13: 12761-12772.

http://dx.doi.org/10.3390/ijms131012761

Lee D, Redfern O, Orengo C.

Predicting protein function from sequence and structure.
Nat Rev Mol cell Biol. 2007; 8: 995-1005.
http://dx.doi.org/10.1038/nrm2281

Rost B, information A, Abstract.

Twilight zone of protein sequence alignments.
Protein Eng. 1999; 12: 85-94.
http://dx.doi.org/10.1093/protein/12.2.85

Fukai S.

Core structures of ubiquitin dictate its dynamics and function.
J Mol Biol. 2014; 426: 1367-1369.
http://dx.doi.org/10.1016/j.jmb.2013.12.008

Ngan C-H, Hall DR, Zerbe B, Grove LE, Kozakov D, Vajda S.

FTSite: high accuracy detection of ligand binding sites on unbound protein structures.
Bioinformatics. 2012; 28: 286-287.

http://dx.doi.org/10.1093/bioinformatics/btr651

Brenke R, Kozakov D, Chuang GY, Beglov D, Hall D, Landon MR, Mattos C, Vajda S.
Fragment-based identification of druggable "hot spots" of proteins using Fourier domain correlation
techniques.

Bioinformatics. 2009; 25: 621-627.

http://dx.doi.org/10.1093/bioinformatics/btp036

Schurink M, van Berkel WJH, Wichers HJ, Boeriu CG.
Novel peptides with tyrosinase inhibitory activity.
Peptides. 2007; 28: 485-495.
http://dx.doi.org/10.1016/j.peptides.2006.11.023

Wass MN, Kelley LA, Sternberg MJE.

3DLigandSite: predicting ligand-binding sites using similar structures.
Nucl Acids Res. 2010; 38 (Suppl 2): W469-W473.
http://dx.doi.org/10.1093/nar/gkg406

Zhou H, Skolnick J.

FINDSITEcomb: A Threading/Structure-Based, Proteomic-Scale Virtual Ligand Screening Approach.
J Chem Inf Model. 2013; 53: 230-240.

http://dx.doi.org/10.1021/ci300510n

Bronowska A.

Thermodynamics of Ligand-Protein Interactions : Implication for Molecular Design.
In: Thermodynamics — interaction studies — solids, liquids and gases.
Moreno-Pirajan JM; ed.

Intech Publisher, 2011.

http://dx.doi.org/10.5772/19447

Morris GM, Goodsell DS, Halliday RS, Huey R, Hart WE, Belew RK, Olson AJ.

Automated docking using a Lamarckian genetic algorithm and an empirical binding free energy
function.

J Comp Chem. 1998; 19: 1639-1662.
http://dx.doi.org/10.1002/(SIC1)1096-987X(19981115)19:14<1639::AlID-JCC10>3.0.CO;2-B

Sci Pharm. 2016; 84: 203—-217


http://dx.doi.org/10.3390/ijms131012761
http://dx.doi.org/10.1038/nrm2281
http://dx.doi.org/10.1093/protein/12.2.85
http://dx.doi.org/10.1016/j.jmb.2013.12.008
http://dx.doi.org/10.1093/bioinformatics/btr651
http://dx.doi.org/10.1093/bioinformatics/btp036
http://dx.doi.org/10.1016/j.peptides.2006.11.023
http://dx.doi.org/10.1093/nar/gkq406
http://dx.doi.org/10.1021/ci300510n
http://dx.doi.org/10.5772/19447
http://dx.doi.org/10.1002/(SICI)1096-987X(19981115)19:14%3c1639::AID-JCC10%3e3.0.CO;2-B

216 W. T. Ismaya et al.:

[35] Sayadmanesh A, Ebrahimi F, Hajizade A, Rostamian M, Keshavarz H.
Expression and purification of neurotoxin-associated protein HA-33/A from Clostridium botulinumand
evaluation of its antigenicity.
Iran Biomed J. 2013; 17: 165-170.
http://dx.doi.org/10.6091/ibj.1216.2013

[36] Ponomarenko J, Bui HH, Li W, Fusseder N, Bourne PE, Sette A, Peters B.
ElliPro: a new structure-based tool for the prediction of antibody epitopes.
BMC Bioinformatics. 2008;9: 514.
http://dx.doi.org/10.1186/1471-2105-9-514

[37] El Manzalawy Y, Dobbs D, Honavar V.
Predicting linear B-cell epitopes using string kernels.
J Mol Recognit. 2008; 21: 243—-255.
http://dx.doi.org/10.1002/jmr.893

[38] Saha, S, Raghava GPS.
Prediction of continuous B-cell epitopes in an antigen using recurrent neural network.
Proteins. 2006; 65: 40—48.
http://dx.doi.org/10.1002/prot.21078

[39] Chen J, Liu H, Yang J, Chou KC.
Prediction of linear B-cell epitopes using amino acid pair antigenicity scale.
Amino Acids. 2007; 33: 423-428.
http://dx.doi.org/10.1007/s00726-006-0485-9

[40] Saha H, Raghava GPS.
BcePred: Prediction of continuous B-cell epitopes in antigenic sequences using physico-chemical
properties.
In: G Nicosia, V Cutello, PJ Bentley, J Timis; eds.
Artificial Immune Systems.
2004, ICARIS 2004, LNCS 3239, 197-204, Springer.
http://dx.doi.org/10.1007/978-3-540-30220-9_16

[41] Kringelum JV, Lundegaard C, Lund O, Nielsen M.
Reliable B cell epitope predictions: impacts of method development and improved benchmarking.
PLoS Comput Biol. 2012; 8: €1002829.
http://dx.doi.org/10.1371/journal.pchi.1002829

[42] Larssen JEP, Lund O, Nielsen M.
Improved method for predicting linear B-epitopes.
Immunome Res. 2006; 2: 2.
http://dx.doi.org/10.1186%2F1745-7580-2-2

[43] LiuW, Onda M, Lee B, Kreitman RJ, Hassan R, Xiang L, Pastan I.
Recombinant immunotoxin engineered for low immunogenicity and antigenicity by identifying and
silencing human B-cell epitopes.
Proc Natl Acad Sci U S A. 2012; 109: 11782-11787.
http://dx.doi.org/10.1073/pnas.1209292109

[44] Emsley P, Cowtan K.
Coot: model-building tools for molecular graphics.
Acta Crystallogr. 2004; D60: 2126—2132.
http://dx.doi.org/10.1107/S09074444904019158

[45] DeLano WL.
The PyMOL molecular graphics system, Delano Scientific LLC, Palo Alto, CA - USA. 2008;
http://www.pymol.org

[46] Johnson M, Zaretskaya |, Raytselis Y, Merezhuk Y, McGinnis S, Madden TL.
NCBI BLAST: a better web interface.
Nucl Acids Res. 2008; 36 (Auppl 2): W5-W9.
http://dx.doi.org/10.1093/nar/gkn201

Sci Pharm. 2016; 84: 203-217


http://dx.doi.org/10.6091/ibj.1216.2013
http://dx.doi.org/10.1186/1471-2105-9-514
http://dx.doi.org/10.1002/jmr.893
http://dx.doi.org/10.1002/prot.21078
http://dx.doi.org/10.1007/s00726-006-0485-9
http://dx.doi.org/10.1007/978-3-540-30220-9_16
http://dx.doi.org/10.1371/journal.pcbi.1002829
http://dx.doi.org/10.1186%2F1745-7580-2-2
http://dx.doi.org/10.1073/pnas.1209292109
http://dx.doi.org/10.1107/S09074444904019158
http://www.pymol.org/
http://dx.doi.org/10.1093/nar/gkn201

Potential Application of a Lectin-Like Protein from A. bisporus 217

[47]

[48]

[49]

[50]

[51]

[52]

(53]

Holm L, Kaariainen S, Rosenstrom P, Schenkel A.
Searching protein structure databases with DaliLite v.3.
Bioinformatics. 2008; 24: 2780-2781.
http://dx.doi.org/10.1093/bioinformatics/btn507

Winn MD, Ballard CC, Cowtan KD, Dodson EJ, Emsley P, Evans PR, Keegan RM, Krissinel EB,
Leslie AG, McCoy A, McNicholas SJ, Murshudov GN, Pannu NS, Potterton EA, Powell HR, Read RJ,
Vagin A, Wilson KS.

Overview of the CCP4 suite and current development.

Acta Crystallogr. 2011; D67: 235—-242.

http://dx.doi.org/10.1107/S0907444910045749

Deninngton R, Keith T, Milliam J.
GaussView Version 5.
Semichem Inc. Shawnee Mission KS 2009

Accelrys Software Inc.
Discovery Studio Modeling Environment, Release 4.1
San Diego, Accelrys Software Inc, 2007.

Morris GM, Huey R, Lindstrom W, Sanner MF, Belew RK, Goodsell DS, Olson AJ.
Autodock 4 and Autodock Tools 4 : Automated Docking with Selective Receptor Flexibility.
J Comp Chem. 2009; 16: 2785-2791.

http://dx.doi.org/10.1002/jcc.21256

Frisch MJ, et al.
Gaussian 09, Revision B.01.
Wallingford, Gaussian Inc, 2009.

Trott O, Olson AJ.

Autodock Vina: improving the speed and accuracy of docking with a new scoring function, efficient
optimization and multithreading.

J Comp Chem. 2010; 31: 455-461.

http://dx.doi.org/10.1002/jcc.21334

Sci Pharm. 2016; 84: 203—-217


http://dx.doi.org/10.1093/bioinformatics/btn507
http://dx.doi.org/10.1107/S0907444910045749
http://dx.doi.org/10.1002/jcc.21256
http://dx.doi.org/10.1002/jcc.21334

