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Abstract
A lectin gene from the Tiger Milk Mushroom Lignosus rhinocerus TM02® was
successfully cloned and expressed via vector pET28a in Escherichia coli BL21
(DE3). The recombinant lectin, Rhinocelectin, with a predicted molecular mass of
22.8 kDa, was overexpressed in water-soluble form without signal peptide and
purified via native affinity chromatography Ni-NTA agarose. Blast protein analysis
indicated the lectin to be homologous to jacalin-related plant lectin. In its native
form, Rhinocelectin exists as a homo-tetramer predicted with four chains of identical proteins consisting of 11 beta-sheet structures with only one alpha-helix structure. The antiproliferative activity of the Rhinocelectin against human cancer cell
lines was concentration dependent and selective. The IC50 values against triple negative breast cancer cell lines MDA-MB-231 and breast cancer MCF-7 are 36.52
± 13.55 μg mL−1 and 53.11 ± 22.30 μg mL−1, respectively. Rhinocelectin is only
mildly cytotoxic against the corresponding human nontumorigenic breast cell line
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184B5 with IC50 value at 142.19 ± 36.34 μg mL−1. The IC50 against human lung
cancer cell line A549 cells is 46.14 ± 7.42 μg mL−1 while against nontumorigenic
lung cell line NL20 is 41.33 ± 7.43 μg mL−1. The standard anticancer drug, Doxorubicin exhibited IC50 values mostly below 1 μg mL−1 for the cell lines tested.
Flow cytometry analysis showed the treated breast cancer cells were arrested at
G0/G1 phase and apoptosis induced. Rhinocelectin agglutinated rat and rabbit
erythrocytes at a minimal concentration of 3.125 μg mL−1 and 6.250 μg mL−1,
respectively.
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1 | INTRODUCTION
Introduced and used traditionally by indigenous communities
in Malaysia to treat ailments as early as 1664, the Tiger Milk
Mushroom (TMM), Lignosus rhinocerus, is often collected
for its sclerotium, a hardened compact mycelium mass, tuberlike structure that stores most of its bioactive ingredients.1,2 In
the wild, within deep forest of Penang, Cameron Highlands,
Hulu Langat, and Gerik (regions in Malaysia), sightings of
the fruiting bodies (cap and stalk) of the mushroom gave
away the locations of the spent sclerotia underground, which
would have depleted most of the nutrients to grow fruiting
bodies in 12–15 months.3 Rare, expensive, and lack of knowhows to cultivate, with attempts recorded as early as 1890,1
wild TMM L. rhinocerus was at the brink of extinction if not
for the enormous effort in understanding and cultivating the
mushroom in the past 10 years.3–5 To date, two other closely
related species of L. rhinocerus have also been identified and
cultivated successfully.6,7
The recent domestication of the mushroom has enabled
assessment of the mushroom for antiproliferation activity
against cancer cells, as well as its immunomodulatory, antioxidant, anti-inflammatory, antimicrobial, and neuritogenic
activities.8–13 The cultivated sclerotial powder at daily oral
dose of up to 1,000 mg/kg was found to show no adverse
effect on the growth rate, hematological and clinical biochemical parameters (including renal and liver function parameters)
in animal studies. No pathological changes were found in the
liver, kidney, heart, spleen, and lung of the treated animals.14
A comparison of high, medium, and low molecular
weight fractions from cold water extract of wild and cultivated L. rhinocerus TM02® revealed that the high and
medium molecular weight fractions demonstrated antiproliferative activities against two cancer cells tested; MCF-7
and A54911,15 but only the medium molecular weight fraction did not harm nontumorigenic breast cells. Previous
DNA fragmentation studies using cold water extract of
L. rhinocerus against MCF-7 and A549 suggested that the
cytotoxic action is mediated by apoptosis.15
The genome of L. rhinocerus encodes for nine putative
lectins, two putative fungal immunomodulatory proteins (FIP)
and four putative laccases.16 Taking advantage of the available genome databases (NCBI nr Fungi and L. rhinocerus), a
number of the proteins have been identified.17 Of the 45 major
protein spots on 2D gel profile of L. rhinocerus aqueous
extract examined using MALDI-MS, 16 are putative lectins
from three isoforms encoded as GME270 (180 amino acids),
GME272 (173 amino acids), and GME273 (598 amino acids).
They account for up to 39.13% of the major soluble protein
constituents of the sclerotium based on the predicted open
reading frames of L. rhinocerus genome.17

Lectins have captured the attention of investigators for their
many unique activities: anticancer, mitogenic potential, antiHIV1 reverse transcriptase inhibiting, immunopotentiating,
hypotensive, vasorelaxing, and hemolytic.18,19 They are also
useful probes for blood analysis, targeted drug delivery, malignancy detection, molecule recognition, and viral inhibition.19,20
Their versatile uses are attributed to the very nature of lectins as
glycoprotein complex that would bind to specific carbohydrates
and agglutinate cells. Lectins are found in plants, microbes,
mushrooms, animals, and viruses.21 The occurrence of lectins
in mushroom is wider than in higher plants and they express
higher levels of lectins.19 Lectin activity is usually present in
the fruiting bodies, a few in the mycelia of mushrooms19 and in
TMM, they are also found in the sclerotia. Different kinds of
lectins have been reported being produced at different developmental stages of higher fungi.22 Xu et al.,23 Sarup Singh et al.24
compiled lists of mushroom lectins with potential as anticancer
diagnostic, therapy, and stimulant of immune system to combat
diseases. Edible mushrooms, Agarus bisporus lectin (ABL)
have been shown to reverse proliferation of colorectal and
breast cancer cells in humans. Grifola frondosa lectin (GFL)
was cytotoxic against HeLa cells.25 Selective cytotoxicity
toward cancer cells without harming normal cells was demonstrated in mushroom properties from Agaricus blazei,26
Clitocybe nebularis,23 Coprinus comatus,27 Ganoderma
lucidum,28 and Lignosus rhinocerus.12
In our effort to identify the bioactive compound present in
the fractions of the sclerotial extract, the most abundant lectin
(GME270) from sclerotia was cloned and the recombinant lectin (designated as Rhinocelectin here forth) was assessed for
its antiproliferative activities. The gene is of a moderate length
compared to all others identified and it shares 57% similarity
to Grifola frondosa and Gloeophyllum traceum ATCC 11539.
Lectin from fruiting body of G. frondosa, was found to be
cytotoxic toward human cervical cancer HeLa cells at minimum concentration of 25 μg mL−1.25 Most fungal lectins are
usually found, purified, and studied from fruiting bodies19 and
very few from vegetative mycelia.22 This is the first study on a
recombinant lectin that originates from the developing sclerotial stage of a sclerotium-forming mushroom used for over
350 years as folk medicine. Findings from this study shall add
to the sum of knowledge on mushroom lectins especially those
from sclerotium-forming mushrooms. This study also focuses
on the assessment of Rhinocelectin as a cytotoxic agent
exhibiting selective antiproliferative activities.

2 | MATERIALS AND METHODS
2.1 | Molecular cloning
Fresh sclerotia of L. rhinocerus cultivar (TM02®) identified
via its internal transcribed spacer (ITS) regions of the
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ribosomal RNA7 were harvested from brown rice substrate
after cultivation period of 3 months (done at Ligno Biotech
Sdn. Bhd.). They were cut into small pieces. Approximately
100 mg were ground into fine powder in liquid nitrogen using
mortar and pestle and stored at −80 C. NucleoSpin RNA
Plant extraction kit (Machery-Nagel) was used to extract high
molecular weight genomic DNA from the homogenized tissues according to the manufacturer's instruction. Briefly, the
homogenized tissues were lysed and the supernatant bound to
the membrane desalted and digested. The membrane was
rinsed and total RNA eluted and quantified prior storage at
−80 C. Agarose gel electrophoresis was performed to determine the quality of the RNA retrieved (TBE buffer added
with 1 μL ethyl bromide performed at 100 V for 35 min).
Reverse transcription-polymerase chain reaction (RT-PCR)
was performed on the extracted total RNA using SuperScript III
First-Strand Synthesis System for RT-PCR (Invitrogen). Forward (5’CCCCCCGCTAGCTCGCAGATGAACAAGGCC3’)
and reverse (5’CCCCCCAAGCTTTCAAGTTGTCTTCAT
GAGG3’) primers were designed and used for PCR amplification with the complementary DNA synthesized. The PCR
reaction was performed using Mastercycler Thermal cycler
(Eppendorf) as follows: initial denaturation at 95 C for 5 min,
25 cycles of denaturation for 30 s, annealing at 60 C for 30 s,
extension at 72 C for 1 min and final extension at 72 C for
5 min. The PCR reaction product was checked on 1% agarose
gel electrophoresis for desired DNA band at 576 bp. The primary PCR product was further amplified. PCR product containing the band of interest was excised from the gel and
purified using Promega Wizard Plus SV gel and PCR CleanUp system. The newly synthesized and amplified DNA materials were transformed into pGEM-T Easy Vector System I
(Promega, Madison, WI) and successful white transformants
picked via ampicillin selection (100 μg mL−1) and blue-white
colony screening utilizing 5-bromo-4chloro-3-indolyl-beta-Dgalactopyranoside (Xgal) Sigma-Aldrich on BD Difco LuriaBertani (LB) agar plates. The positive transformants were cultured
and their plasmids were extracted using A1460 Wizard Plus SV
DNA Purification System (Promega). The DNA concentration
and intensity of the plasmids were checked on a BioSpectrometer (Eppendorf) at UV 260 nm and via 1% agarose
gel electrophoresis. PCR was performed to validate if the DNA
insert extracted would contain the correct size.
Positive pGEM-T transformants (pGEM-T270) containing
GME270 insert and Novagen pET-28a cultures (expression vector with His-tag) were grown in BD Difco Luria-Bertani
(LB) broth added with ampicillin 100 μg mL−1 (pGEM-T270)
and kanamycin 50 μg mL−1 (pET-28a), respectively using shake
flasks at 37 C and 200 rpm. The cultures were harvested after
12 hr for their plasmids. After verification via mini scale restriction enzyme digestion (NheI and HindIII), a full scale digestion
was performed using all of the plasmids of pGEM-T270 and
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pET-28a overnight and the materials were separated via gel electrophoresis. The bands of interest, pure insert GME270 (size
576 bp) and vector pET28a (~5,369 bp) respectively were
excised and purified. Ligation was performed in PCR tubes and
incubated overnight at 16 C.
Novagen competent cells BL21 (DE3) that have been prepared in cold CaCl2 and checked for competency were used
for transformation via heat shock. Briefly, 5 μL of ligation
mixture was added to 100 μL competent cells and incubated
on ice for 30 min. The cells were subjected to heat at 42 C
for 30 s on a heat block and immediately returned onto ice
water for 5 min. The cells were dispensed into prewarmed LB
broth without antibiotics and incubated at 37 C for 1 hr at
200 rpm. The culture was then centrifuged at 3,000 g for
3 min. The supernatant was discarded and the cell pellet was
resuspended in residual supernatant. Fifty microliters were
spread evenly across LB agar plate added with 50 μg mL−1
kanamycin and incubated at 37 C for 12 hr. Colonies were
picked from agar plate and cultured in 10 mL LB added with
kanamycin in 15 mL falcon tubes at 37 C for 12 hr at
200 rpm. Plasmid extractions were performed on all the colonies and PCR conducted. Mini scale restriction enzyme digest
was performed to check on the presence of insert and expression vector pET-28a. Clones pET-28a-GME270, containing
both GME270 insert and expression vector pET-28a were
sent for DNA sequencing and the resultant sequences were
aligned against putative sequences of GME270 using webbased DNA alignment tool-BLASTN.29,30

2.2 | Protein expression
pET-28a-GME270 was seeded in LB broth (added with
50 μg mL−1 kanamycin) and shaken at 200 rpm at 37 C for
12 hr. Five milliliters of the seed culture were inoculated
into a 100 mL LB broth in a 500 mL shake flasks (baffled
and conical) and incubated at 37 C at 200 rpm. When the
OD600nm value reaches 0.6–0.8, 100 μL of 1 M isopropyl
β-D-1-thiogalactopyranoside IPTG (Thermo Fisher) was
added to the culture to make a final concentration of 1 mM
IPTG. Induced culture was sampled and OD600nm measured
hourly over a duration of 5 hr. All the samples including the
culture were spun down and the pellets rinsed in PBS buffer
pH 7.4 and stored at −20 C.

2.3 | Protein solubility assay
Pellet samples were resuspended in 100 μL solution I
(1960 μL 1x PBS and 40 μL PMSF 100 mM) and 100 μL
solution II (1900 μL 1x PBS and 50 μL 5 mg mL−1 lysozyme). The suspension was mixed and incubated on ice for
30 min. The cells were then subjected to freeze–thaw processes; frozen at −20 C for 1 hr and thawed for 15 min at

CHEONG ET AL.

4

room temperature; frozen again at −80 C for 30 min and
thawed for 15 min at room temperature and snap frozen via
liquid nitrogen and thawed for 15 min. The lysate was centrifuged at 12,000 rpm for 15 min separating the supernatant
and pellet as soluble and insoluble fractions.

2.4 | Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE)
Pellet and liquid samples were denatured in sodium dodecyl
sulfate (SDS) dissociation buffer (0.35 M Tris–HCl pH 6.8,
36% (v/v) glycerol, 5% β-mercaptoethanol, 10.28% (w/v)
SDS and 0.06% (w/v) bromophenol blue dye) at 95 C for
10 min. The samples were then spun down at 10,000 rpm
for 1 min. The liquid samples were subjected to 12% resolving and 5% stacking gel sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE)31 and electrophoresis was conducted in Tris-glycine buffer at 80 V for
10 min followed by 100 V until the prestained protein
marker NEB (11–190 kDa) has migrated to the bottom of
the gel. The gels were stained and resolved protein bands
visualized using Coomassie brilliant blue R-250 [0.2% (w/v)
Coomassie Blue R-250, 40% (v/v) methanol and 10% (v/v)
acetic acid].

2.5 | Western blot analysis
Western blot was performed to visualize the presence of 6x
His-tag protein using His-Detector (KPL) kit according to
the manufacturer's recommendation. Briefly, the nitrocellulose blot was blot using 1x detector blocking solution for
1 hr with gentle shaking on an orbital shaker at room temperature. The blocking solution was then removed and the
membrane blot was washed in 5 mL TBST solution Trisbase, NaCl and 0.5% Tween-20 for 5 min. The TBST solution was then removed and a fresh solution of detector solution containing 1 μL HisDetector Ni-NTA conjugate was
added to the membrane and incubated for 1 hr at room temperature with the solution covering the membrane in gentle
orbital agitation. The membrane was then washed in 10 mL
1x TBST for 3 times, 5 min each at room temperature with
gentle agitation. After the last wash, the membrane was
developed in 1 mL NBT/BCIP solution for 5–10 min and
rinsed with distilled water to stop the reaction. The membrane was scanned using the Densitometer G-800 (Bio-Rad).

2.6 | Ni-NTA affinity purification
Cell pellet from 50 mL induced expression culture was
rinsed in PBS and then resuspended in 10 mL native lysis
buffer (NaH2PO4 50 mM, 500 mM NaCl, and 0.1 mM
phenylmethylsulfonyl fluoride PMSF, pH 8.0). The cell

suspension was sonicated at 160 W 20 kHz, pulse 10 s,
pause 10 s for 5 min. The supernatant (soluble protein) was
separated from the pellets via centrifugation at 10,000 rpm
for 10 min. For purification via affinity chromatography, the
Ni-NTA agarose (QIAGEN) was gently swirled and 2 mL of
the slurry was pipetted into a 10 mL plastic chromatography
column from Bio-Rad. Both the top and bottom caps of the
column were removed to drain the alcohol from the resin.
Two column volumes of 1x native purification buffer NPB
was used to wash out the alcohol from the resin. Supernatant
from sonicated pellets was thawed and mixed with the resin
for 1 hr at 37 C, 200 rpm. The resin was then placed back
into the column and the flow through was collected in a
15 mL falcon tube.
Four milliliters of a first wash buffer (NPB added with
20 mM imidazole) were passed through the column,
followed by a second wash buffer (NPB added with 30 mM
imidazole), a third wash (NPB 50 mM), a fourth wash (NPB
80 mM), and a fifth wash (NPB 100 mM). For elution, 5 mL
of NPB added with 250 mM imidazole was used to elute the
column, 0.5 mL fractions were collected. All collected samples were subjected to SDS-PAGE and western blot.

2.7 | Liquid chromatography mass
spectrometry (LCMS)
Stained protein bands at 22.8, 45, and 90 kDa on SDSPAGE gel were excised, destained, and processed according
to Yap et al.12. The proteins in the plugs were reduced,
alkylated, and digested. After destaining (in 50% acetonitrile
CH3CN/50 mM ammonium bicarbonate NH4HCO3), the
plugs were incubated at 60 C for 30 min (in 10 mM
dithiothreitol/100 mM NH4HCO3) and left at room temperature (in 55 mM iodoacetaminde IAA/100 mM NH4HCO3)
for 20 min, in the dark respectively. The plugs were washed
(in 50% CH3CN in 100 mM NH4HCO3) and dehydrated in
100% CH3CN. Solvent-free plugs were digested using
Pierce™ Trypsin Protease (Thermo Scientific, MA) and proteins retrieved ZipTip C18 cartridge column pipette tip
(Merck Millipore) according to the respective manufacturers'
instruction. The peptides were separated using Agilent
1200HPLC-Chip/MS Interface, coupled with Agilent 6520
Accurate-Mass Q-TOF LC/MS (Agilent Technologies, CA)
and analyzed according to parameters used previously.12,17
The peptide sample was redissolved in Solution A (0.1%
formic acid) and loaded onto the 160 ηL enrichment column
(C18, 300 Å) of microfluidic nanospray chip at 4 μL/min.
Sequential peptides elution was accomplished over the
precolumn inline with a 75 m-150 mm analytical column.
Flow rate was set at 300 ηL/min in a 47 min gradient (postrun 8 min) from solution A to 95% solution B consisting of
90% CH3CN in 0.1% formic acid. Spectra were acquired in a
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MSMS mode with scan range from 110 to 3,000 m/z and
50 to 3,000 m/z for subsequent MS (rate: 8 spectra/s, time:
125 ms/spectrum) and MS/MS (rate: 4 spectra/s, time:
250 ms/spectrum) analyses, respectively. Capillary voltage
was 1.9 kV with drying gas flow rate of 5.0 L/min at 325 C.
Data acquisition was performed via Mass Hunter software and the peptide sequences were compared to the
sequences of the matched peptides from UniProt (Fungi) and
L. rhinocerus (NCBI nr TM02®) genome databases using
Agilent Spectrum Mill MS Proteomics Workbench analysis
software packages.12,17 Similar parameters and filters were
applied for protein and peptide identification: The MH+
scan was set at range from 600 to 4,000 Da with complete
carbamidomethylation of cysteines, protein score > 11, peptide score > 6, and % scored peak intensity (SPI) > 60. Identifications with “Distinct peptide” of 2 or greater than 2 are
considered significant. The genome sequences of
L. rhinocerus cultivar TM02® were used for protein identification based on matches with the predicted open reading
frames (ORFs) and the ORFs homologs were searched in the
NCBI nr TM02® database.
Purified fractions containing Rhinocelectin from Ni-NTA
agarose were pooled, buffer exchanged twice (in PBS pH 8),
and concentrated using molecular weight cut-off, MWCO
2000 kDa Vivaspin (Sartorious) at 6,000 g for 45 min. The
concentrated Rhinocelectin was filter-steriled using polyethersulfone (PES) membrane filters (Thermo Fisher Scientific) and the concentration of Rhinocelectin was measured
using NanoDrop (Thermo Scientific).

sequences using Clustal Omega. Gaps were introduced for
optimal alignment and maximum similarity between all
compared sequences. Kyte and Doolittle plot was obtained
from analysis through “Protscale”.35 Other peptide properties and analysis were performed through “PepCalc –
Innovagen”36 web tool.
SWISS-MODEL37,38 was used mainly to compose and
predict three-dimensional protein structure. A suitable template was searched and the protein Rhinocelectin was subjected to template pairing in SWISS-MODEL. Proteins
without superfamily domain of Rhinocelectin were filtered
and protein with the highest identity (and the greatest coverage region) was selected. The peptide sequence of the
selected template was extracted and aligned with the
sequence of Rhinocelectin, where the data of alignment was
subjected to SWISS-MODELLER for modeling. Alignment
modeling was used to predict and construct the 3D structure
of Rhinocelectin. The 3D model of the protein is viewed
using “PyMol,” a peptide 3D-sturcture viewer. Predicted 3D
model of the protein was later subjected to binding energy
analysis via “AutoDock Vina” program39 through docking
prediction where the binding of ligands was mimicked by
the program and the binding energy of each individual
chains required was calculated. Binding energy less than
−8.0 kcal/mol is considered spontaneous and strong binding,
lesser than −5.0 kcal/mol is considered moderate binding,
and lesser than −2.0 kcal/mol is considered weak binding.
Any positive value of binding energy indicates that binding
to particular ligand is nonspontaneous.

2.8 | Protein prediction, analysis, and in silico
modeling

2.9 | Hemagglutination assay

The amino acid sequence of the lectin protein expressed via
pET-28a-GME270 was obtained using online proteomics
tools at ExPASY server (http://www.expasy.org/tools/) by
entering the nucleotide DNA sequence that has been
checked for its frame. An open reading frame was selected
and a virtual Swiss-Prot entry was created, comprising the
residues from methionine up to the following stop codon.
The protein sequence in FASTA format was used to estimate
the size of the protein (molecular weight, Da) and theoretical
pI. Both the amino acid sequences of the clones and putative
reference genes were also compared and aligned using peptide alignment tool, Clustal Omega.32 Similar analysis could
also be performed using BLASTp algorithms at the NCBI
server (https://blast.ncbi.nlm.nih.gov/Blast.cgi), “InterPro:
Protein sequence Analysis and Classification (EMBLMBI)”,33 “SignalP Server, ver 4.1”.34 Putative conserved
domains were obtained through BLASTp algorithms at
NCBI server. The amino acid sequences of the clone was
also compared and aligned to other closely related peptide

Hemagglutination assay was performed according to Li
et al.18 with minor modifications. The hemagglutination activity of Rhinocelectin was examined using rat and rabbit erythrocytes. Briefly, a serial twofold dilution of Rhinocelectin in
96-well microtiter U-plate (50 μL) was mixed with 50 μL of
1.5% rat or rabbit erythrocyte suspension in phosphate buffered saline (pH 7.2). The mixture was incubated at room temperature and hemagglutination activity was examined after
2 hr. The minimal concentration of the lectin solution to
agglutinate the erythrocytes was determined. The hemagglutination titer, defined as the reciprocal of the highest dilution of
the fraction solution exhibiting hemagglutination, was reckoned as one hemagglutination unit.18
The hemagglutination inhibition tests were performed in a
manner analogous to the hemagglutination test. Carbohydrates
used in the inhibition assay were D-glucose, D-galactose,
D-xylose, methyl α-D-mannopyranoside, lactose, and sucrose.
Serial twofold dilutions of sugar samples (12.5–200 mM) were
prepared in phosphate buffered saline (25 μL). An equal volume of GME270 lectin solution with eight hemagglutination
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units was mixed with all the sugar dilutions. The mixture was
incubated at room temperature for 1 hr, followed by mixing
with 50 μL of 1.5% rat or rabbit erythrocyte suspension, and
hemagglutination activity was examined after 2 hr. The minimum concentration of the sugar in the final mixture, which
completely inhibited eight hemagglutination units of
Rhinocelectin was determined.

2.10 | Cell proliferation assay
MCF-7 (human breast adenocarcinoma), MDA-MB-231
(human breast triple negative cancer), A549 (human lung carcinoma), NL20 (nontumorigenic human bronchial epithelial) and
184B5 (nontumorigenic human breast cells) were revived and
maintained in their respective growth media for proliferative
assay at 37 C. The cancer cell lines were resuspended to final
concentrations of 104 cells mL−1, and nontumorigenic cells at
5 × 105 cells mL−1 in their respective growth media (Nacalai
Tesque); (MCF-7 in RPMI, MDA-MB-231 and A549 in
DMEM, NL20 in Ham's FK12, 184B5 in MGEM). One hundred microliters of the cell suspension were added to 96-well
microtiter polystyrene plate and incubated at 37 C overnight
prior treatment. GME270 lectin in phosphate buffer saline
(PBS) pH 8 was added to the respective growth media at different concentrations. A 100 μL from different concentrations
were dispensed to the wells. Cells cultured in the absence of
the lectin served as control. Standard chemotherapeutic drug
Doxorubicin (Merck Millipore, MA) was used as positive control at different concentration and negative control was PBS
without lectin. The cells were incubated for 3 days at 37 C
after which 20 μL of 5 mg mL−1 3-(4,5-dimethythia- zol-2-yle)
2.5-diphenyhetrazolium bromide (MTT) test40 was added to all
wells and incubated in the dark for 4 hr at 37 C. All media
were aspirated and 200 μL dimethyl sulfoxide (DMSO) was
added to the wells. The plates were left on a rotary rocker for
30 min prior measurement at 570 nm. IC50 was determined
along with the selectivity index (SI) calculated as the ratio of
cytotoxicity IC50 values on nontumorigenic cells to cancer
cells. SI value greater than 3 was considered to have high
selectivity.41

2.11 | Cell cycle distribution and apoptosis
Breast carcinoma MCF-7 and MDA-MB-231 cells were
seeded in T25 flasks at the concentration of 105 cells. The
cells were treated with Rhinocelectin and standard chemotherapeutic drug Doxorubicin at their IC50 concentration for
72 hr. At the end of the treatment, cells were trypsinized and
centrifuged at 1500 rpm for 5 min. They were rinsed in
PBS, strained through a 40 μm strainer and fixed in 70% ethanol at −20 C overnight according to MUSE kit protocol.
Briefly, fixed cells were rinsed in PBS and stained with

reagent in the dark for 30 min. The DNA content was analyzed using Muse Cell flow cytometer. Percentage DNA
content in G0/G1, S, and G2M were determined. The data
represent mean ± standard error of the mean of three independent experiments. To examine whether apoptosis was
induced in MCF-7 and MDA-MB-231, Muse Annexin V
was employed following manufacturer's orders. Cells (quantity) after treatment for 72 hr in 1% FBS (100 uL) were
added to 100 μL of MUSE reagent Annexin V binding
reagents and analyzed on MUSE® Cell Analyzer.

2.12 | Statistical analysis
SPSS statistical software version 22 was used for data analysis with experimental data expressed as mean ± standard
deviation. The differences (cell population in different
phases and apoptosis percentages) between treated and
untreated cells were subjected to paired sample t test. Differences were considered statistically significant at p < .05.

3 | RESULTS
3.1 | Protein expression, sonication,
purification Ni-NTA, SDS-PAGE, western blot
analysis
Clone pET-28a-GME270_52 was selected for protein
expression after confirming the insert sequence and the ATG
was in frame (Figure 1). Induced using Isopropyl β-D1-thiogalactopyranoside (IPTG) Sigma-Aldrich, pET-28aGME270_52 continued to grow above 2.0 (OD600 nm) 5 hr
after induction. pET-28a-GME270_52 grew better in baffled
flask compared to conical flask based on the OD600 nm values
and produced higher amount of protein content using baffled
flask based on the band intensity (Figure 2). Prolonged induction
for 6 hr increased the band intensity as well (data not shown
here). The overexpressed protein, theoretical size predicted at
22.8 kDa appeared as an intense band on gel (Figure 2). His-tag
Ni-NTA resin bound soluble protein of interest tightly and
released the protein when eluted with 250 mM imidazole
(Figure 3). Occasionally purified protein from Ni-NTA after
SDS-PAGE revealed protein bands around 45 kDa and 90 kDa
in addition to 22.8 kDa. An investigation revealed purified samples without sufficient heat treatment attributed to the bands
observed. Western blot analysis detected and visualized Histagged proteins at the predicted size 22.8 kDa (Figure 3).

3.2 | LC-MS-QTOF
The LC-MS-QTOF analysis indicated that protein band excised
at 22.8 kDa from SDS-PAGE of the purified proteins exhibited
57.6% coverage to the amino acid sequences of lectin belonging
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F I G U R E 1 Nucleotide and amino acid sequence of the lectin region from Lignosus rhinocerus. The amino acid sequence is represented by a
capital letter (abbreviation) below the nucleotide sequence. Numbers on the left indicate nucleotide positions starting from the start codon ATG
producing methionine and ends with the stop codon TGA marked with an asterisk*. Relevant restriction sites, GCTAGC(Nhel) and
AAGCTT(HindIII) are underlined. His-tag nucleotide region in blue. Jacalin-like lectin conserved domain in maroon

FIGURE 2

(a) Growth of pET-28a-GME270_52 culture 5 hr
after induction at 1 mM IPTG in LB broth supplemented with
kanamycin 50 mg mL−1, in baffled flask and conical flask (marked
with’) at 150 rpm and 37 C. (A), T = 0 hr after induction. (B), T = 1st
hr. (C), T = 2nd hr. (D), T = 3rd hr. (E), T = 4th hr. (F), T = 5th
hr. (b) SDS-PAGE of culture samples taken hourly after 1 mM IPTG
induction (expressed protein boxed in red)

to L. rhinocerus TM02®. The protein bands excised at 45 kDa
and 90 kDa demonstrated 15.2% and 50.5% coverage to the
mushroom sequences (Table 1).

3.3 | Sequence, property analysis, and
modeling
The amino acid sequence of clone pET28a-GME270_52 aligns
with the amino acid sequence of the putative GME270

(Figure 4). The peptide mass of expressed Rhinocelectin is
22.8 kDa. Blast protein analysis indicated that the protein contains a mannose-binding lectin superfamily (residue 13–170)
domain and a Jacalin-like lectin domain (residue 76–190), a
sugar-binding protein domain. Rhinocelectin therefore may bind
to mono- or oligosaccharides with high specificity. There is no
signal peptide present within the sequence as well. No prediction
was made on the glycosylation site. Rhinocelectin when aligned
against lectins with “Jacalin-like lectin superfamily” domain revealed low amount of conserved amino acid sequences among
these lectins (Figure 5). A phylogenetic tree generated from Multiple Sequence Alignment of all the closely related lectins using
Clustal Omega (Figure 5) showed Rhinocelectin shares the
highest amount of amino acid sequences with lectin of polyporales Trametes versicolor (GenBank: JH711794.1) (45.71%),
followed by lectin of polyporales Phanerochaete carnosa
(GenBank: JH930476.1) (40.80%), Gloeophyllum trabeum
(GenBank: KB469305.1, Uniprot: S7RHC3) (38.60%), and
Stereum hirsutum (GenBank: JH687396.1) (35.92%).
Peptide property analysis (Figure 6) shows presentation of
peptide hydrophobicity in the sequence of Rhinocelectin.
Rhinocelectin is regarded as having “good water solubility”
based on the plot; with the lectin consisting of mainly hydrophilic regions centered at residue 1–40 and 70–150. Other
properties found include isoelectric point of pH 5.44 with a net
charge of −2.7 at pH 7. Amino acid composition derived from
sequence analysis revealed Rhinocelectin is composed mainly
of glycine (G) (11.6%), followed by aspartic acid (D) as the
second most abundant amino acid (9.4%). Rhinocelectin does
not contain cysteine (C), pyrolysine (O), and selenocysteine
(U). The full amino acid composition is as listed in Table 2.
Among the top 50 “Jacalin-like” lectins with “crystal structures” templates available, a Jacalin-like lectin MornigaM from
black mulberry Morus nigra (PDB: 1XXR) was selected as
template for 3D modeling of Rhinocelectin using SWISSMODEL program. 1XXR has the highest coverage 72% (top
on the list) providing the best modeling template at 2.0 Å resolution with sequence identity of 24.62% compared to other
crystal templates at the time of investigation; 1ZGS (23.20%
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FIGURE 3

(a) SDS-PAGE of
fractions collected from purification via
Ni-NTA resin column of pET-28aGME270_52 sonicated supernatant. Lane
1, protein ladder. Lane 2, cell lysate.
Lane 3, flow-through. Lane 4, wash
20 mM imidazole. Lane 5, wash 30 mM
imidazole. Lane 6, wash 50 mM
imidazole. Lane 7, wash 80 mM
imidazole. Lane 8–11, elution 1–4, NPB
added with 250 mM imidazole. Lane
12, native elution buffer 250 mM
imidazole. Lane 13, 350 mM imidazole.
(b) Western blot. Lane 1, cell lysate.
Lane 2, flow-through. Lane 3, elution
1. Lane 4, elution 2. Lane 5, elution
3. Lane 6, elution 4. Lane 7, wash
80 mM imidazole. Lane 8, protein ladder

TABLE 1

MS and peptide sequences of the overexpressed protein bands excised from SDS-PAGE

Protein band analyzed kDa
22.8

45

90

Distinct peptides

Peptide sequences

Intensity

1

(R)LDLGDNEIVTGIFGRAGK(Q)

6.00e+003

2

(K)FDNSSLVGGQDNK(W)

9.15e+004

460.8857

3

(K)FDNSSLVGGQDNKWFNDVLMQTK(D)

2.68e+004

1,322.1246

4

(R)EMVNSIGFIIYDTKK(N)

1.20e+005

591.9752

5

(K)SDEGDTFYASNVVAFGGFSK(D)

6.34e+006

699.9872

6

(K)DDAYDLGLSGLFFLMK(T)

3.86e+006

602.3003

7

(K)DGNVILNTDNK(E)

1.51e+007

601.8070

8

(K)SDEGDTFYASNVVAFGGFSK(D)

1.02e+007

9

(R)EMVNSIGFIIYDTK(K)

1.94e+007

815.4164

10

(R)LDLGDNEIVTGIFGR(A)

9.04e+008

809.9281

1

(R)LDLGDNEIVTGIFGR(A)

1.85e+004

809.9238

2

(K)FDNSSLVGGQDNK(W)

2.23e+005

690.8248

1

(R)EMVNSIGFIIYDTKK(N)

6.24e+003

586.6438

2

(K)FDNSSLVGGQDNK(W)

1.56e+005

460.8837

3

(R)STRLDLGDNEIVTGIFGR(A)

9.56e+003

655.0126

4

(K)DGNVILNTDNK(E)

1.95e+007

601.8066

5

(K)SDEGDTFYASNVVAFGGFSK(D)

2.77e+007

6

(R)EMVNSIGFIIYDTK(K)

3.72e+007

823.4149

7

(K)DDAYDLGLSGLFFLMK(T)

8.80e+007

602.2994

8

(R)LDLGDNEIVTGIFGR(A)

2.39e+008

809.9289

identity, coverage 69%), 4AKD (23.08% identity, coverage
71%), and 1X1V (21.88% identity, coverage 71%). Via UniProt
multiple sequence alignment, the identity (similarity) of 1XXR

m/z Da
625.6717

% AA coverage
57.6

1,049.476

15.2

50.5

1,049.477

when compared to Rhinocelectin though was low (Figure 7).
Still, the extracted peptide sequence of MornigaM lectin when
aligned with the sequence of Rhinocelectin predicted the
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FIGURE 4

Peptide
sequence alignments of
recombinant protein pET28aGME270 and putative GME270

FIGURE 5

(a) Multiple
alignment of peptide sequence of
Rhinocelectin (GME270 lectin) with
reported lectins. The identical amino
acids among all the aligned
sequences are indicated as “*”
whereas “:” represents conserved
substitutions of similar properties,
“.” represents conserved
substitutions of weakly similar
properties and empty space
represents a nonconserved
substitution. Sequences with red
font indicate the reported “Jacalinlike lectin” domain for respective
aligned lectin. (b) Phylogenetic tree
diagram of Rhinocelectin with
aligned lectins of other mushrooms

structure of Rhinocelectin protein (Figure 8) based on MornigaM lectin (which presents itself as a homo-tetramer). The
generated structure was able to form a homo-tetramer with
each monomer regarded as one chain within the whole structure. It is predicted the protein consists of four chains (A, B, C,
and D) that could independently bound to a ligand at its respective binding region. Each chain of the protein consists of
11 beta-sheet structures and 1 alpha-helix structure, same as
the protein chains of the template used, with a total of 44 betasheets and 4 alpha-helix structures within the whole tetramer.
Based on the model, all four chains are held together by the
interaction at N terminus of each respective chain (intersecting
another chain). A total of 15 ligands (comprising mainly glycans) were selected for binding analysis. The results of ligand
binding analysis were shown in Table 3. Among all docked
ligands, Rhinocelectin showed greatest binding affinity toward
Beta-Dextrin, with binding energy of three chains to be lower
than −5.0. Maltotriose also showed stronger affinity as compared to other ligands. Docking of cyclodextrin showed

FIGURE 6

Kyte and Doolittle hydropathy plot (Expacy,
ProtScale). X-axis of plot represents position of amino acid sequences
within Rhinocelectin, Y-axis represents hydrophobicity score for
respective amino acid. Sequence with hydrophobicity score >0 indicates
the respective sequence is hydrophobic, whereas sequence with
hydrophobicity score <0 indicates the respective sequence is hydrophilic
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weakest affinity among all ligands. It appears to have a positive
binding energy.

3.4 | Hemagglutination assay
Rhinocelectin agglutinated the rat and rabbit erythrocytes at a
minimal concentration of 3.125 μg mL−1 and 6.250 μg mL−1,
respectively. Carbohydrate inhibition test showed that DTABLE 2

Amino acid composition of Rhinocelectin
Number of
residues

Symbol

Alanine

A

Arginine

R

5

2.8

Asparagine

N

15

8.3

Aspartic acid

D

17

9.4

Cysteine

C

0

0.0

Glutamine

Q

10

5.5

Glutamic acid

E

6

3.3

Glycine

G

21

11.6

Histidine

H

3

1.7

Isoleucine

I

10

5.5

Leucine

L

11

6.1

Lysine

K

15

8.3

Methionine

M

5

2.8

Phenylalanine

F

9

5.0

Proline

P

2

1.1

Serine

S

10

5.5

Threonine

T

14

7.7

Tryptophan

W

2

1.1

Tyrosine

Y

7

3.9

Valine

V

13

7.2

FIGURE 7

3.5 | Cytotoxic activity
The antiproliferative effect of different concentrations of
Rhinocelectin on human breast and lung cancer as well as normal

Coverage of
residue (%)

Amino acid

6

glucose,
D-galactose,
D-xylose,
methyl
α-Dmannopyranoside, lactose and sucrose were unable to inhibit
the hemagglutination activity of Rhinocelectin when tested at
final concentration up to 100 mM, using both rat and rabbit
erythrocytes.

3.3

F I G U R E 8 Predicted 3D-structure of Rhinocelectin based on
template of black mulberry lectin (PDB: 1XXR). A homotetramer
structure was predicted, with four chains (A: purple, B: blue, C:
yellow, D: green) of identical protein. Each chain of tetramer consists
of 11 beta-sheet structures with only one alpha-helix structure. N
terminus is marked red and C terminus is marked orange on each
respective chain

Alignment of peptide sequence of Rhinocelectin with 1XXR lectin MornigaM via UniProt. The identical amino acids among all
the aligned sequences are indicated as “*” whereas “:” represents conserved substitutions of similar properties, “.” represents conserved substitutions
of weakly similar properties and empty space represents a nonconserved substitution. The identity is 13.95% with 30 identical positions 63 similar
positions
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−4.2
−4.5
−3.9
−4.0
−4.6
−4.4
3.6
−3.6
−4.4
−4.0
185.6
−5.4

−4.3

−4.2

−3.8

−3.7

C

D

−3.7

−4.0

−4.9
−4.7
−4.5
−4.0
−4.7
−4.4
−3.7
−4.0
−4.4
−4.2
102.4
−5.0

−4.2
−3.3
B

−3.8

−4.0

−4.3
−3.8

−3.5
−3.9

−3.9
−5.6

−4.3
−4.5

−4.8
−3.5

−3.5
−3.2

−4.0
−4.1

−3.9
−3.3

−4.1
97.5

113.2
−4.7

−5.2
−4.0
−3.0
A

−3.3

β -D-galactose
O1-methyl
mannose
Mannose6-phosphate
α-D-mannose
β -cyclodextrin
β-Dextrin
(cellotriose)
β-Dglucose
α-D-glucose6-phosphate
α-Dglucose
Protein
chain

Predicted binding energy of ligands (kcal/Mol)

The use of mushroom as medicine is common in the Oriental
culture. Several biopharmacological properties from edible
and wild mushroom species have been recognized and registered as anticancer therapeutics following positive results
from clinical trials.42 The search is now striding toward

Docking of predicted Rhinocelectin against different ligands

4 | DISCUSSI ON

TABLE 3

Both cancer cell lines treated with Rhinocelectin at IC50
exhibit an increase of cell population in the G0/G1 phase
significantly (MCF-7, 68.54 ± 8.13% and MDA-MB-231,
63.60 ± 2.83%) as compared to the untreated controls
(54.48 ± 7.87% and 47.45 ± 7.28%). This is followed by
decreasing percentages in the S and G2/M phases after 72 hr
in MCF-7 (9.95 ± 3.07% and 16.28 ± 8.12%) and MDAMB-231 (S phase 9.65 ± 1.48% and 26.05 ± 1.06%) compared to untreated cells of MCF-7 (15.44 ± 5.72% and
24.24 ± 6.97) and MDA-MB-231 (S phase 13.90 ± 0.71%
and G2/M 25.55 ± 2.47%). Doxorubicin significantly
induces cell population decrease in G0/G1 phase and population increase in the G2/M phase of MCF-7 (47.65 ± 0.35%
and 39.3 ± 0.71%) and MDA-MB-231 (1.7 ± 0.5% and
82.5 ± 3.5% respectively) (Figure 10).
Events in the lower and upper-right quadrants detected in
both MCF-7 and MDA-MB-231 cells treated with Rhinocelectin
early and late stages of apoptosis. In MCF-7, Rhinocelectin
induces a significant increase of early apoptosis (6.29 ± 1.36%)
compared to untreated cells (0.70 ± 0.84%). The late apoptosis
percentage is 1.92 ± 1.23% while in untreated cells it is 0.54
± 0.28%. In MDA-MB-231, early apoptosis rate increases significantly to 4.12 ± 0.6% compared to untreated cells at 0.96
± 0.37%. The late apoptosis is also increased to 15.96 ± 5.11%
compared to untreated cells (2.04 ± 0.45%) (Figure 11).

Maltose

3.6 | Cell cycle inhibitory effect and apoptosis

−3.8

Maltotriose

N-acetylglucosamine

N-acetyl
galactosamine

N-acetylneuraminic
acid

Sucrose

human breast and lung cells was revealed in Figure 9. The IC50
against human breast cancer cell lines MCF-7 and estrogen receptor ER triple negative (MDA-MB-231) were determined to be
53.11 ± 22.30 μg mL−1 and 36.52 ± 13.55 μg mL−1, respectively. The corresponding human nontumorigenic breast cell line
was minimally affected by Rhinocelectin with IC50 value at
142.19 ± 36.34 μg mL−1. Rhinocelectin exhibited cytotoxic
activity against both human lung cancer cell A549 and
nontumorigenic human lung cell NL20 with IC50 at 46.14
± 7.42 μg mL−1 and 41.33 ± 7.43 μg mL−1, respectively. Doxorubicin exhibited IC50 values mostly below 1 μg mL−1 for the cell
lines tested; MCF-7 (0.42 ± 0.01 μg mL−1), MDA-MB-231
(0.28 ± 0.07 μg mL−1), A549 (1.67 ± 0.41 μg mL−1), 184B5
(0.17 ± 0.05 μg mL−1), and NL20 (0.43 ± 0.96 μg mL−1).
Rhinocelectin exerts SI values greater than 3 for MDAMB-231 and approaching 3 for MCF-7 cancer cells (Table 4).

−4.4
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FIGURE 9

Cytotoxic activity of (a) recombinant Lignosus rhinocerus Rhinocelectin at various concentrations against human cancer cells
(MCF-7, MDA-MB-231, and A549) and corresponding human normal cells (184B5 and NL 20). (b) Control drug doxorubicin against MCF-7,
184B5, and MDA-MB-231. Values expressed as mean ± SD (n = 3)

TABLE 4

IC50 and selective index of Rhinocelectin on MCF-7, MDA-MB-231, and A549
IC50 (μg mL−1)

Cell lines
Cancer cells

Nontumorigenic cells

Selective index, SI

MCF-7

53.11 ± 22.30

2.6

MDA-MB-231

36.52 ± 13.55

3.9

A549

46.14 ± 7.42

1

NL20

41.33 ± 7.43

-

184B5

142.19 ± 36.34

-

finding bioactive compounds from medicinal mushrooms
that are selective in their cytotoxicity, targeting only cancerous cells, and with minimal harming effect on normal
healthy cells. Burgeoning evidences on lectins impeding or
inhibiting cancer growth24 are encouraging, and provide the
rational to search for anticancer lectins in rare mushrooms
used in folk medicine such as the TMM L. rhinocerus. As
most lectins are heat and chemical resistant, they are capable
of binding and interfering with the gut interactions, shifting
bacterial floral and passing into systemic circulation, with
some reported toxic and inflammatory effects.40,43 Lectins
account for up to 39.13% of the major soluble protein constituents of the sclerotium17 in L. rhinocerus. Oral administration of sclerotial powder of cultivated L. rhinocerus at

daily dose up to 1,000 mg/kg showed no adverse effect on
the growth rate, hematological and clinical biochemical
parameters (renal and liver functions included) in Sprague
Dawley rats, indicating the mushrooms (including the major
lectin Rhinocelectin) are safe for consumption.14
Rhinocelectin demonstrated comparable if not better antiproliferative activities against breast cancer cells compared to data
from previous studies. The cold water extract of pulverized
L. rhinocerus was cytotoxic toward MCF-7 at IC50 36.7–96.7 μg mL−1 and MDA-MB-231 at IC50 79.3 μg mL−1.11,15,44
The high molecular weight extract derived from cold water crude
extract demonstrated IC50 ranging from 70–106.7 μg mL−1 in
MCF-712,15 while the medium molecular weight extract stop
growth of the same cell line at IC50 64.4 μg mL−1.12 The cold
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F I G U R E 1 0 Effects of Rhinocelectin and doxorubicin after 72 hr treatments on MCF-7 and MDA-MB-231 cells. Representative MUSE
histograms of MCF-7 (a) and MDA-MB-231 (b) cells (5,000 events/sample) are shown

water extract and high molecular extracts of L. rhinocerus were
active against A549 lung cancer cells at IC50 from 41.13 to
466.7 μg mL−1 and 76.7 μg mL−1 respectively.15,44 Treated with
Rhinocelectin, the cell cycle of MCF-7 and MDA-MB-231 cells
dictated arrest in G0/G1 phase and retarded the transition
preventing the synthesis of DNA in the S phase. The lectin could
have interfered with the key control point in the G0/G1 cell cycle
checkpoints as the resting cells are just as vulnerable as dividing
cells to cyctotoxic effects.45 Rhinocelectin further triggered a
pathway for apoptosis in both MCF-7 and MDA-MB-231, more
prominent in the latter. The aggressive “triple-negative” with
poor prognosis owing to chemoresistance, recurrence and metastasis46 responded well via growth inhibition and apoptosis with
Rhinocelectin. More importantly, through this study,
Rhinocelectin was found to have high inhibition selectivity
(SI values calculated greater than 3) toward the proliferation of
both MCF-7 and MDA-MB-231 breast cancer cells. ABL and
Boletus edulis lectin (BEL), isolated from the fruiting bodies
could inhibit the proliferation of malignant epithelial cell lines
without any apparent cytotoxicity for normal cells.47,48 The activity was attributed to the selective blocking of the nuclear localization sequence-dependent protein import T-antigen that is hidden
in healthy cells but exposed in cancer cells.47 Rhinocelectin could
have attached to cancer cells membrane or be internalized and
located in different cellular compartments interfering nuclear
function. MornigaM, the template lectin, only interacted with the
cell membrane at 4 C, but at 37 C, internalized with Jurkat T leukemia cells and induced cell death.49 Fungal lectins, XCL

(Xerocomus chrysenteron), galectin AAL (Agrocybe aegerita),
and ABL attached to the cell membrane in the first 6 hr after
incubation, then was found accumulated around the nucleus after
24 hr and finally inside the HeLa nucleus 36 hr later.50–52
Rhinocelectin is also a novel recombinant lectin with
cyctotoxic activities. When aligned against all reported
lectins, the return match was low (<50%). Amino acid
sequence of Rhinocelectin revealed that it is homologous to
jacalin-related plant lectins. There is no signal peptide within
the sequence indicating that Rhinocelectin could exist as
intracellular protein synthesized on free ribosomes and not
glycosylated. Lengthening the induction to 6 hr with higher
aeration produced higher soluble yield. This highlights the
feasibility of investigating bioactive lectins of medicinal
mushrooms using recombinant technology. Recombinant
Rhinocelectin prevents ambiguity over native isomers present in the sclerotial cold water extracts for bioactivity
observed not to mention the difficulty in separating them in
sufficient useable amount. Each of these natural isoforms,
distinguishable only by a few amino acid differences, could
exert distinct cytotoxic activities. Rhinocelectin could also
be scaled up easily unlike culturing the medicinal mushroom
that requires a few months of growth3,14 and under stringent
conditions.
All mannose-specific jacalin-related lectins (mJRL) studied
so far are very weak agglutinins.53 The hemagglutination test
demonstrated Rhinocelectin exhibited weak hemagglutination
activity on rat and rabbit erythrocytes as compared to other
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F I G U R E 1 1 (a) Apoptosis of untreated
(control) and Rhinocelectin treated MCF-7 and
MDA-MB-231 cells at respective IC50 for 72 hr
via MUSE Annexin V apoptosis assay. (b)
Representative histogram are presented

mushroom lectins including Fip-vvo isolated from Volvariella
volvacea that agglutinated erythrocytes of rat and rabbit at concentration of 0.52 μg mL−1 and 0.13 μg mL−1, respectively.54
Amino acid sequence analysis of Rhinocelectin revealed it is
mannose-binding specific. Yet the hemagglutination activity
could not be inhibited by a variety of simple sugars and disaccharides. Based on the docking analysis, with binding energy
ranging from −4.9 to −3 kcal/mol, Rhinocelectin was
predicted to have moderate- to weak-binding affinity toward
common sugars (maltose/sucrose/mannose/glucose/galactose).
The sugars should therefore be able to compete with erythrocyte in binding toward Rhinocelectin and inhibit hemagglutination moderately or weakly. Recombinant jacalin (lectin of
jackfruit Artocarpus integrifolia produced in Escherichia
coli)55 and recombinant frutalin (breadfruit seeds expressed in
Pichia pastoris)56 possessing the same cytotoxic activity as
native forms were also reported to have lesser sugar-binding

properties. The correct excision of a linker in the expression
host might not have happened and this resulted in lower
carbohydrate-binding affinity. Rhinocelectin could probably
also recognize and bind specific complex carbohydrates as few
mushroom lectins isolated from Stropharia rugosoannulata,
Russula lepida, and Pleurotus citrinopileatus were found to be
inulin-specific.18,57,58 Nonetheless, Rhinocelectin is still cytotoxic toward cancer cells. The cytotoxic activity of recombinant
Rhinocelectin is demonstrated to be independent from its
carbohydrate-binding affinity.

5 | CONCLUSION
Rhinocelectin obtained from molecular cloning of the TMM
L. rhinocerus exerts its antiproliferative effects by inducing apoptosis of G1/G0-arrested MCF-7 and MDA-MB-231 cells. This
recombinant protein is selective in its cytotoxicity against the
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breast cancer cells; it thus represents an alternative strategy for
breast cancer treatment. It is a novel jacalin-like lectin, exists as a
tetramer with monomer molecular weight at 22.8 kDa.
Rhinocelectin is predicted with four chains of identical protein
consisting of 11 beta-sheet structures with only one alpha-helix
structure. It is soluble and could be overexpressed and purified.
The process is rapid and optimized for mass production. The
findings on this major lectin of the mushroom sclerotia, verified
that the antiproliferative activities reported previously using cold
water and medium molecular weight extracts of L. rhinocerus
are partly attributable to the presence of Rhinocelectin, along
with other lectins and serine proteases. X-ray crystallography of
Rhinocelectin with other saline soluble lectin family to determine the binding sites of Rhinocelectin could illuminate the
selective mechanism of Rhinocelectin and carbohydrate-binding
affinity. Synergistic effect due to the cytotoxic action of
Rhinocelectin when in combination with other groups of proteins in the mushroom should also be explored for a clearer picture of the antiproliferative mechanism of the mushroom. A
robust model to predict Rhinocelectin's half-life at tissue level
from the cellular level will help to understand the interplay of the
protein properties and variables in restoring homeostasis.
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