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Editorial

Toxin and Immunotoxin Based Therapeutic Approaches

Massimo Bortolotti *,†, Letizia Polito *,† and Andrea Bolognesi *,†

Department of Experimental, Diagnostic and Specialty Medicine—DIMES, Alma Mater Studiorum—University
of Bologna, Via S. Giacomo 14, 40126 Bologna, Italy
* Correspondence: massimo.bortolotti2@unibo.it (M.B.); letizia.polito@unibo.it (L.P.);

andrea.bolognesi@unibo.it (A.B.)
† These authors contributed equally to this work.

The concept of “magic bullets”, i.e., drugs able to selectively act on target cells, formu-
lated by Paul Ehrlich more than one century ago, gave rise to the idea of immunotargeting,
one of the most studied approaches being based on antibodies carrying toxic moieties [1].
Bacterial or plant toxins can be joined to specific carriers through chemical linking or genetic
engineering, antibodies being the most used carriers and the generated hybrid molecules
having been named immunotoxins. These conjugates are functionally designed to elimi-
nate pathological cells, finding applications in several fields such as cancer, immunological
diseases or pain control.

Among plant toxins, the most used are ribosome-inactivating proteins (RIPs), a family
of enzymes widely spread in the plant kingdom [2]. RIPs possess polynucleotide:adenosine
glycosylase activity with the ability to remove adenines from several polynucleotide sub-
strates, causing cell death. Adenine removal from rRNA, the first RIP activity to be
described, damages ribosomes in an irreversible manner, causing the inhibition of protein
synthesis; thus, explaining the origin of these proteins’ name. RIPs are mainly classified as
type 1, consisting of a single-chain protein with enzymatic activity, and type 2, consisting
of an enzymatic A chain linked by a disulfide bond to a lectin B chain that is able to bind
sugar-containing receptors on the cell membrane. The presence of the B chain in type 2
RIPs allows for a more rapid and efficient internalization into the cell than type 1 RIPs.
For this reason, type 2 RIPs are highly cytotoxic [2]. Ricin is the most widespread and
well-known type 2 RIP and also the most used in the construction of immunotoxins [3]. As
RIPs have different intracellular substrates and are able to elicit more than one cell death
pathway, they are drugs potentially suitable for a targeted cancer treatment. Furthermore,
no drug resistance against toxins has been reported so far.

Among bacterial toxins, the most used are pseudomonas exotoxin A and the diphtheria
toxin, which inhibit translation through the NAD-dependent ADP-ribosylation of the
elongation factor-2, causing cell death [4]. Several immunotoxins have been developed
using bacterial toxins and a variety of carriers specific for different targets. Up to date,
three of these conjugates have been approved by the U.S. Food and Drug Administration
for hematological cancer therapy [5].

The collection of seven scientific articles composing this Special Issue highlights the
progress in the knowledge of toxins and immunotoxins; thus, underlying their potential in
anticancer therapy.

In this Special Issue, a review article is included concerning the application of a new
cell-based IT screening system offering several advantages in the formulation of new
immunotoxins by enabling the straightforward and rapid selection of novel functional
antibodies [6].

A fundamental requirement for the therapeutic application of toxins and their conju-
gates is the knowledge of their biochemical and structural properties, as well as of their
binding, uptake, intracellular routing and substrate specificities. In this Special Issue, the
complete amino acid sequence and 3D structure prediction of two potent type 2 Adenia
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RIPs, namely, stenodactylin [7] and kirkiin [8], are determined. RIPs purified from the
Adenia genus are known to be among the most lethal plant toxins [9]. The authors observed
high structural and amino acid sequence homologies with other type 2 RIPs and particu-
larly with those identified in plants belonging to the Adenia genus. The stenodactylin B
chain showed a high degree of identity with B chains of other type 2 RIPs, supporting the
hypothesis that the B chain is a product of a gene duplication event. A hemagglutination
analysis revealed that both kirkiin and stenodactylin have similar affinities for D-galactose
and lactose, although the affinity of kirkiin for these sugars was lower with respect to ricin.
In both Adenia toxins, the replacement of histidine instead of ricin tyrosine in the sugar
binding site of B chains was detected, possibly justifying the reduction in the sugar-binding
affinity, although not seeming to affect cytotoxicity. Moreover, the cytotoxicity of quinoin,
a recently purified type 1 RIP from quinoa seeds, was evaluated using human glioblastoma
cell lines, and was seen to strongly reduce glioblastoma cell growth at concentrations in the
nM range. Interestingly, an additive effect was found in primary cells treated with quinoin
in combination with the chemotherapeutic temozolomide [10].

The Special Issue also focuses on the possibility to obtain selective and potent toxin-
based conjugates able to be used for pharmacological purposes for different targets, with
three interesting articles having been published in this regard. A fusion protein between
the ricin A chain and pokeweed antiviral protein (RTAM-PAP1) was studied in silico for
docking against various key proteins of SARS-CoV-2. The experiments revealed novel
binding mechanisms of RTAM-PAP1 with a high affinity to numerous SARS-CoV-2 key
proteins. RTAM-PAP1 was further characterized in a preliminary toxicity study in mice,
and was found to be a potential therapeutic candidate [11]. The immunotoxin DT389-
YP7 was obtained by fusing a truncated diphtheria toxin without a binding domain with
a humanized YP7 scFv specific for a highly expressed Glypican-3 antigen on the surface of
hepatocarcinoma cells, resulting specifically cytotoxic on the target HepG2 cell line. Cellular
morphological changes, cell cycle arrest at the G2 phase, augment in radical oxygen species
production, induction of apoptosis, and inhibition of cell movement were observed after the
immunotoxin treatment [12]. The two recombinant anti epidermal growth factor receptor
(EGFR) conjugates, EGF-PE40 and EGF-PE24mut, were constructed by fusing the epidermal
growth factor (EGF) to PE40, which is the natural toxin domain of pseudomonas exotoxin
A, or to PE24mut, its de-immunized variant. In EGFR-expressing prostate carcinoma cells,
both conjugates inhibited protein synthesis and induced apoptosis in a concentration- and
time-dependent manner, with IC50 values in the nanomolar/picomolar range. Interestingly,
both conjugates were 600–140,000-fold more cytotoxic than the EGFR inhibitor erlotinib [13].

In conclusion, the studies collected in this Special Issue confirm the efficacy and
the potentiality of toxins as payloads of immunotoxins/conjugates designed for targeted
therapy on several cancer models. Moreover, the knowledge of the structural and binding
characteristics of toxins and related conjugates, together with the elucidation of their
mechanism(s) of action, provide useful information for better pharmacological strategies
with the aim of achieving a higher specificity and potency in targeting and destroying
cancer cells.
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Brief Report
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Abstract: The deadly pandemic named COVID-19, caused by a new coronavirus (SARS-CoV-2),
emerged in 2019 and is still spreading globally at a dangerous pace. As of today, there are no proven
vaccines, therapies, or even strategies to fight off this virus. Here, we describe the in silico docking
results of a novel broad range anti-infective fusion protein RTAM-PAP1 against the various key
proteins of SARS-CoV-2 using the latest protein-ligand docking software. RTAM-PAP1 was compared
against the SARS-CoV-2 B38 antibody, ricin A chain, a pokeweed antiviral protein from leaves, and the
lectin griffithsin using the special CoDockPP COVID-19 version. These experiments revealed novel
binding mechanisms of RTAM-PAP1 with a high affinity to numerous SARS-CoV-2 key proteins.
RTAM-PAP1 was further characterized in a preliminary toxicity study in mice and was found to be a
potential therapeutic candidate. These findings might lead to the discovery of novel SARS-CoV-2
targets and therapeutic protein structures with outstanding functions.

Keywords: fusion proteins; ricin; pokeweed antiviral protein; COVID-19; SARS-CoV-2; antiviral
agent; ribosome-inactivating proteins

Key Contribution: Description of novel binding mechanisms against SARS-COV-2 key proteins
resulting from the gain of function of new fusion antiviral protein RTAM-PAP1.

1. Introduction

A new global pandemic disease named COVID-19 has emerged and is still spreading at alarming
rates at the time of this report. COVID-19 can cause severe symptoms such as damaging inflammatory
response, fever, or severe respiratory illness and lead to death. The causative agent of COVID-19 was
found to be a novel coronavirus closely related to the severe acute respiratory syndrome coronavirus
(SARS-CoV) based on the latest phylogenetic analysis [1–3]. There are some major essential differences
in their genetic makeup that led to their different behaviors. SARS-CoV-2, as it is called now, appears to
have high transmissibility from person to person, and antibodies that could inhibit SARS-CoV are not
functional on SARS-CoV-2 [2,4,5]. Despite global efforts, we still lack an effective antiviral strategy,
drug, or vaccine to fight this virus, with the growing fear that SARS-COV-2 may become another
endemic virus in our communities.

To lower the costs and speed up the drug discovery phase, numerous researchers have used in
silico tools such as protein–ligand docking software to screen for traditional compounds that could bind
to and inhibit the key proteins present in SARS-CoV-2, highlighting their potential antiviral activity [6].
The major targets for these compounds include SARS-CoV-2 key proteins 3-chymotrypsin-like protease

Toxins 2020, 12, 602; doi:10.3390/toxins12090602 www.mdpi.com/journal/toxins5
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(Mpro), papain-like protease (PLpro), RNA-dependent RNA polymerase (RdRp), small envelope
protein (E), membrane protein (M), and spike (S) proteins. The S proteins directly interact with human
angiotensin-converting enzyme (ACE2), allowing the virus to enter the cells. The S protein is a class I
fusion protein consisting of S1 and S2 domains with the receptor-binding domain (RBD) located on the
S1 domain [4]. The RBD is the main target of antibodies and fusion inhibitors in development such
as the human convalescent COVID-19 patient-origin B38 antibody (B38) and plant lectin griffithsin
(GRFT). Here, we report the in silico potent binding mechanisms against SARS-CoV-2 key proteins of
a previously discussed novel broad-spectrum anti-infective fusion protein between a mutant of the
ricin A chain and pokeweed antiviral protein isoform 1 (RTAM-PAP1) from seeds of Ricinus communis
and leaves of Phytolacca americana, respectively [7]. RTAM-PAP1 activity was compared with that
of the B38, ricin A chain (RTA), pokeweed antiviral protein isolated from leaves (PAP1), and GRFT.
Their binding capacities were evaluated against the major key proteins of SARS-CoV-2 using the latest
peptide-ligand docking software [8–13].

2. Results

The three-dimensional (3D) structure of RTAM-PAP1 prediction was obtained as previously
described [7], and those of RTA, PAP1, B38, and GRFT were retrieved in protein data bank (PDB) format
from the Research Collaboratory for Structural Bioinformatics (RCSB) website (https://www.rcsb.org/).
A knowledge-based scoring docking prediction was performed for all the compounds against S,
S1 RBD, and M using CoDockPP global docking. An additional run was conducted for ACE2 and
human SARS-CoV antibody CR3022 against S1 RBD as a reference [5]. The 3D structures of all the key
proteins and ACE2 were already available from the software site in this “COVID-19 targets docking
only” version. The peptide/antibody–ligand version was used, as small molecules docking software
is not suited for these types of compounds. The generated 3D models of B38, ACE2, and CR3022
bound to S1 RBD were comparable to available crystallography of the same complexes in RCSB (access:
7BZ5, 6M0J, and 6W41, respectively) with respective root mean square deviation (RMSD) varying
from 0.7 to 4.311 (A), 0.121 to 2.196 (A), and 0.058 to 3.206 (A). However, the greater binding affinity
and fusion inhibiting activity of B38 compared to CR3022 for S1 RBD was observed in accordance
with published in vitro results [1,3,5]. B38 was found to have a dissociation constant of 70.1 nM with
complete inhibition of ACE2 binding to S1 RBD compared to CR3022′s dissociation constant of 115 nM
with no inhibition of ACE2 binding. The difference in inhibition of ACE2 binding to S1 RBD is due
to their binding conformation to S1 RBD. However, ACE2 binding to S1 RBD was found to have the
smallest dissociation constant in literature, with a value ranging from 4 to 15 nM. The results for the
first and last models (out of the top 10 generated) of each compound in complex with S, S1 RBD,
and M are presented in Table 1. B38 has the highest overall binding affinity of the lot with a binding
energy ranging from −449 to −300 kcal/mol, as expected. ACE2′s binding energy was between −314 to
−246 kcal/mol for S1 RBD. RTAM-PAP1 is comparable to B38, with an overall higher binding affinity
(lower binding energy) than all of the other compounds tested against the S, S1 RBD, and M key
proteins, sometimes higher than B38 with −469 kcal/mol for M, for example. The high binding affinity
of RTAM-PAP1 and B38 to S, S1, and M may be explained by the M epitope being very similar in
structure to S1 RBD (Figure 1A) [1,3]. RTA binding affinity is similar to RTAM-PAP1 to a certain extent
and GRFT and PAP1 are very comparable.

The same higher binding affinity behavior for RTAM-PAP1 was observed with Mpro, PLpro, E,
and RdRp when compared to PAP1, GRFT, and RTA (Table 2). All of the tested compounds showed
potentially inhibiting binding conformations to the various key proteins based on the 3D structures
of the complexes formed (results not shown). These results indicated that the fusion between RTAM
and PAP1 allowed RTAM-PAP1 to be more stable across the different possible binding conformations
with a higher binding affinity than either of its moieties alone when in complex with SARS-CoV-2
key proteins.
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Table 1. The binding energies in kcal/mol for the models generated by CoDockPP for each compound
in complex with the outer virus envelope proteins. Top 1 is the model with the lowest binding energy
(highest binding affinity) and the top 10 is the 10th model with the lowest binding energy. The lowest
energy for the top 1 and top 10 models for each complex is in bold.

Key
Proteins

S1 RBD Spike Trimer Membrane Protein

Top 1 Top 10 Top 1 Top 10 Top 1 Top 10

ACE2 −314 −246

Compounds

CR3022 −347 −285
B38

Antibody −367 −300 −385 −297 −449 −359

GRFT −273 −239 −283 −250 −280 −265
RTAM-PAP1 −322 −282 −325 −298 −469 −393

RTA −322 −278 −313 −275 −387 −348
PAP1 −269 −233 −281 −255 −300 −266

B38 was found to have a 50% inhibition of the cytopathic effect (EC50) against SARS-CoV-2
simultaneous infection in Vero cells in vitro at the concentration of 0.177 μg/mL. It was further
demonstrated that B38 was effective in mice post-infection [1]. GRFT was found to have low pre-infection
EC50 on different strains of SARS-CoV in cytoprotection (CPE) assays in vitro (0.6–1.2 μg/mL) and
effective in mice pre-infection [14]. RTA was shown in the literature to have a high binding affinity to
many viral proteins [15,16]. PAP1 has a broad range of antiviral activity against numerous infections
both in vitro and in clinical trials [17,18]. An earlier different version of RTAM-PAP1 was shown to
have potent broad range antiviral activity at low post-infection EC50 (0.002–12.3 μg/mL) against human
immunodeficiency virus-I (HIV), hepatitis B virus (HBV), hepatitis C virus (HCV), Zika virus (Zika),
and human coronavirus 229E (HCoV229E) in CPE assays in vitro [7,19]. RTA and PAP1 produce a
drastic increase in viral inhibition activity if administered pre-infection both in vitro and in vivo at
sub-toxic dosages [20–23], with potent antiviral mechanisms, from viral DNA/RNA depurination,
viral proteins synthesis inhibition, viral cell entry inhibition, to apoptosis induction of infected cells via
a preferential virus-infected cell entry mechanism [7].

This high affinity of RTAM-PAP1 to many key proteins of SARS-CoV-2 is uncommon. Yet,
the most surprising part of the generated models was the discovery of unique binding mechanisms
of RTAM-PAP1 with potential inhibiting activity by hindering viral entry and cellular machinery.
This discovery might explain the previously observed gain of function of RTAM-PAP1 [7] via the
acquired ability to simultaneously bind the target with both moieties with high affinity, i.e., increasing the
docking sites from 86 to 102 for single moiety binding and simultaneous binding to S1 RBD, for example.
To confirm these findings, RTAM-PAP1 was run against SARS-CoV-2 S1 and M using different docking
programs (ZDOCK and HADDOCK2.2) with the known active residues in RCSB. The synergetic
binding of RTAM-PAP1 was confirmed, and the generated models for M are shown in Figure 1B–D.
Although the model generated by HADDOCK2.2 returned a more important role for PAP1 than RTAM,
the simultaneous binding of both moieties can clearly be seen when in complex with M, with an increase
in docking sites from 62 for single moiety binding to 96 for simultaneous binding of both moieties
(ZDOCK model). This might significantly increase RTAM-PAP1′s potential anti-SARS-CoV-2 activity.
We concluded from these results and those previously acquired in vitro that the fusion of RTAM and
PAP1 via the flexible linker conferred greater structure stability, enhanced activities, new binding sites
and mechanisms, and, potentially, novel functions to RTAM-PAP1.
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Figure 1. (A) Three-dimensional (3D) structure comparison by MATRAS of M protein epitope with S1
protein. M epitope sequence (SecB) is not similar to S1 RBD with only one residue in common (marked
with an “*”), yet the structure is similar (depicted in rainbow colors). (B) Top model generated by
CoDockPP of RTAM-PAP1 (magenta, RTAM being on the upper left side) in complex with M protein
(in rainbow colors). (C) Top model generated by HADDOCK2.2 with a score of −163.8 (±8.3). PAP1
is on the left side to denote its more important role than in other models and RTAM on the right
side (from right to left, N to C terminal in blue to red). M protein is on top and in less solid rainbow
colors (N to C terminal in blue to red). (D) The top model generated by ZDOCK with RTAM-PAP1 in
backbone format (N to C terminal in blue to red). The colored disks depict the binding contact sites.
The disks indicate where the van der Waals radii of atoms overlap and the colors how close the contact
is: yellow = close, orange = touching, and red = overlapping (models viewed using Jmol).
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Table 2. The binding energies in kcal/mol for the models generated by CoDockPP for each compound
less the antibody with the viral proteins important for cellular machinery. Top 1 is the model with
the lowest binding energy (highest binding affinity) and the top 10 is the 10th model with the lowest
binding energy. The lowest energy for the top 1 and top 10 models for each complex is in bold.

Key Proteins Mpro Plpro RdRp E Protein

Top 1 Top 10 Top 1 Top 10 Top 1 Top 10 Top 1 Top 10

Compounds

GRFT −228 −198 −234 −209 −267 −248 −258 −242
RTAM-PAP1 −301 −266 −276 −259 −332 −301 −363 −306

RTA −299 −260 −283 −254 −304 −277 −314 −281
PAP1 −246 −207 −225 −188 −244 −228 −244 −229

For those reasons, the decision to produce highly purified RTAM-PAP1 protein was taken to
conduct a short toxicity study in BALB/c mice to determine the potential maximum tolerated dose.

The protein production went well and followed a scheme previously used [7] with the addition
of an endotoxins removal step after purification, as shown in Figure 2A. Highly purified 6-His tag
RTAM-PAP1 was obtained (>95% purity), as shown in Figure 2B. The bioactivity of the proteins
was confirmed using a cell-free protein synthesis inhibition assay at three different concentrations in
duplicate and yielded a half maximal inhibitory concentration (IC50) of 0.06 nM at 60 min incubation
time, in line with previous results [7] confirming the time- and concentration-dependent inhibitory
activity of RTAM-PAP1 on protein synthesis (data available upon request).

Figure 2. (A) Purification scheme and (B) purified RTAM-PAP1 protein (RP1). “M” represents protein
standards in kilodalton.

The mice were administered the highly purified RTAM-PAP1 with the 6-His tag and tolerated up
to 1 mg/kg with no observable adverse effects. Adverse clinical signs were observed (i.e., weight loss,
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piloerection, etc.) at a single bolus intravenous administration of 3 mg/kg of RTAM-PAP1 with
up-regulation of IP-10, KC, and MCP-1 chemokines from 14 cytokines/chemokines assessed (Figure 3).
These results are in line with previously described homopolymers of ribosome-inactivating proteins
and confirm an in vivo behavior intermediate between native ribosome-inactivating proteins and
immunotoxins [24,25].

Figure 3. (A) Body weight of mice measured daily following administration of various single bolus
injection concentrations compared to control. (B) Serum chemokine levels measured 3hrs after
administration of various single bolus injection concentrations compared to control.

3. Conclusions

In conclusion, given the very high affinity for SARS-CoV-2 key proteins, the previous antiviral
results in vitro, the newly discovered mechanisms, the preliminary in vivo profile, potent bioactivities
across the assays, and preferential entry into virus-infected cells as opposed to non-infected cells,
we opine that this novel chimeric protein composed by two ribosome-inactivating proteins be tested
against SARS-CoV-2 in vitro and in vivo. It would be the first therapeutic testing using this particular
strategy against COVID-19 and might make a difference at subtoxic dosages as well as open the doors
for the discovery of novel SARS-CoV-2 targets, therapeutic protein structures, and foundations for
protein engineering. Those types of fusion proteins are able to outperform immunotoxins with lower
production costs and less toxicity.

4. Materials and Methods

4.1. Protein Modeling

4.1.1. Generation of 3D Structures

The predicted molecular 3D structure of RTAM-PAP1 was already available from previous work [7]
and is available in the supplementary files (PDB file S1). The 3D models for RTA, PAP1, B38, CR3022,
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and GRFT were retrieved from RCSB (https://www.rcsb.org), in PDB format with the following PDB ID:
4MX5, 1PAG, 7BZ5, 6W41, and 3LL2, respectively). The 3D models for S, Mpro, PLpro, ACE2, RdRp,
E, and M were retrieved directly from the CoDockPP site (https://ncov.schanglab.org.cn/). The 3D
models for the B38-S1, CR3022-S1 and ACE2-S1 complexes were also retrieved from RCSB, 7BZ5, 6M0J,
and 6LZG, respectively, for comparison with CoDockPP outputs.

4.1.2. Structure Modeling

The structure of the bound complexes was generated by CoDockPP using the ambiguous
peptide-ligand computations [8–10]. The B38-S1, CR3022-S1, and ACE2-S1 were compared by
superimposition on the available crystallography in RCSB using MATRAS pairwise 3D alignment (http:
//strcomp.protein.osaka-u.ac.jp/matras/matras_pair.html). Additional models of the RTAM-PAP1-S1
and RTAM-PAP1-M complexes were generated using ZDOCK and HADDOCK2.2 [11–13] with the
available RCSB active residues as inputs for each protein. The putative active residues for RTAM-PAP1
were previously generated [7] and are available in the supplementary files (Figure S1). All models
were viewed using Jmol.

4.2. Escherichia coli In Vivo Expression System and Rabbit Reticulate Lysate Protein Synthesis Inhibition

4.2.1. Protein Expression and Purification

RTAM-PAP1 was produced and purified as previously described [7]. The vector pET30a-6H-RPAP1
was generated and validated by DNA sequencing before being transformed into E. coli BL21 (DE3)
cells (NEB). Expression of the proteins was examined from individual clones and analyzed by
either Western blot using a monoclonal antibody specific to ricin A chain (ThermoFisher, RA999,
Frederick, MD, USA) or SDS gel stained with Coomassie blue (ThermoFisher, Frederick, MD, USA).
Optimal conditions were determined and protein production was induced in the presence of 1 mM
isopropyl beta-D-1-thiogalactopyranoside (IPTG) from 1 L culture. The bacteria were then harvested
by centrifugation, followed by lysing the cell pellets with 50 mL of lysis buffer (50 mM Tris•Cl,
150 mM NaCl, 0.2% Triton X100, and 0.5 mM ethylenediaminetetraacetic acid (EDTA). After sonication
(3 × 2 min), the soluble lysates were recovered by centrifugation at 35,000 rpm for 40 min. The soluble
proteins were then purified by the combination of affinity and conventional chromatographic methods
from soluble lysates (please contact the authors for more details). The purification of the native
RTAM-PAP1 from soluble lysate was achieved by affinity versus His-tag on the Ni-sepharose column
(GE Healthcare). After extensive washing with the lysis buffer, loosely bound proteins were eluted
with the lysis buffer containing 40 mM Imidazole (I40). RTAM-PAP1 proteins were eluted with the
elution buffer (20 mM Tris•Cl, pH7.9, 100 mM NaCl, 1 mM EDTA, and 300 mM Imidazole). A second
purification step using the hydroxyapatite column (GE Healthcare, Piscataway, NJ, USA) was used to
further separate RTAM-PAP1 from co-purified host proteins. A third purification step, gel filtration
on a fast protein liquid chromatography (FPLC) column of Superose 12 (GE Healthcare, Piscataway,
NJ, USA), was necessary to completely remove degraded or/and premature protein products [7].
The resulting mixture was subjected to the endotoxin removal process using a proprietary technology
developed by AscentGene until the endotoxin level was less than 10 EU/mL. The final product was
formulated in the buffer containing 20 mM HEPES-Na (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid sodium salt), pH 7.9, 200 mM NaCl, 0.2 mM CaCl2, and 0.5 mM EDTA.

4.2.2. Rabbit Reticulate Lysate Protein Synthesis Inhibition

The inhibitory activities of RTAM-PAP1 were tested by using the Rabbit Reticulate Lysate TnT®

Quick Coupled Transcription/Translation System and the Luciferase Assay System (Promega, Madison,
WI, USA). Each transcription/translation reaction was performed according to the instructions for
use (IFU) in the presence of a T7 Luciferase reporter DNA, and the luciferase expression level was
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determined with a Wallac Microplate Reader. Transcription/translation were run at three different
concentrations to confirm bioactivity [7].

4.3. Preliminary Toxicity Study on Mice

4.3.1. BALB/c Mice

Female BALB/c mice, aged 6–8 weeks (Charles River Laboratories, Saint-Constant, QC, Canada),
were used in this study. Female mice were housed in groups of five in individually ventilated cages.
The mice were maintained at the National Research Council Canada (NRC) in accordance with the
guidelines of the Canadian Council on Animal Care. All procedures performed on animals in this
study were in accordance with regulations and guidelines reviewed and approved by the NRC Human
Health Therapeutics Ottawa Animal Care Committee.

4.3.2. Animal Procedures

RTAM-PAP1 was administered by intravenous (IV) bolus injection of 0.25 mL into the tail vein in
a dose-escalating manner (0.03, 0.1, 0.3, 1, and 3 mg/kg). Control mice received an equivalent volume
of vehicle. Dosing was staggered to allow for an initial assessment of tolerability at a particular dose
level prior to escalating to a higher dose level. Mice were weighed and evaluated daily for clinical
signs for 8 days following administration of RTAM-PAP1. Data were analyzed using GraphPad Prism
(GraphPad Software, Inc., San Diego, CA, USA). Statistical significance of the difference between
groups was calculated by 1- or 2-factor ANOVA followed by post-hoc analysis. Differences were
considered to be not significant at p > 0.05.

5. Patent

Hassan, Y. and Ogg, S. WO/2019/204902, The World Intellectual Property Organization
(WIPO), 2019.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/9/602/s1,
Figure S1: RTAM-PAP1 active sites. PDB file S1: RTAM-PAP1 3D structure.
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Abstract: Toxins, while harmful and potentially lethal, have been engineered to develop potent
therapeutics including cytotoxins and immunotoxins (ITs), which are modalities with highly selective
targeting capabilities. Currently, three cytotoxins and IT are FDA-approved for treatment of multiple
forms of hematological cancer, and additional ITs are tested in the clinical trials or at the preclinical level.
For next generation of ITs, as well as antibody-mediated drug delivery systems, specific targeting by
monoclonal antibodies is critical to enhance efficacies and reduce side effects, and this methodological
field remains open to discover potent therapeutic monoclonal antibodies. Here, we describe our
application of engineered toxin termed a cell-based IT screening system. This unique screening
strategy offers the following advantages: (1) identification of monoclonal antibodies that recognize
cell-surface molecules, (2) selection of the antibodies that are internalized into the cells, (3) selection
of the antibodies that induce cytotoxicity since they are linked with toxins, and (4) determination
of state-specific activities of the antibodies by differential screening under multiple experimental
conditions. Since the functional monoclonal antibodies with internalization capacities have been
identified successfully, we have pursued their subsequent modifications beyond antibody drug
conjugates, resulting in development of immunoliposomes. Collectively, this screening system by
using engineered toxin is a versatile platform, which enables straight-forward and rapid selection for
discovery of novel functional antibodies.

Keywords: monoclonal antibody; immunotoxin; antibody drug conjugate; immunoliposome;
drug delivery; diphtheria toxin; DT3C

Key Contribution: This review summarizes a current status of immunotoxins including our
application of a cell-based screening system to isolate monoclonal antibodies that are suitable
for further development as immunotoxins, antibody drug conjugates, and immunoliposomes.

1. Introduction

Immunotoxin (IT), a subgroup of immunoconjugates, consists of a target recognition moiety that
is linked to bacterial or plant proteineous toxins [1,2]. As an IT, the target recognition moiety is a
full-length monoclonal antibody or antibody fragment that specifically binds to an antigen expressed
on the surface of target cell, and as a cytotoxin, the component includes a receptor-specific ligand,
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such as cytokine, chemokine receptor ligand, and growth factor [3,4]. The cytotoxic protein is composed
of a toxin derived from bacteria, such as Pseudomonas aeruginosa exotoxin A (PE) or diphtheria toxin
(DT), as well as from plants including ricin, saporin, gelonin, and bouganin [5–10]. While simple in
conceptual design, consisting of two major components, multiple combinations of these two parts allow
unlimited prospects to generate potential therapeutic agents with target selectivity. As conceived by
Paul Ehrlich with his “magic bullet” concept [11], various types of ITs epitomize potential therapeutic
agents with capacities to target disease-relevant antigens.

Current challenges for development of IT as a therapeutic agent include immunogenicity and
stability of the fusion protein as well as binding affinity of the target recognition moiety [12].
Here, we overview current toxin-mediated therapeutics, and focus on the target recognition
moiety; i.e., monoclonal antibody. Additionally, there are a growing number of highly effective
antibody-mediated therapeutics, such as antibody drug conjugates (ADCs). Therefore, we revisit
antibody generation technology, beginning from the monumental work on development of the
hybridoma technology reported by Köhler and Milstein in 1975 [13], for which they were awarded
the Nobel Prize in Physiology and Medicine in 1984. Since then, various advancements for high
throughput production of these antibodies have been proposed and reported [14,15]. Here, we compare
multiple screening systems to obtain monoclonal antibodies, and describe our unique strategy termed a
cell-based IT screening system. The IT screening system, which utilizes distinct features of antibody and
engineered toxin, is a rapid, and perhaps more importantly, direct method to identify antibodies that
recognize cell surface molecules and are internalized into the cells to induce cytotoxicity. In principle,
the selected antibodies through this screening system are suitable for ADCs, immunoliposomes (ILPs)
or other drug delivery systems.

2. Current FDA-Approved Toxin-Mediated Therapeutics

Presently, three toxin-mediated therapeutics, such as cytotoxins and IT have been approved by the
U.S. Food and Drug Administration (FDA) (Table 1). Denileukin diftitox (Ontak®), administered as an
antineoplastic agent for treatment of persistent or recurrent cutaneous T-cell lymphoma, is comprised
of a full-length sequence of IL2 protein that is fused to truncated DT (DAB389) [16]. This fusion protein
is targeted to the cells expressing interleukin-2 receptor (IL2R), and upon binding, denileukin diftitox
is internalized by receptor-mediated endocytosis and proteolytically cleaved to generate a fragment
of DT that inhibits protein synthesis by ADP-ribosylation of elongation factor (EF)-2 and induces
cytotoxicity [17]. Tagraxofusp (Elzonris®), used for treatment of blastic plasmacytoid dendritic cell
neoplasms, is composed of a human IL3 protein and truncated DT [18]. Moxetumomab pasudotox
(Lumoxiti®), approved for treatment of relapsed or refractory hairy cell leukemia, consists of a binding
fragment (Fv) of anti-cluster of differentiation-22 (CD22) antibody (RFB4) and a 38 kDa portion of PE
termed PE38 [19]. Currently, over 20 IT therapeutics are being tested in the clinical trials. As elegantly
reviewed by Kim et al. [20], common themes among the FDA-approved toxin-mediated therapeutics
include the target recognition moiety that specifically targets hematological cancer cells, and the
truncated bacterial toxins that allow reduced levels of immunogenicity and non-specific binding.

In addition to the current FDA-approved therapeutics, multiple toxin-mediated modalities
targeting solid tumors are presently in the clinical trials. These modalities include cintredekin
besudotox (IL13-PE38QQR) for glioblastoma [28], oportuzumab monatox (VB4-845) for urothelial
carcinoma [29], naptumomab estafenatox for renal cell carcinoma [30], and LMB-100 for advanced
pancreatic adenocarcinoma [31]. At the preclinical level, ITs have been developed and modified
to target activated macrophages [32], murine noradrenergic neurons in the locus ceruleus [33],
and human immunodeficiency virus (HIV)-infected cells [34]. While most previous and present ITs
and cytotoxins have been designed to target cancer, as long as target selectivity and cytotoxicity are
desired, these modalities can conceptually be applied for treatment of various diseases including
neuronal diseases.
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Table 1. FDA-approved cytotoxins, immunotoxin, and antibody drug conjugates.

Drug Name
Targeting

Moiety
Toxin Moiety Tumor Type Approval Year References

Cytotoxins

Denileukin diftitox
(Ontak®) IL2 DT (DAB389) CTCL 1999 [16]

Tagraxofusp-erzs
(Elzonris®) IL3 DT (DAB389) BPDCN 2018 [18]

Immunotoxin

Moxetumomab
pasudotox

(Lumoxiti®)
Anti-CD22 dsFv PE (PE38) HCL 2018 [19]

Antibody Drug Conjugates

Gemtuzumab
ozogamicin
(Mylotarg®)

Humanized
anti-CD33 mAb Ozogamicin AML

2000-approved
2010-withdrawn
2017-reapproved

[21]

Brentuximab vedotin
(Acetris®)

Chimeric
anti-CD30 mAb MMAE ALCL, HL,

PTCL 2011 [22,23]

Trastuzumab
emtansine (Kadcyla®)

Humanized
anti-HER2 mAb DM1 HER2+ BC 2013 [24,25]

Inotuzumab
ozogamicin
(Besponsa®)

Humanized
anti-CD22 mAb Ozogamicin ALL 2017 [26]

Polatuzumab vedotin
(PolivyTM)

Humanized
anti-CD79B mAb MMAE DLBCL 2019 [27]

Enfortumab vedotin
(PadcevTM)

Human
anti-nectin-4

mAb
MMAE UC 2019 [27]

Trastuzumab
deruxtecan (Enhertu®)

Humanized
anti-HER2 mAb Deruxtecan HER2+ BC 2019 [27]

Sacituzumab govitecan
(TrodelvyTM)

Humanized
anti-Trop-2 mAb SN-38 Triple-negative

BC 2020 [27]

ALCL: anaplastic large cell lymphoma; ALL: acute lymphoblastic leukemia; AML: acute myeloid leukemia; BC:
breast cancer; BPDCN: blastic plasmacytoid dendritic cell neoplasm; CTCL: cutaneous T-cell lymphoma; DLBCL:
diffuse large B cell lymphoma; DM1: derivative of maytansine 1; DT: diphtheria toxin; HCL: hairy cell leukemia;
HER2: human epidermal growth factor receptor 2; HL: Hodgkin lymphoma; mAb: monoclonal antibody; MMAE:
monomethyl auristatin E; PE: Pseudomonas exotoxin A; PTCL: peripheral T-cell lymphoma; SN-38: active metabolite
of irinotecan; UC: urothelial cancer.

For future generation of ITs with enhanced efficacies and reduced adverse events, improved
target recognition and reduced immunogenicity are key factors. The latter topic, which focuses on
immunogenicities associated with antibodies, and especially bacterial and plant toxins are reviewed
elsewhere [35–37] and beyond the scope of this review article. Improvement on target recognition is
dependent upon specificity and affinity of monoclonal antibody. Furthermore, given the necessity
to deliver the toxin into the cell, internalization of the antibody is pivotal. Regardless of the major
advancements, such as humanized ITs [38,39] or bispecific ITs targeting CD19 and CD22 [40,41],
quality of the antibody unequivocally remains crucial. Therefore, we must carefully employ an antibody
screening strategy that maximizes the attainment of the elite antibody with sufficient internalization
capacity suitable for subsequent modification as an IT, ADC or ILP to deliver the payload like toxin.
Simultaneously, it is also important to identify disease-specific antigens, especially epitopes.
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3. Mode-of-Actions of Therapeutic Antibodies

It is important to emphasize that not all antibody-based therapeutics require internalization
capacities since therapeutic efficiencies are dependent on functionalities of the antibodies [42,43].
Monoclonal antibodies, such as rituximab (Rituxan®; a chimeric anti-CD20 monoclonal antibody)
and trastuzumab (Herceptin®; a humanized anti-HER2 monoclonal antibody) induce cytotoxicities of
target cells via antibody dependent cellular cytotoxicity (ADCC) [44–46]. Through conjunction
with radionuclides, such as 111In or 90Y, ibritumomab tiuxetan (Zevalin®; a mouse anti-CD20
monoclonal antibody) is a radioimmunoconjugate with both diagnostic and therapeutic (i.e., theranostic)
capacities [47,48]. Bevacizumab [Avastin®; a humanized anti-vascular endothelial growth factor-A
(VEGF-A) monoclonal antibody] neutralizes a ligand, which consequently reduces microvascular
growth [49,50]. Nivolumab [Opdivo®; a human anti-programmed cell death protein 1 (PD-1)
monoclonal antibody] and pembrolizumab (Keytruda®; a humanized anti-PD-1 monoclonal antibody)
block PD-1 expressed on the lymphocytes, thus allowing the immune cells to attack cancer cells through
modulation of the immune system [51,52]. Currently in Phase 3 clinical trial, photoimmunotherapy
is another promising approach wherein a monoclonal antibody is conjugated with IRdye700DX,
and localized exposure to near-infrared (NIR) light activates the switch that results in rapid and
selective death of targeted cancer cells [53,54]. These are a few among many therapeutic monoclonal
antibodies that are not necessary to be internalized, but since our focus includes delivery of the toxin
into the cells, internalization capacity cannot be ignored.

4. Internalization Assays to Obtain Monoclonal Antibodies with Internalization Capacities

In case of hybridoma technology, production of monoclonal antibody generally starts with
immunization of animals with antigens, followed by isolation of splenocytes. Splenocytes and
myeloma cells are fused together to generate hybridomas, and the culture supernatants of these
hybridomas need to be screened to identify the candidate antibodies. Subsequent process with limiting
dilution enables to establish a hybridoma clone that produces monoclonal antibody. In general,
antibody recognizes a structure of corresponding region that consists of approximately 15 amino
acids, suggesting that the selection of antibody is affected by the screening methods due to the
structural state of target molecule. In other words, the selected antibodies are primarily suitable
for the screening methods used. Common assays include immunocytochemistry with fixed cells,
enzyme-linked immunosorbent assay (ELISA) with recombinant proteins, and immunoblotting with
denatured proteins, but these methods are not always guaranteed to select the potent therapeutic
antibodies that recognize the in vivo states of antigens. While these techniques offer notable advantages
for selecting antibodies with different characteristics, these procedures are not suitable to determine
internalization properties of the antibodies, which are indispensable for most types of drug delivery
systems. Therefore, it should be reminded that candidate antibodies have to be screened with
consideration for the in vivo structural states of antigenic molecules expressed on the target cells.

As for previous efforts to determine internalization of monoclonal antibody, reported methods are
categorized as either direct internalization or indirect internalization assays. Direct internalization
assay generally utilizes a purified primary antibody labeled with radioisotope [55] or fluorescence
probe [56,57]. These methods possess two obstacles including a necessity to purify primary antibody
(hence, supernatants directly obtained from the hybridoma library cannot be used), and a facility that
allows the use of radioisotopes or fluorescence scanner. The former issue can be solved by performing
indirect internalization assay wherein a purified secondary antibody is labeled, but the latter depends
on the facility infrastructure. Additionally, while cellular internalization may sufficiently be measured,
subsequent cytotoxicity is not analyzed; hence, internalization and cytotoxicity of IT is more accurate
evaluation to assess the potential of the antibody for drug delivery. Additionally, it is feasible to
conduct flow cytometry to identify receptor internalization by analyzing the cells with or without
PMA stimulation; however, this approach is not suitable for high-throughput screening [58].
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Internalization and cytotoxic properties of ITs have been reported through direct labeling with
radioisotope [59] or fluorescent dye with functional group [60]. These techniques require purified
ITs; therefore, they are inappropriate as a screening procedure to distinguish the hybridomas that
secrete desired antibodies from those that do not produce them. More favorable approach is indirect
IT assay wherein a toxin-labeled secondary antibody is utilized to identify a monoclonal antibody of
interest [61,62]. While successful, since this procedure relies on the toxin-labeled secondary antibody,
structural composition is not identical to the final form of IT or ADC where monoclonal (primary)
antibody is directly linked to toxins or drugs. Taken together, these issues highlight a major demand to
establish an IT screening system with more predictive analysis of the monoclonal antibody.

5. Cell-Based Immunotoxin Screening System

To this end, we previously reported a cell-based IT screening system to facilitate the identification
and isolation of monoclonal antibodies with internalization properties [63]. This rapid and direct
screening strategy offers the following advantages: (1) identification of monoclonal antibodies
that recognize cell-surface molecules, (2) selection of the antibodies that are internalized into the
cells, (3) selection of the antibodies that induce cytotoxicity since they are linked with toxins,
and (4) determination of state-specific activities of the antibodies by differential screening under
multiple experimental conditions. Unlike the procedures described above, our cell-based IT screening
system does not require radioisotopes nor fluorescent dyes, and it does not utilize toxin-labeled
secondary antibodies. Collectively, our approach provides a platform for direct discovery of potent IT-,
ADC- or ILP-compatible antibodies in vitro.

Prior to the IT screening, our approach undergoes three major steps to generate a hybridoma
library: (1) immunization, (2) cell-fusion of splenocytes and myeloma cells, and (3) library construction
of hybridomas through hypoxanthine-aminopterin-thymidine (HAT) selection. Generation of the
hybridoma library is advantageous since hybridoma technology allows continuous growth of
hybridomas and production of a large quantity of purified antibodies by conventional method [64].
Additionally, the hybridoma library can be frozen and stored for later studies. To conduct the IT
screening, the supernatants from the hybridoma library were pre-incubated with engineered toxin DT3C
to form ITs (Figure 1a). DT3C is a recombinant protein that consists of DT without the receptor-binding
domain but containing the fragment crystallizable (Fc)-binding domain of Streptococcus protein G
(3C) [65]. Because of this remarkable feature, DT3C specifically binds to an antibody with affinity.
As summarized in Figure 1b, if the IT recognizes a surface molecule expressed on the cell, then the
IT is internalized wherein DT3C is cleaved by the cytosolic furin protease, and catalytic domain of
DT3C is released into the cytoplasm. The released catalytic domain leads to ADP-ribosylation of EF-2,
followed by inhibition of the protein translation machinery and ultimately cytotoxicity.

Utilizing the unique principle of our IT assay system, we performed primary screening to
identify antibody-secreting hybridomas that were capable of inducing DT3C-dependent cytotoxicity
(Figure 1c). Induction of cytotoxicity was assessed by WST-1 assay to quantitatively evaluate cell
viability. We established 90G4 clone that produced functional monoclonal antibody with capacity
for DT3C-dependent cytotoxicity [63]. Subsequently, 90G4, a rat anti-mouse CD321/F11 receptor
antibody was further characterized by flow cytometry, immunocytochemistry, immunoprecipitation,
immunoblotting, and mass spectrometry, demonstrating differential expression patterns of CD321
under normoxic vs. hypoxic conditions. This study revealed new roles of endothelial CD321 that
was internalized upon the hypoxic signal. While we utilized the hybridoma technology to generate
monoclonal antibodies, it is noteworthy that, in principle, our cell-based IT screening system is
applicable to the screening of the antibodies obtained from antibody phage display [66–68] and single
B cell antibody technologies [69,70].
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Figure 1. Mechanism of antibody: DT3C IT. (a) Formation of DT3C-mediated IT. DT3C consists of
catalytic (Cat), translocation (T), and Fc-binding (3C) domains. The Fc-binding domain of DT3C
specifically binds to an antibody. (b) Mechanism of IT-induced cytotoxicity. IT initially binds to an
antigen expressed on the cell surface, and internalized into the cell where translocated terminus of DT3C
is cleaved by the cellular furin protease, and catalytic domain of DT3C is released into the cytoplasm.
Consequently, the catalytic domain ADP-ribosylates EF-2 and inhibits the protein translation machinery.
(c) Cell-based IT screening system. Inside a well of the cell culture plate, antibodies secreted into the
supernatant of the hybridoma library are pretreated with DT3C to form ITs. Subsequently, target cells
are transferred into the well, and incubated. If the IT is bound to the target cells and internalized,
then this leads to inhibition of protein translation machinery and ultimately cytotoxicity.

6. Application of Functional Monoclonal Antibodies as Antibody Drug Conjugates

ADCs have gained significant attention as highly potent therapeutic agents because of their
pharmacological characteristics including target specificity, target-binding affinity, good retention,
and low immunogenicity that altogether contribute to targeted drug delivery and decreased
side effects [71–74]. Accordingly, FDA-approved ADCs include gemtuzumab ozogamicin
(Mylotarg®; a humanized anti-CD33 monoclonal antibody conjugated to ozogamicin) for
CD33-positive acute myeloid leukemia [21,75]; brentuximab vedotin [Acetris®; a chimeric anti-CD30
monoclonal antibody conjugated to monomethyl auristatin E (MMAE)] for relapsed Hodgkin
lymphoma, systemic anaplastic large cell lymphoma, and other CD30-expressing peripheral T-cell
lymphomas [22,23]; trastuzumab emtansine (Kadcyla®; a humanized anti-HER2 monoclonal antibody
conjugated to DM1) for HER2-positive breast cancer [24,25]; and inotuzumab ozogamicin (Besponsa®;
a humanized anti-CD22 monoclonal antibody conjugated to ozogamicin) for acute lymphoblastic
leukemia [26] (Table 1). Recently, four additional ADCs have been FDA-approved; polatuzumab vedotin
(PolivyTM; a humanized anti-CD79B monoclonal antibody conjugated to MMAE) for diffuse large B cell
lymphoma, enfortumab vedotin (PadcevTM; a human anti-nectin-4 monoclonal antibody conjugated to
MMAE) for urothelial cancer, trastuzumab deruxtecan (Enhertu®; a humanized anti-HER2 monoclonal
antibody conjugated to deruxtecan) for unresectable or metastatic HER2-positive breast cancer,
and sacituzumab govitecan (TrodelvyTM; a humanized anti-Trop-2 monoclonal antibody conjugated to
SN-38) for metastatic triple-negative breast cancer [27].

Typically, ADC consists of a monoclonal antibody that is linked to cytotoxic payloads by
non-cleavable or cleavable linker [71–74]. Similar to IT, quality of the monoclonal antibody is crucial
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because therapeutic property of ADC is partially related to the characteristics of its antigen. Specifically,
not only are differential surface expression levels of antigens between the target and non-target cells
essential, the antigens are preferred to possess internalization properties because it will facilitate
the ADC to be transported into the cells and enhance its efficacy. The notion was also illustrated
for generation of ADC by using a human single chain variable fragment (scFv)-Fc antibody against
CD239/basal cell adhesion molecule for treatment of breast cancer [76]. The scFV-Fc antibody termed
C7-Fc, originally identified from screening the scFv phage libraries [77], was bound to DT3C to
characterized its internalization property, and selectively target and kill SKBR3 breast cancer cells.
This work also provides evidence supporting the application of our cell-based IT screening system to
characterize the candidates identified from the phage display libraries.

From the IT screening method, a mouse anti-human CD71/transferrin receptor antibody termed
6E1 antibody was identified and isolated [65]. To assess its cytotoxic potential, purified 6E1
antibody was pretreated with DT3C and administered to A172, SH-SY5Y, and H4 cells. As an
IT, 6E1:DT3C demonstrated strong cytotoxic activities wherein logEC50s (ng/mL) were 4.59 (A172),
2.27 (SH-SY5Y), and 6.87 (H4) (Figure 2). To generate its ADC form, antibody binding peptide termed
Z33 was elegantly conjugated with anti-cancer agent plinabulin, and Z33-conjugated plinabulin
was then used to non-covalently bind to 6E1 antibody [78]. As expected, this ADC demonstrated
enhanced cytotoxicity against CD71-positive melanoma A375 cells. In addition to the 6E1 antibody,
mouse anti-human Mucin 13 (MUC13) antibody termed TCC56 was identified from the IT screening
method and shown to induce cell death in TCC-PAN2 cells expressing MUC13 [79].

Figure 2. Cytotoxic activity of 6E1:DT3C IT. (a) Schematic diagram of IT assay. Purified 6E1 or control
mouse IgG (mIgG) antibodies were pre-incubated with DT3C at 37 ◦C for 30 min to form ITs. After the
IT formation, the indicated cells were seeded with various concentrations of ITs (n = 3 per treatment)
and incubated at 37 ◦C for 3 days. Cell viability was measured by using WST-1 reagent. (b) Relative
cell viability of A172, SH-SY5Y, and H4 cell lines after 6E1:DT3C treatment. The 6E1:DT3C IT induced
cytotoxicity in all three cells lines tested whereby the logEC50s (ng/mL) were 4.59 (A172), 2.27 (SH-SY5Y),
and 6.87 (H4). Assuming that 2 DT3Cs (75 kDa each) bind to one antibody, antibody:DT3C at 2000 ng/mL
corresponds to 13 nM. Representative results of triplicate independent experiments. Data represent
AVG ± SD.
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7. Challenges for Next Generation of Antibody Drug Conjugates

Optimization of monoclonal antibody, linker, and cytotoxic payload, as well as increased retention
and enhanced penetration to the target cells are key factors associated with improved next generation of
ADCs that will enhance efficacies and reduce side effects [71–74]. Moreover, one of the critical features
to consider for development of ADCs as drug delivery modalities is drug-to-antibody ratio (DAR).
For instance, high DAR affects antibody structure and stability, and low DAR can decrease efficacy;
therefore, in most cases, their DAR values are restricted to the manageable ranges [80,81]. Recently,
Ogitani et al. reported that a HER2-targeting ADC termed DS-8201a was successfully conjugated
with 8 molecules of novel topoisomerase I inhibitors per antibody, and that this ADC exhibited potent
anti-tumor activities in a wide range of HER2-positive animal models with favorable pharmacokinetics
and safety profiles [82]. To maximize drug load and minimize structural changes and instability of the
monoclonal antibody, one avenue to explore is generation of ILP.

8. Application of Functional Monoclonal Antibodies as Immunoliposomes

There are numerous advantages to liposomes, such as biocompatibility, biodegradability,
low toxicity, and their capacities to encapsulate both hydrophilic and hydrophobic drugs [83,84].
Conventional liposomes are phospholipid bilayers that are composed of certain molar ratios of
phospholipids and cholesterols with drugs entrapped inside. To prolong blood circulation time and
reduce uptake by the cells of the reticuloendothelial system, polyethylene glycol (PEG) was added
to the surface of the liposomes termed “stealth” liposomes. Consequently, multiple formulations of
conventional and PEGylated liposomes have been FDA-approved including Doxil®, DaunoXome®,
Depocyt®, Marqibo®, Onivyde® and Vyxeos® for various forms of cancer, as well as Amphotec®

and Ambisome® for fungal infections [85–88]. Potential candidates for liposomal encapsulation
include clinically approved or presently developed therapeutic agents for treatment of cancer,
neurodegenerative diseases, cardiovascular diseases, inflammation, and infections [89,90]. Moreover,
combined with imaging modalities, such as magnetic resonance imaging (MRI), ultrasound,
single-photon emission computed tomography (SPECT), and positron emission tomography (PET),
MRI- or ultrasound-contrast agents, as well as radionuclides can be encapsulated into the liposomes
for diagnostic, therapeutic, and potentially theranostic application [91–94].

To introduce novel functionalities to the liposomes, monoclonal antibodies or their fragments,
such as fragment antigen-binding (Fab) or scFv, are conjugated to the liposomal surface to generate
ILPs [95,96]. Given the clinical success of Doxil® (PEGylated liposome encapsulating anti-cancer
agent doxorubicin) [97], next endeavor was active targeting to attain improved drug delivery and
therapeutic efficacy. Park et al. generated anti-HER2 ILP that encapsulated doxorubicin, and reported
identical prolonged blood circulation compared with control PEGylated liposome without antibody
conjugation, as well as enhanced therapeutic outcomes in four different HER2-overexpressing tumor
xenograft models [98]. Furthermore, anti-HER2 ILP that encapsulated paclitaxel and rapamycin
also demonstrated controlled tumor growth in a mouse orthotopic HER2-positive SKBR3 xenograft
model [99]. Conversely, a lack of increased anti-tumor activity after ILP administration has also
been reported [100]. Considering the heterogenous and complex nature of cancer, drug delivery,
tumor accumulation of the ILPs, internalization of the encapsulated drugs, and multiple additional
factors combined contribute to therapeutic efficiencies [101–104]. Collectively, ILP is a bifunctional
modality that possesses the qualities of antibody and liposome with unequivocal potential for targeting
specificity and delivery of immensely encapsulated drugs.

In addition to development of cancer therapeutics, at the preclinical level, another intriguing
concept is delivery of drugs across the blood brain barrier (BBB) into the brain by using ILPs. The BBB,
where cell membrane proteins involved in receptor-mediated transcytosis, such as transferrin receptor
and insulin receptor are expressed, is a selective barrier between systemic blood circulation and brain
parenchyma [105–108]. Recently, Johnsen et al. reported that intravenous injection of OX26 (a mouse
anti-rat CD71/transferrin receptor monoclonal antibody)-conjugated and oxaliplatin-encapsulated
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liposome resulted in higher concentration of platinum in the rat brain parenchyma compared to
the control ILP [109]. We have also tested the application of functional monoclonal antibody as an
ILP whereby purified 6E1 antibody was conjugated with DiOC18(3)-encapsulated liposome, and the
resulting ILP was applied to A172 cells. We observed 5.01-fold increase of cellular uptake at 60 hrs
after treatment of 30 μM 6E1-conjugated liposome when compared with the control ILP (Figure 3).
Alternatively, HIRMAb (a rabbit anti-insulin receptor monoclonal antibody)-conjugated liposome
encapsulating plasmid encoding β-galactosidase was generated, and intravenously injected to Rhesus
monkey to demonstrate global expression of β-galactosidase in the primate brain [110,111]. Given the
nearly impermeable nature of the BBB, successful drug delivery to the brain through receptor-mediated
transcytosis and subsequently to the neurons through endocytosis promises to unlock innovative
advancements toward ameliorating neurodegenerative diseases.

 

Figure 3. Cellular uptake of 6E1-conjugated liposome. (a) Schematic diagram of cellular uptake
procedure. Liposomes were initially generated through dissolution of lipids in ethanol, injection of the
ethanol solution into aqueous buffer, and extrusion through polycarbonate membranes. Following
the extrusion, the liposomes were conjugated with 6E1 or control mouse IgG (mIgG) antibodies,
and fluorescently labeled with DiOC18(3). A172 cells and ILPs were simultaneously transferred to
a 96-well plate. The cells were treated with the indicated phospholipid (PL) concentrations of ILPs
(n = 3 per treatment), and incubated at 37 ◦C for 3 days. Phase contrast and fluorescent images were
acquired by using IncuCyte ZOOM (Essen BioScience, Inc.; Ann Arbor, MI, USA). Green fluorescent
areas were determined as percentage of green object confluency (GOC). (b) Enhanced uptake of
6E1-conjugated liposome. At 100 μM, 6E1-conjugated liposome was significantly taken up by the
cells, and mIgG-conjugated liposome also demonstrated gradual increase of cellular uptake. At 30 μM,
6E1-conjugated liposome demonstrated recurrent increased cellular uptake while the control remained
relatively low. At 10 μM, cellular uptake of both ILPs remained constantly similar. Representative
results of triplicate independent experiments. Data represent AVG ± SD. (c) Ratio of GOC between
6E1-conjugated and control mIgG-conjugated liposomes. If there was no difference in cellular uptake
between these ILPs, then the ratio would remain at 1 as indicated by dotted lines. The most enhanced
difference was observed at 30 μM liposomal concentration wherein 6E1-conjugated liposome exhibited
5.01-fold (60 hrs) increase of the cellular uptake when compared to the control. Representative results
of triplicate independent experiments.
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9. Future Directions

A common theme among optimized ITs, ADCs, and ILPs is the quality of monoclonal antibody,
and there will always be a need to generate the antibody that is translatable to the clinic. As described
in this review, a proper screening strategy to pinpoint the antibody of interest is critical. Our cell-based
IT screening system closely resembles the structural compositions of ITs and ADCs. As we expand our
knowledge on critical features associated with methodological efficiencies and therapeutic efficacies,
we can design and modify the screening strategies accordingly including inclusions of antibody phage
display and single B cell antibody technologies. These advancements allow us to evaluate multiple
feasibilities to maximize the potentials of the antibodies including, but not limited to, ITs, ADCs,
and ILPs.

10. Conclusions

In this review, we described a current status of ITs, including our application of ITs as a cell-based
IT screening system to obtain monoclonal antibodies that are suitable for further development.
Our screening system, which exploits unique characteristics of antibody and engineered toxin DT3C,
is a strategy to identify and isolate hybridomas that produce monoclonal antibodies that bind to cell
surface molecules and are internalized into the cells to induce cytotoxicity. This system, both rapid
and direct, is a platform for discovery of novel IT-, ADC-, and ILP-compatible monoclonal antibodies
in vitro.
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Abstract: Stenodactylin is one of the most potent type 2 ribosome-inactivating proteins (RIPs); its high
toxicity has been demonstrated in several models both in vitro and in vivo. Due to its peculiarities,
stenodactylin could have several medical and biotechnological applications in neuroscience and cancer
treatment. In this work, we report the complete amino acid sequence of stenodactylin and 3D structure
prediction. The comparison between the primary sequence of stenodactylin and other RIPs allowed us
to identify homologies/differences and the amino acids involved in RIP toxic activity. Stenodactylin
RNA was isolated from plant caudex, reverse transcribed through PCR and the cDNA was amplificated
and cloned into a plasmid vector and further analyzed by sequencing. Nucleotide sequence analysis
showed that stenodactylin A and B chains contain 251 and 258 amino acids, respectively. The key amino
acids of the active site described for ricin and most other RIPs are also conserved in the stenodactylin
A chain. Stenodactylin amino acid sequence shows a high identity degree with volkensin (81.7% for
A chain, 90.3% for B chain), whilst when compared with other type 2 RIPs the identity degree ranges
from 27.7 to 33.0% for the A chain and from 42.1 to 47.7% for the B chain.

Keywords: 3D structure; plant toxin; primary sequence; ribosome-inactivating protein; stenodactylin;
toxic lectin

Key Contribution: The complete amino acid sequence and 3D structure prediction of stenodactylin
are essential because of their potential medical and biotechnological applications in neuroscience and
cancer treatment.

1. Introduction

Ribosome-inactivating proteins (RIPs) are a family of enzymes widely spread throughout the plant
kingdom. RIPs are found in different angiosperms and are also present in some fungal and bacterial
species [1]. Many RIP-producing plants have been used for centuries in traditional medicine, and they
are still used in folk medicine against several pathologies [2,3]. RIPs possess rRNA N-glycosilase
and polynucleotide: adenosine glycosilase activities; RIPs are able to remove one or more adenine
from rRNA and several other polynucleotide substrates, thus causing ribosome damage and cell
death [1,4,5]. Based on their structure, RIPs are divided into two main groups: type 1 and type 2.
The first group consists of RIPs characterized by a single polypeptide chain, of about 30 kDa, with
enzymatic activity. The second group includes toxins, with molecular weight of 60–65 kDa, consisting
of two polypeptide chains: an enzymatically active A-chain, with properties similar to type 1 RIPs,
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linked through a disulfide bond to a B-chain with lectin properties. The B-chain has strong affinity for
sugar moieties on the cell surface and can facilitate the entry of the toxin into the cell, thus conferring
to many type 2 RIPs high cytotoxic effect [6].

Amongst type 2 RIPs, one of the most potent is stenodactylin, purified from the caudex of
Adenia stenodactyla Harms, a tropical plant belonging to the Passifloraceae family. This RIP has a high
enzymatic activity toward ribosomes and herring sperm DNA substrates and is specific for galactose [7].
Interestingly, stenodactylin showed a very low median lethal dose for mice, 2.76 μg/kg at 48 h [7],
comparable or lower than the LD50s reported in the literature for ricin, ranging from 2 to 22 μg/kg [6].

Like other RIPs purified from Adenia species, namely, modeccin and volkensin [8], stenodactylin
is retrogradely transported when injected into the central nervous system [9]. This property could
have several medical and biotechnological applications in the field of neuroscience to selectively lesion
specific neurons.

It has been reported that in a neuroblastoma cell line, stenodactylin can induce multiple cell death
pathways, involving mainly apoptosis, but also necroptosis and the production of free radicals [10].
Similar results have been recently obtained in acute myeloid leukemia cells, in which stenodactylin
can elicit a rapid stress response with production of pro-inflammatory factors and oxidative stress
leading mainly to apoptosis, but also triggering other cell death pathways [11].

RIPs have been studied for many years because of their therapeutic use as toxic moieties of
immunotoxins, chimeric molecules obtained conjugating a cytotoxic RIP to a specific carrier, mainly
a monoclonal antibody, thus allowing for the selective killing of target cells. Immunotoxins have
been included in several clinical trials against various diseases, often achieving promising results,
especially in the treatment of hematological neoplasms [12,13]. Due to its high cytotoxic potential,
stenodactylin could represent an ideal candidate both as toxic moiety of immunotoxins for the
treatment of cancers, and as a single agent for loco-regional treatments. In order to envisage such uses,
the knowledge of the primary sequence of stenodactylin and the comparison with the amino acid
sequence of other RIPs are essential, thus providing useful information about cell interaction and the
toxicity mechanism of stenodactylin.

Through comparing amino acid sequences of RIPs, a high similarity can be observed between type
1 and the A chains of type 2 RIPs and among the B chains of type 2 RIPs. However, the primary structure
homologies can vary from 15 to 80% between RIPs from different species [14]. X-ray diffraction analyses
showed that the 3D-structures of RIPs are well conserved, with differences in the only C-terminal
region and the surface loop structure. Ricin was the first RIP to be analyzed by X-ray diffraction.
Ricin A chain is a globular protein that is folded into three domains that largely exhibit α-helical
and β-strand structures [15]. The A chain includes two N-glycosylation sites (Asn10-Phe11-Thr12
and Asn236-Gly237-Ser238), but these sites do not appear to be important for proper folding [16].
Ricin B chain consists of two topologically similar domains (lectins), composed by four subdomains
(1λ, 1α, 1β and 1γ for domain 1 and 2λ, 2α, 2β and 2γ for domain 2). Only 1α and 2γ subdomains
demonstrated galactose-binding activity through a network of hydrogen bonds [15].

Crystallization and preliminary X-ray diffraction data analyses of stenodactylin have already
been reported [17], but very little is known about the protein sequence level. Only the first 22 and 21
amino acid residues of the A and B chains have been determined using direct Edman degradation.
A protein sequence alignment between stenodactylin, modeccin (A. digitata), lanceolin A1, lanceolin A2
(A. lanceolata) and volkensin (A. volkensii) showed that the A chain of stenodactylin shares 21/21 identity
with lanceolin A2 and 15/21 with volkensin. The identity among the B chains is also very high, except
for the first three N-terminal residues; the sequence Asp-Pro-Valis present only in the stenodactylin
and volkensin B chains [7].

In this work we report the complete amino acid sequence of stenodactylin. The comparison of the
stenodactylin primary sequence with that of the other RIPs and the homology degree allowed us to
identify the amino acids directly or indirectly involved in RIP toxicity.
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2. Results

2.1. Stenodactylin Gene Sequence

Based on of the N-terminal amino acid sequences of the A and B chains of stenodactylin previously
obtained by Edman degradation [7] and based on the amino acid sequence of volkensin (CAD61022),
five specific primers were designed for the PCR amplification of stenodactylin cDNA (see Section 4.2.1).
Three primer pairs were used to amplify the A chain (STA2-STB1R), the A chain with part of the B chain
(STA2-STB3R) and the B chain (STB1-STB5R) of stenodactylin. The fragments corresponding to the
stenodactylin gene ends presented a homologous overlapping region. The sequence information was
analyzed using the algorithms available at http://expasy.org [18]. Excluding the nucleotide sequence
coding for the signal peptide, the full-length caudex cDNA sequence analysis revealed that stenodactylin
is encoded by a 1572-bp open reading frame (ORF) that encoded a polypeptide of 524 amino acids
(Figure 1). Only the first 11 amino acids were obtained exclusively by Edman degradation.

Figure 1. Full length sequence and derived amino acid sequence of the stenodactylin gene. The A chain
is presented in black; the B chain is presented in blue and the sequence of the connecting peptides is
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presented in red. The amino acid sequences obtained by Edman degradation, as described in [7],
are underlined. Numbering refers to the position of the amino acids in the mature A and B chains.
The cDNA sequence for stenodactylin was submitted to GenBank (accession number: MT580807).
The letter “n” means “unknown nucleotide residue”, being the amino acid sequence obtained exclusively
by Edman degradation.

The gene contains 753 bp that encode the A chain (251 amino acid residues with a calculated
relative molecular mass (Mr) of 28,420.32) and 774 bp that encode the B chain (258 amino acid residues
with a calculated Mr of 28,567.34) separated by a sequence of 45 bp that encodes the connecting peptide
(Figure 1). The probable C-terminal end of the A chain and the connecting peptide were estimated
based on the homology with volkensin.

Stenodactylin contains a total of 15 cysteine residues. The A chain includes Cys9, Cys157
and the C-terminal Cys246, which is involved in the intermolecular disulfide bond. The B chain
includes 12 cysteines (Cys4, Cys20, Cys39, Cys59, Cys63, Cys78, Cys149, Cys162, Cys188, Cys191,
Cys195, Cys206), eight of which (Cys20-Cys39, Cys63-Cys78, Cys149-Cys162, and Cys188-Cys206)
form conserved intramolecular disulfide bridges; one cysteine (Cys4) at the N-terminal binds to the
A chain. The amino acid residues that are important for the enzymatic activity of RIPs were conserved
within the sequence of the A chain of stenodactylin (Tyr74, Tyr113, Glu163, Arg166, and Trp200).

In addition, based on the online program NetNGlyc1.0 [19], two possible glycosylation sites were
detected at position Asn93-Gly94-Thr95 and Asn133-Val134-Thr135 in the B chain. This is noteworthy
because, although N-glycosylation does not affect the catalytic activity of RIPs, it can affect their
intracellular routing, their cytotoxicity and their immunogenicity [20,21].

Based on the amino acid sequence, the secondary structure was predicted by the highly accurate
PSIPRED algorithm for protein secondary structure prediction [22]. The 509 amino acid-long protein
was calculated to have 25.7% extended strands, 21.6% α helices and 52.7% random coils, with α-helix
structures mainly present in the A chain (Figure 2).

Figure 2. Secondary structure analysis of stenodactylin A and B chains. The secondary structure
motifs were predicted using the PSIPRED Protein Structure Prediction Server. The predicted helix
(H, pink) and strand (E, yellow) structure elements and randomly structured coil regions (C) of the
target sequences are displayed according to the symbols shown in the legend. The confidence levels of
the prediction are reported in the figure.

The stenodactylin polypeptide sequence was aligned with volkensin using the Clustal Omega
software [23]. A comparison of the amino acid sequence of stenodactylin with volkensin showed
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86.1% amino acid identity (Figure 3). This homology was not surprising because these two RIPs were
purified from plants belonging to the same genus (Adenia). The results show higher identity between
the B chains (90.3%) than between the A chains (81.7%). In addition, the A chain of stenodactylin
contains one more cysteine at position 9 compared with volkensin. The B chains of both stenodactylin
and volkensin contain 12 cysteine residues.

The catalytic key residues that are involved in the enzymatic mechanism and the 25 amino acids
that are involved in the active center of the A chain (Figure 3) are almost conserved, except for Ala199
and Ala245, in stenodactylin, which are replaced with Gln198 and Val244, in volkensin.

Figure 3. Alignment between stenodactylin and volkensin (GenBank CAD61022). Identical residues (*),
conserved substitutions (:) and semiconserved substitutions (.) are reported. The A and B chains are
presented in black; the sequence of the linker peptides is presented in gray. The putative amino acids
that are present in the active site pocket (boxed in red) or in the galactoside-binding sites (boxed in blue),
those involved in substrate binding or catalysis (highlighted in red), those involved in sugar binding
(highlighted in blue), and those involved in disulfide bridges (highlighted in yellow) are represented,
and they were assigned by comparison with the structure of ricin (accession no. 2AAI, 3RTI and 3RTJ).
The dash indicates a gap introduced into the sequences to maximize alignments.

2.2. Structure of Stenodactylin

To ascertain the main structural characteristics of stenodactylin, a three-dimensional structure
was predicted by comparative modelling using several type 2 RIP crystal structures as templates.
The selected best model was found to have a confidence score (C-score) of 0.64, template modelling
(Tm) score of 0.80 ± 0.09, and root-mean-square deviation (RMSD) of 6.0 ± 3.7 Å, which satisfied the
range of parameters for molecular modelling.

Even though stenodactylin shares a low amino acid sequence identity with both ricin and abrin-a
(Table 1), it has a 3D structure similar to that of ricin [24] and abrin-a [25] (Figure 4, Figure S2).
Stenodactylin is formed by a 251 amino acid A-chain bound to a B-chain of 258 amino acids by a
disulfide bond in which Cys246 of the A chain and Cys4 of the B-chain participate.
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Table 1. Identity of eight type 2 RIPs and three type 1 RIPs with stenodactylin.

RIP Name
Identity (%)

Stenodactylin
A Chain

Identity (%)
Stenodactylin

B Chain

Identity (%)
Stenodactylin

Whole Molecule

Type 2

Volkensin 81.7 90.3 86.1
Ricin 31.4 47.7 40.3

Viscumin 31.0 46.0 38.1
Abrin a 31.2 44.6 37.9

Riproximin 27.7 43.3 35.8
Cinnamomin 33.0 42.1 37.3

Ebulin l 28.7 44.2 36.5
Nigrin b 29.0 43.9 36.5

Type 1
Saporin 18.9
Dianthin 18.1

Momordin 24.0

Figure 4. Structure of stenodactylin compared with ricin. (a) Amino acid sequence alignment of the
A and B chains of stenodactylin and ricin. The β strands (blue), the α helices (red) and the cysteines
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involved in the disulfide bonds (highlighted in yellow) are indicated. The helices are labelled A to
I and the strands of the β sheets are labelled a to h in the A chain. The domains and subdomains in
the B chain are also indicated. Identical residues (*), conserved substitutions (:) and semiconserved
substitutions (.) are reported. The cartoons represent the different structural motifs in both A and
B chains. (b) Three-dimensional structure of stenodactylin compared with ricin (Protein Data Bank
accession no. 2AAI). The three-dimensional structural modelling was carried out on the I-TASSER
server and the figure was generated using Discovery Studio 2016. The α helices (red), the β chains
(cyan), and the coils (grey) are represented. The helices are labelled A to I and the strands of the β

sheets are labelled a to h in the A chain. The structural domains and subdomains in the B chain are also
indicated. Arrows indicate the position of the disulfide bond linking A and B chains.

The A chain can be divided into three folding domains that come together creating a deep active
site pocket. This is common, not only to A-chains of type 2 RIPs but also to type 1 RIPs [26]. Domain 1
extends from the N-terminus to residue 109 and consists of six β-strands (strands a to f) and two
α-helices (helices A and B) alternating in the order aAbcdeBf (Figure 4a). The six β-strands are
arranged in a β-sheet of antiparallel strands sitting on domain 2 (Figure 4b). In domain 1, the Tyr74
that participates in the binding of adenine is located. Domain 2 is composed of residues from 110
to 199 and consists of five α-helices (C–G helices) containing the catalytic amino acids Glu163 and
Arg166 and the other amino acid that binds adenine (Tyr113). Domain 3 extends from residue 200 to
the C-terminus and consists of an α-helix-β-fork-α-helix (HghI) motif that is characteristic of A chains
of type 2 RIPs and type 1 RIPs derived from type 2 RIPs by B-chain deletion. This structural motif has
been related to the ability of these proteins to cross membranes [26] and contains the Trp200 that closes
the active site.

Stenodactylin B-chain is composed of two homologous lectins, each of them consisting of four
subdomains, λ, α, β and γ (Figure 4a). Subdomain 1λ (residues 1 to 9) participates in the disulfide
bonding of the A- and B-chains and subdomain 2λ (residues 131 to 137) connects the two lectins of the
B-chain. Lectin 1 contains the homologous subdomains 1α (residues 10 to 56), 1β (residues 57 to 94) and
1γ (residues 95 to 130), which are organized in a β trefoil fold. Each subdomain consists of a β-strand,
a β-fork, and another β-strand. The β-strands form a six-strand β-barrel and the three β-forks form
a lid on the barrel (Figure 4b, Figure 5). This structure is repeated in lectin 2 with subdomains 2α
(residues 138 to 178), 2β (179 to 221) and 2γ (221 to 258). The central structure of the β-strands of
lectins 1 and 2 is very similar in stenodactylin and ricin, while the main differences are found in the
loops that stand out from these central structures (Figure 4b).

 

Figure 5. Structure of stenodactylin B chain. The three-dimensional structural modelling was carried
out on the I-TASSER server and the figure was generated using Discovery Studio 2016. The structural
domains and subdomains in the B chain are indicated.

2.3. Sequence Comparison between Stenodactylin and Other RIPs

The sequence of stenodactylin was aligned and compared with the sequences of other RIPs,
including both type 2 (toxic and non-toxic) and type 1.
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The alignment and comparison are important (i) to identify both conserved and non-conserved
amino acids, (ii) to understand the degree of evolutionary change and (iii) to detect amino acids that
are important for their enzymatic activity.

The amino acid sequence of stenodactylin was aligned with the amino acid sequences of toxic
type 2 RIPs (e.g., volkensin, ricin, abrin, viscumin, riproximin) and non-toxic (e.g., cinnamomin,
ebulin l and nigrin b) that have been reported in GenBank (Table 1, Figure 6). The multiple alignment
analysis showed that, in all RIP evaluated, the B chains contain eight cysteine residues, involved in
four conserved intramolecular disulfide bridges, and the B chain N-terminal cysteine that forms the
intermolecular disulfide bridge between the A and B chains. Furthermore, the catalytic key residues
(Tyr74, Tyr113, Glu163, Arg166, Trp200 in stenodactylin) that are involved in the enzymatic mechanism
and the binding of adenine are conserved in all A chains of the RIPs.

Figure 6. Protein sequence alignment of stenodactylin with volkensin (accession no. CAD61022),
ricin (accession no. P02879), abrin a (accession no. P11140), cinnamomin I (accession no. AAF68978),
viscumin (accession no. P81446), riproximin (accession no. CAJ38823), ebulin l (accession no.
CAC33178), and nigrin b (accession no. P33183). Identical residues (*), conserved substitutions (:)
and semiconserved substitutions (.) are reported. The A and B chains are presented in black and the
sequence of the connecting peptide is presented in red. The putative amino acids that are present in the
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active site pocket (boxed in red) or in the galactoside-binding sites (boxed in blue), those involved in
substrate binding or catalysis (highlighted in red), those involved in sugar binding (highlighted in
blue), and those involved in disulphide bridges (highlighted in yellow) are represented, and they were
assigned by comparison with the structure of ricin (accession no. 2AAI, 3RTI and 3RTJ). Dashes denote
gaps introduced into the sequences to maximize alignments.

Table 1 reports the identity between stenodactylin with toxic and non-toxic type 2 RIPs and type 1
RIPs. The results show that there is a high percentage of identity between the A and B chains of
stenodactylin and volkensin. All other identities were lower, ranging from 27.7 to 33.0% for A chains
and from 42.1 to 47.7% for B chains. The identity with type 1 RIPs is very low, being 18.1, 18.9 and
24.0% with dianthin, saporin and momordin, respectively.

The sequence of A- and B-chains of stenodactylin compared with the logos of type 2 RIPs from
28 plant species are shown in Figure 7. These logos are representative of all type 2 RIPs of the
plant kingdom as each species is represented by one, two or three sequences. The A chain is the
least conserved, but still has 24 almost invariable amino acids (with a frequency greater than 90%).
Four of these amino acids are located in the active site (Tyr143, Glu201, Arg204 and Trp241 of the logo,
which correspond to the residues Tyr113, Glu163, Arg166, and Trp200 of stenodactylin). It is worth
mentioning that residue 98 in the active site is frequently (83%) Tyr (Tyr74 in stenodactylin), but it may
be replaced by other amino acids. Ser245 (204 in stenodactylin) is not in the active site but is adjacent to
and stabilizes the Trp of the active site. The other invariant amino acids are located outside and away
from the active site and it has been postulated that they could participate in the internal dynamics of
the enzyme [26]. Stenodactylin has two changes in these amino acids (Pro57 and Ala291 in the logo are
Arg38 and Ser240 in stenodactylin, respectively).

The B chain is much more conserved (Figure 7) and has 52 amino acids with a frequency greater
than 90%, and only changes Leu116 by Arg103 in stenodactylin. Some of these amino acids are located
in the 1α (Asp27, Val28, Asn51, Gln52 that correspond to residues 22, 23, 46 and 47 of stenodactylin)
and 2γ (Asp268, Val269, Leu276, Gln291 which correspond to residues 232, 233, 240 and 254 of
stenodactylin) sites, but most of them are outside and even away from sugar binding sites. It has been
suggested that these amino acids could complete the symmetry of both β trefoils or could constitute a
structure that expands from the 1α site to the 2γ site participating in a network of protein motions
that functionally connect both sugar binding sites [26]. Finally, it should be mentioned that only four
amino acids directly involved in the binding of sugars (Asp27 and Asn51 in the 1α site, Asp268 and
Val269 in the 2γ site) are highly conserved.
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Figure 7. Sequence logos of the A and B chains of type 2 RIPs. The sequence logo representation of the
alignment of the A and B-chain sequences from 46 representative type 2 RIPs belonging to 28 plant
species was created as indicated in the “Materials and Methods” section. Letter height is proportional
to the frequency of that amino acid at that position in the alignment respect to all the amino acids;
letter width is proportional to the frequency of that amino acid but includes gaps. The sequence of
stenodactylin is indicated above the logos.

2.4. Phylogenetic Analysis

To understand the relationship between stenodactylin and other type 1 and type 2 RIPs (both toxic
and non-toxic), phylogenetic trees were constructed based on the amino acid sequences of the A
and the B chains of 11 families (Passifloraceae, Euphorbiaceae, Olacaceae, Theaceae, Lauraceae,
Iridaceae, Santalaceae, Cucurbitaceae, Fabaceae, Asparagaceae and Adoxaceae) (Figure 8). The B-chain
phylogenetic tree proved to be more reliable, with higher bootstrapping values for most of the branches.
In this phylogenetic tree, proteins are segregated into two major clusters. One of them contains
the non-toxic RIPs from the genera Sambucus, Polygonatum, Momordica and Trichosanthes; the other
contains the toxic RIPs (including ricin and stenodactylin) but also non-toxic RIPs from the genera
Jatropha, Camellia, Cinnamomum, Iris and Trichosanthes. Although the A-chain phylogenetic tree displays
lower bootstrapping values (especially in the toxic RIP branch), it mostly reflects the B-chain tree.
These phylogenetic trees suggest that toxic RIPs, such as stenodactylin or ricin, may appear in the
evolution from a branch of non-toxic RIPs.
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Figure 8. Molecular phylogenetic analysis by the Maximum Likelihood method of representative A
and B-chain type 2 RIPs. The evolutionary history was inferred as indicated in the “Materials and
Methods” section. The sequences of representative type 1 RIPs and monomeric lectins were used as
the outgroup for the A and B chains, respectively. The name of the RIP (if any), the species and the
accession number are indicated. All the sequences were retrieved and processed as indicated in the
“Materials and Methods” section.
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3. Discussion

In this paper, the complete amino acid sequence of stenodactylin was determined. Moreover,
analysis of homology between stenodactylin and other RIPs was evaluated.

Sequence analysis showed that stenodactylin A and B chains contain 251 and 258 amino acids,
respectively, corresponding to calculated Mr of about 28 kDa for both chains. The sugar presence could
explain the difference between the molecular weight of the B chain based on the amino acid sequence
(28 kDa) and the molecular weight observed by electrophoretic mobility (32 kDa) [7]. As reported
for other type 2 RIPs, the A chain of stenodactylin contains only two lysines. Lysine residues are
potential ubiquitination sites, and the small number of lysines is important to avoid ubiquitination
and subsequent degradation [27]. In type 2 RIPs, the A and B chains are linked by a disulfide bridge
between two cysteines. In ricin, the two cysteines that are involved are Cys259 of the A chain and Cys4
of the B chain [28]. Similarly, in stenodactylin Cys246 of A chain forms the disulfide bridge with Cys4
of B chain.

Based on the ricin A chain sequence, the key residues of active site are Tyr80, Tyr123, Glu177, Arg180
and Trp211 [15,29]. Near the active site, six other amino acids are important and conserved in both mono
and bi-chain RIPs. These residues (Asn78, Arg134, Gln173, Ala178, Glu208 in ricin) are not directly
involved in the depurination mechanism, but they help maintain the catalytic conformation [28,30].
The same amino acids of the active site are also conserved in the stenodactylin A chain (Tyr74, Tyr113,
Glu163, Arg166, and Trp200).

As reported in the Introduction section, ricin B chain folds into two globular domains, each of
which is composed of three subdomains. Only 1α and 2γ subdomains are involved in the galactose
binding. The amino acids involved in the binding of galactose in the 1α site of ricin are Asp22, Asp25,
Gln35 and Trp37, while the ones constituting the 2γ binding site are Asp234, Val235, Ala237, Tyr248
and His251 (Figure 6) [31]. Analysis of stenodactylin showed that all the amino acids that are involved
in the first binding site of ricin are fully conserved (Asp22, Asp25, Gln35 and Trp37). In the 2γ
binding site of stenodactylin, two amino acids are changed, compared to ricin; Ala237 and Tyr248
are replaced with Glu235 and His246 in stenodactylin, respectively. The substitution of Tyr by His
was observed in volkensin [32], R. communis agglutinin [33] and P. multiflorum RIP [34]. Site-directed
mutagenesis studies on the ricin B chain demonstrated that the replacement of Tyr248 with His248
reduced its binding activity [35]. The presence of a positive charge within the 2γ binding site prevents
the hydrophobic interaction between the pyranose ring of galactose and the aromatic ring of Tyr; this
substitution reduced functionality [34]. Cinnamomin contains three substitutions in the 2γ binding
site compared with ricin (Gly239 for Ala237, Trp250 for Tyr248 and Thr253 for His251) (Figure 6).
While the first substitution was conserved and the second one was between two aromatic amino acids,
the third one removes a positive charge. As the lectin activity requires strictly conserved amino acids
in both the 1α and 2γ domains, their change may explain the reduced cytotoxicity of cinnamonin [36].
Consistently, Tyr248 in ricin is replaced with Phe249 in ebulin l. These changes reduce the affinity of
ebulin l for galactose-containing glycoproteins or glycolipids of the plasma membrane surface, thus
reducing the cytotoxicity of the molecule [37,38]. On the other hand, non-toxic type 2 RIPs that are
specific for sugars other than galactose have been reported. Thus, the tetrameric type 2 RIPs from
species of the genus Sambucus (SNAI, SEA and SSA) are specific for Neu5Ac/galactose [39] and Iris x
hollandica type 2 RIPs are specific for galactose/mannose [30]. In the case of the tetrameric RIPs from
Sambucus, only the 2γ site is functional, because the 1α site has an additional cysteine involved in the
linking between the two B-chains of the tetramer. Changes in the binding amino acids of the 2γ site,
Glu235 by Gln, His246 by Tyr and His249 by Thr or Asn (Figure S3), allow the binding of galactose
but also sialic acid [39]. In the type 2 RIPs from Iris x hollandica (IRAb and IRAr), changes occur in
both 1α and 2γ sites, e.g., Trp37 by Ser and His246 by Trp (Figure S3), which allow the binding of both
galactose and mannose [30].

All these data suggest that the 2γ binding site is important for the toxicity of RIPs, and any
changes in this site could affect RIP binding. However, this hypothesis does not correlate with the
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results obtained with stenodactylin. In fact, stenodactylin, despite a change in this subdomain, is one
of the most toxic RIPs.

According to the data reported in the literature [40], a high degree of identity was detected when
the B chain of stenodactylin was compared with other B chains (90.3% with volkensin and ranging
from 42.1 to 47.7% with the other RIPs). These data support the hypothesis that the B chain is a product
of a gene duplication event [41]. The comparison of the stenodactylin A chain sequence with type 1
RIPs showed a very low level of identity. As above reported, the stenodactylin A chain showed a low
degree of identity when compared with other type 2 RIP A chains, except for volkensin. Moreover,
the identity of the A chains was lower than the identity of the B chains. The homology between the
type 1 RIPs and the stenodactylin A chain was even lower than the identity calculated between the
stenodactylin A chain and other type 2 RIP A chains.

The high cytotoxic potential of stenodactylin together with its ability to elicit in cancer cells a
rapid stress response, leading mainly to apoptosis, but also triggering other cell death pathways,
makes stenodactylin an ideal candidate as a pharmacological molecule for drug targeting in the
experimental treatment of several cancer diseases. Due to its high systemic toxicity, native stenodactylin
could only be employed for loco-regional treatments in cancer therapy. However, stenodactylin A-chain
linked to a specific carrier by chemical conjugation or by genetic engineering, could find application
to specifically target tumor cells in systemic therapy [11]. Moreover, stenodactylin may have an
application in neurobiology. In fact, its characteristic retrograde transport in the peripheral nerves
and central nervous system and its ability to kill neurons through different death pathways could be
exploited to develop new molecular tools for experimental models of neurodegenerative diseases [9,10].

The knowledge of the stenodactylin sequence and structure may help to identify the amino acids
directly or indirectly involved in RIP toxicity, thus stimulating research about this protein.

4. Materials and Methods

4.1. Materials

Stenodactylin was purified from the caudex of Adenia stenodactyla as described by Stripe and
co-workers [7]. Adenia plants were purchased from Exotica Botanical Rarities (Erkelenz-golkrath,
Germany) and, if not used immediately on arrival, were kept in the greenhouse of the Botanical Garden
of the University of Bologna.

For RT-PCR analysis, the GenElute Mammalian Total RNA Kit and the primers were purchased
from Sigma-Aldrich (St. Louis, MO, USA). For stenodactylin sequence the total RNA was isolated
using the RNeasy Minikit, whereas the plasmids were purified by QIAfilter plasmid purification kit,
both purchased from Qiagen (Hilden, Germany). The PCR products were purified using the High Pure
PCR Product Purification kit obtained from Roche Applied Science (Penzberg, Germany). The reverse
transcriptase MuLV, the dNTPs were obtained from GeneAmp RNA PCR kit (Roche). The chemically
competent E. coli INVαF’ and the pCR®II cloning vectors were purchased from Invitrogen (Carlsbad,
CA, USA).

The iScript cDNA synthesis Kit and the SsoFast™ EvaGreen® Supermix were obtained from
Bio-Rad (Hercules, CA, USA). Other reagents used were from Merck (Darmstadt, Germany), Carlo Erba
(Milano, Italy) and from Sigma.

Protein concentration was determined by UVICON 860 Spectrophotometer (Kontron Instruments,
Milano, Italy). The DNA content was determined by a Beckman DU 640 spectrophotometer (Beckman,
Brea, CA, USA). RT-PCR was performed using the CFX96 Real-Time PCR System (Bio-Rad).

PCR was conducted using the thermal cycler PCR system 2400 (Perkin Elmer, Waltham, MA,
USA). Using DNA sequencing software, a search for sequence similarity was performed with the
BLAST program available online [42]. The multiple sequence alignment program Clustal Omega [23]
was used to detect the extent of sequence conservation and the secondary structure prediction was
carried out using PSIPRED [22]. Glycosylation sites were predicted using the NetNGlyc1.0 server [19].
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4.2. Methods

4.2.1. Synthesis of cDNA

The caudex of A. stenodactyla was disrupted using mortar and pestle and grinded to a fine powder
under liquid nitrogen. Approximately 100 mg of total RNA was isolated using the RNeasy Minikit
(Qiagen) according to the manufacturer’s instruction. Poly(A)-rich RNA was reverse transcribed using
the synthetic oligonucleotide T1 (5′ CGTCTAGAGTCGACTAGTGC(T)20 3′). Approximately 2 μg of
total RNA and 1 μL of RNAse inhibitor were incubated at 65 ◦C in a thermal cycler for 5 min. It was
later cooled on ice for 1 min and 15 μL of reaction mixture containing: 1 × PCR Buffer II, 5 mM of
MgCl2, 1 mM of each dNTP, 10 μM of T1, and 2.5 U/μL of MuLV reverse transcriptase (RNA PCR kit.
Roche) was added. The reaction mixture was incubated for 20 min at 23 ◦C, then for 20 min at 42 ◦C,
and finally 5 min at 99 ◦C.

The specific primers for the stenodactylin gene sequence were designed and synthesized based on
the volkensin sequences (Table 2). Three pairs of primers were used to amplify the full-length cDNA
sequence of stenodactylin: STA2-STB1R for A-chain; STA2-STB3R for A-chain and a piece of B-chain;
STB1-STB5R for B-chain.

Table 2. Primer sequence.

Primer Sequence

STA2 5′ GCCACGGTAGAGAGRTACACT 3′
STB1R 5′ AAGTCGTCTCCCCGGAAGGGC 3′
STB3R 5′ GGCGGGGTTGATGGTTCC 3′
STB1 5′ TGCCCTTCCGGGGAGACGACT 3′

STB5R 5′ TAGGAACCATTGCTGGTTGGA 3′

For cDNA amplification, 2 μL of the above-synthesize cDNA was used and 16 μL of master
mix and 0.5 μM of each primer were added. A typical reaction master mix included: 1 × PCR
buffer/Mg2+, 0.25 mM dNTPs Mix, 2.5 U Taq Polymerase (Biotools, Madrid, Spain). PCR amplification
was performed with the following conditions: an initial denaturation at 94 ◦C for 5 min, followed by
35 cycles of 94 ◦C for 30 s, 55–54 ◦C for 45 s and 72 ◦C for 2 min, and an additional extension of 10 min
at 72 ◦C.

About 5 μL of amplified products from each tube was analyzed on 0.8% agarose gel.
As reported in Figure S1, the amplicons of expected size (about 0.85 kb for the A and B chains

alone and about 1.1 kb for the combined A and small segment of B chains) were obtained, and the PCR
products were purified using the High Pure PCR product Purification Kit (Roche) according to the
manufacturer’s instruction.

4.2.2. cDNA Cloning and Sequence

The three purified PCR fragments were ligated into the pCR®II vector and then were used to
transform the Chemically Competent E. coli INVαF’ (Invitrogen) according to the manufacturer’s
instructions. Two clones for each fragment were purified and sequenced using M13 primers.
DNA sequencing was carried out on the CENIT Support system (Villamayor-Salamnca, Spain).

4.2.3. Sequence Retrieval and Data Treatment

All the amino acid sequences of ribosome-inactivating proteins and lectins used in this study
are available in the National Center for Biotechnology Information (NCBI) sequence database
(https://www.ncbi.nlm.nih.gov/protein/), except those from sieboldin and SSA from Sambucus
sieboldiana (Miq.) Blume ex Graebn., which were obtained from [43,44], respectively. For the
representation logo and phylogenetic analysis, the signal peptide, and connecting peptide were
removed using the following criteria by order of preference: information in the data bank entry,
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information in the literature from N-terminal sequencing, comparison with other close related
sequences, and the use of the SignalP-5.0 Server (http://www.cbs.dtu.dk/services/SignalP/) [45].

4.2.4. Secondary Structure Prediction

The secondary structure was predicted using the PSIPRED Protein Structure Prediction Server
(http://bioinf.cs.ucl.ac.uk/psipred/) [22].

4.2.5. Sequence Alignment

Sequence alignment was performed using the ClustalW tool included in the Mega X suite
(https://www.megasoftware.net/) [23] with default parameters and edited manually to align the amino
acids Tyr, Tyr, Glu, Arg, Trp in the active site of the A-chains, and all the Cys in the B-chains. Then,
the sequences included between each pair of conserved amino acids were aligned automatically,
and finally the complete sequences as well. Multiple sequence alignments were graphically represented
by sequence logos [46] created with WebLogo 3 (http://weblogo.threeplusone.com/) [47]. The logos
were created by using the A and B-chain sequences from 46 representative type 2 RIPs belonging to
28 plant species and limited to three, the maximum number of sequences for each species. For the
representation of Figures 3, 4 and 6, the alignment was carried out using the Clustal Omega server
(https://www.ebi.ac.uk/Tools/msa/clustalo/) [48].

4.2.6. Protein Structure Studies and Graphical Representation

The structure of ricin (accession number 2AAI) is available in the Protein Data Bank (https://www.
rcsb.org/). Three-dimensional structural modelling of stenodactylin was carried out on the I-TASSER
server (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) [49]. Study and graph representations of
protein structures were performed with the aid of the Discovery Studio Visualizer suite (v16.1.0)
(https://www.3dsbiovia.com/).

4.2.7. Phylogenetic Analysis

The evolutionary histories of the A and B chains were inferred by using the Maximum Likelihood
method and either the Whelan and Goldman [50] (for the A chain) or the JTT matrix-based [51] (for the
B chain) models. The trees with the highest log likelihood (−13,115.61 for the A chain and −10,193.09 for
the B chain) are shown. The percentage of trees in which the associated taxa clustered together is shown
next to the branches. Initial trees for the heuristic search were obtained automatically by applying
Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the JTT model,
and then selecting the topology with superior log likelihood value. A discrete Gamma distribution was
used to model evolutionary rate differences among sites (two categories (+G, parameter = 1.9285 for
the A chain and 1.1766 for the B chain)). In the case of the A chain, the rate variation model allowed for
some sites to be evolutionarily invariable (+I, 1.01% sites). The trees are drawn to scale, with branch
lengths measured in the number of substitutions per site. This analysis involved 31 and 30 amino acid
sequences for the A and B chains, respectively. There was a total of 346 and 314 positions in the final
dataset for the A and B chains, respectively. Evolutionary analyses were conducted in MEGA X [23].

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/9/538/s1,
Figure S1: Isolation of stenodactylin amplicons, Figure S2: Superimposition of stenodactylin and ricin structures,
Figure S3: Alignment between the sugar-binding subdomains of stenodactylin, volkensin, ricin, abrin-a, SNAI,
SSA, SEA, IRAb and IRAr.
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Abstract: The epidermal growth factor receptor (EGFR) was found to be a valuable target on prostate
cancer (PCa) cells. However, EGFR inhibitors mostly failed in clinical studies with patients suffering
from PCa. We therefore tested the targeted toxins EGF-PE40 and EGF-PE24mut consisting of the
natural ligand EGF as binding domain and PE40, the natural toxin domain of Pseudomonas Exotoxin A,
or PE24mut, the de-immunized variant thereof, as toxin domains. Both targeted toxins were expressed
in the periplasm of E.coli and evoked an inhibition of protein biosynthesis in EGFR-expressing PCa
cells. Concentration- and time-dependent killing of PCa cells was found with IC50 values after 48 and
72 h in the low nanomolar or picomolar range based on the induction of apoptosis. EGF-PE24mut
was found to be about 11- to 120-fold less toxic than EGF-PE40. Both targeted toxins were more
than 600 to 140,000-fold more cytotoxic than the EGFR inhibitor erlotinib. Due to their high and
specific cytotoxicity, the EGF-based targeted toxins EGF-PE40 and EGF-PE24mut represent promising
candidates for the future treatment of PCa.

Keywords: prostate cancer; targeted toxins; epidermal growth factor; epidermal growth factor
receptor; Pseudomonas Exotoxin A

Key Contribution: We generated the first targeted toxins consisting of EGF as binding and the
enzymatic active domain of Pseudomonas aeruginosa Exotoxin A as toxin domain. The immunotoxins
showed high and specific cytotoxicity against EGFR expressing PCa cells and are promising candidates
for a future therapy of PCa.

1. Introduction

Prostate cancer (PCa) is the second most common malignancy in men worldwide. More than
1.27 million new cases and more than 358,000 deaths are expected from this tumor every year [1].
Primary tumors can be successfully treated by surgery or local radiation. However, despite improved
therapeutic options, such as androgen deprivation therapy, radiation, and chemotherapy, curative
treatment is no longer possible, once the tumor has spread [2].

In recent years, targeted therapy has been established as a new cornerstone beside the classical
treatment options for advanced PCa [3–5]. In the search for antigens that could serve as targets,
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the focus, among the prostate specific membrane antigen (PSMA) [5,6] or the prostate stem cell antigen
(PSCA) [7], has been on the epidermal growth factor receptor (EGFR) [8–10]. EGFR belongs to the ErbB
receptor tyrosine kinase family [11]. It is a 1186 amino acid transmembrane glycoprotein comprised of
an N-terminal 621 amino acid (aa) extracellular domain, a 23 aa transmembrane domain, and a 542 aa
cytoplasmic domain including tyrosine kinase activity and C-terminal phosphorylation sites [12,13].
Seven ligands were described to bind to EGFR: the epidermal growth factor (EGF), the transforming
growth factor α (TGFα), amphiregulin, betacellulin, epigen, epiregulin, and the heparin binding
EGF-like growth factor [14]. After ligand binding, EGFR homodimerizes or heterodimerizes with
other members of the ErbB family (HER2/ErbB2, ErbB3, or ErbB4) followed by autophosphorylation
of the intracellular tyrosine kinase domain and activation of signaling pathways associated with cell
proliferation, growth, differentiation, migration, and apoptosis inhibition [15].

EGFR signaling was found to play a major role in the tumorigenesis of PCa in view of
proliferation, survival, invasiveness, and metastasis [16–19]. In different studies, EGFR expression
was found in 18–75.9% of patients with prostate adenocarcinoma and in 100% of patients with
hormone-refractory metastatic disease [20–22]. EGFR overexpression was significantly associated with
Gleason score, recurrence, castration resistant disease, and poorer disease-free survival [20–22].
Moreover, EGFR mediates docetaxel resistance in human castration-resistant PCa through the
Akt-dependent expression of ABCB1 (MDR1) [23].

Different inhibitors against EGFR, like Erlotinib, Gefitinib, Vandetanib (which additionally
inhibits VEGF), and Lapatinib (which additionally inhibits HER2) were tested alone or in combination
with chemotherapy in phase II studies on patients with castration resistant PCa [24–27]. However,
results were disappointing and no or only low anti-cancer activity in some patients could be registered.
Treatment of patients with the anti-EGFR mAb Cetuximab plus Docetaxel were more promising. In 20%
and 31% of the patients, a >50% and >30% decline, respectively, of the serum tumor marker prostate
specific antigen (PSA) was reached with a significant improved progression-free survival in patients
with EGFR overexpression [28].

EGFR can not only serve as a target for antibodies or inhibitors, which are intended to downregulate
EGFR-dependent signaling pathways. Since EGFR is internalized into the cell after ligand or antibody
binding [29,30], it can also be used as a carrier for the targeted delivery of toxins that unfold their
cytotoxicity inside the cancer cells.

Various targeted toxins against EGFR were therefore generated in the past and tested against
different hematological and solid tumors. The anti-EGFR mAbs cetuximab or panitumumab, anti-EGFR
scFv thereof, TGFα, or EGF, were used as binding domains and enzymatic active domains of
ribosome-inactivating proteins, like Pseudomonas Exotoxin A, Saporin, Dianthin, or Diphtheria toxin,
were used as toxin domains (rev. in [31]). Yip and colleagues developed a conjugate consisting
of the chimeric murine-human mAb cetuximab bound to Saporin by a biotin-streptavidin linker.
Cytotoxicity against DU145 PCa cells was enhanced by photochemical internalization, leading to direct
release of the conjugate from the endo-lysosomal compartment into the cytosol [32]. Targeted toxins
consisting of the anti-EGFR scFv2112 from cetuximab or scFv1711 from panitumumab and the truncated
version of Pseudomonas Exotoxin A (ETA’) were also tested against different tumor entities, including
PCa. A high and specific cytotoxicity was determined on C4-2 PCa cells [29].

Due to the murine origin of their binding domains and the bacterial or plant origin of their toxin
domains, targeted toxins are considered immunogenic in patients, which makes clinical use risky [33].
In the present study, we therefore generated new recombinant anti-EGFR targeted toxins for the
treatment of PCa. We chose the natural human EGF ligand as binding domain and PE40, the C-terminal
part of Pseudomonas Exotoxin A (PE), lacking the CD91 binding domain I and consisting of the domains
II, Ib, and III with 40 kDa in size, as the toxin domain. Moreover, we generated a targeted toxin variant
with EGF and a de-immunized PE domain, called PE24mut. In this toxic domain of 24 kDa in size,
parts of domain II containing immunodominant B- and T-cell epitopes are deleted and only the furin
cleavage site is retained. Moreover, seven immunodominant B-cell epitopes of domain III are mutated
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to alanines (R427A, R458A, D463A, R467A, R490A, R505A, R538A) [34]. We tested the targeted toxins
EFG-PE40 and EGF-PE24mut on different PCa cell lines, representing advanced stages of the disease,
in view of protein biosynthesis inhibition, cytotoxicity and induction of apoptosis. We found that both
are promising candidates for further development to be used for the future treatment of PCa.

2. Results

2.1. Cloning, Expression and Purification of EGF and the Targeted Toxins EGF-PE40 and EGF-PE24mut

The natural EGF ligand and the targeted toxins EGF-PE40 and EGF-PE24mut were generated by
cloning EGF via NcoI/NotI restriction sites into the vector pHOG21 containing a c-myc and a His-tag
for detection and purification, followed by the insertion of the PE40 or PE24mut domains via XbaI
restriction site (Figure 1).

Figure 1. Cloning of EGF and the targeted toxins EGF-PE40 and EGF-PE24mut. Schematic representation
of (a) EGF, (b), EGF-PE40, and (c) EFG-PE24mut in the vector pHOG21. (Abbreviations: c-myc, human
c-myc tag; His6, hexahistidine tag; PelB, pel B leader for periplasmatic expression. * Mutations of amino
acids within immunodominant epitopes to alanine for de-immunization.

For expression and purification, vector DNA of EGF, EGF-PE40 and EGF-PE24mut was transformed
into E.coli XL-1 blue bacteria and purified via immobilized metal affinity chromatography (IMAC) with
a purity yield of approx. 95%, 82%, and 82%, respectively, as quantified by densiometric quantification
of the SDS gels (Figure 2a,c,e). Western Blot analysis using anti c-myc antibody clearly identified the
expression of the three proteins that appeared at their expected molecular masses in elution fractions,
namely EGF at 8.4 kDa, EGF-PE40 at 49.2 kDa and EGF-PE24mut at 34.7 kDa (Figure 2b,d,f).
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Figure 2. Expression and purification of EGF, EGF-PE40, and EGF-PE24mut. (a) SDS-PAGE and
(b) Western Blot of purified EGF found in the elution fractions E1-E4. (c) SDS-PAGE and (d) Western
Blot of purified EGF-PE40 found in the elution fractions E2-E4. (e) SDS-PAGE and (f) Western Blot of
purified EGF-PE24mut found in the elution fractions E2-E4. * elution fraction with highest purity used
for the following experiments. Abbreviations: E1–4, elution fractions 1–4; F, flow-through; M, marker;
PE, periplasmatic extract.

2.2. Binding of EGF-PE40 and EGF-PE24mut to Different PCa Cell Lines

EGFR expression was evaluated on the PCa cell lines LNCaP, DU145, and PC-3 by Western Blot
using anti-EGFR rabbit pAb (Figure 3a). Abundant EGFR expression was found in all three PCa lines
after flow cytometric analysis with 98.6% of positive population in LNCaP, 99.7% of positive population
in DU145 and 96.5% of positive population in PC-3 cells (Figure 3b).

Figure 3. EGFR expression and EGF binding to different PCa cell lines. (a) EGFR expression on different
PCa cell lines (LNCaP, DU145, PC-3) and CHO control cells as shown by Western Blot. (b) Flow
cytometric analysis of EGFR-positive cell populations in LNCaP, DU145, PC-3 and EGFR-negative
CHO cells. (c) Binding of EGF, EGF-PE40, and EGF-PE24mut to PCa cells at saturated concentration on
PSMA-negative CHO cells.
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Equilibrium dissociation constants (KD) of 3.8, 3.1, and 4.4 nM were determined for EGF on LNCaP,
DU145, and PC-3 cells, respectively (Figure 3c, Table S1). Compared to EGF, binding of EGF-PE40 was
28.6- to 76.1-fold reduced and binding of EGF-PE24mut was 6.0- to 11.9-fold reduced. No binding at
saturated concentrations was seen on PSMA-negative CHO control cells.

2.3. EGF-PE40 and EGF-PE24mut Inhibit Protein Biosynthesis

Since PE-based targeted toxins are known to inhibit the protein biosynthesis of target cells by
ADP-ribosylation of eEF-2 [35], we checked whether there was an inhibition of protein biosynthesis
in our cells lines after incubation with our constructs. Protein biosynthesis inhibition was analyzed
using puromycin before lysis of the intoxicated cells. The antibiotic puromycin acts as an analog of the
3′aminoacyl-tRNA, causing the formation of puromycylated nascent chains [36,37]. The inhibition of
protein biosynthesis can then be detected by Western Blotting using an anti-puromycin antibody. In all
EGFR-positive PCa cell lines, a stronger protein biosynthesis inhibition with EGF-PE40 compared to
EGF-PE24mut was found. Whereas EGF-PE40 led to nearly complete inhibition of protein biosynthesis
after the mentioned time intervals in all PCa cell lines, EGF-PE24mut showed only partial protein
biosynthesis inhibition in DU145 and PC-3 cells. No inhibition was observed in EGFR-negative CHO
cells (Figure 4).

Figure 4. Protein biosynthesis inhibition in PCa as shown by puromycin Western Blot. EGF-PE40
and EGF-PE24mut inhibited protein biosynthesis of LNCaP cells after 48 h incubation with 0.7 nM
EGF-PE40 or EGF-PE24mut, of DU145 cells after 72 h incubation with 1 nM of the targeted toxins,
and of PC-3 as well as CHO cells after 72 h incubation with 2 nM of the targeted toxins.

2.4. EGF-PE40 and EGF-PE24mut Reduce Cell Viability and Induce Apoptosis

Upon treatment of the PCa cells with EGF-PE40 or EGF-PE24mut, explicit morphological changes
were observed in the PCa cells pointing towards cell death, whereas no signs of cell death or
morphological changes were observed in CHO cells (Figure S1). Using WST-1 viability assay, we found
that EGF-PE40 and EGF-PE24mut specifically reduced the viability of all PCa cell lines in a time and
concentration dependent manner (Figure 5a, Table 1).

With EGF-PE40, IC50 values of 0.008 nM, 0.18 nM, and 0.86 nM were calculated for LNCaP, DU145,
and PC-3 cells after 72 h incubation, respectively. For EGF-PE24mut, IC50 values of 0.97 nM, 5.27 nM,
and 9.59 nM could be determined at the same time. Thus, they were about 11- to 120-fold lower
compared to the IC50 values of EGF-PE40. No reduction in cell viability was observed in EGFR-negative
CHO cells (Figure 5a, Table 1).
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Figure 5. EGF targeted toxins reduce cell viability and induce apoptosis. (a) EGFR-positive LNCaP,
DU145, PC-3 and EGFR-negative CHO cells were incubated with EGF-PE40 or EGF-PE24mut for
48 (LNCaP) or 72 h (DU145, PC-3 and CHO cells), respectively. Reduction of cell viability was calculated
by WST-1 assay. Mean values ± SEM of three independent experiments. (b) Western Blots of the
apoptotic markers PARP, cleaved PARP, Caspase-3 and cleaved Caspase-3 after incubation of the cells
with EGF-PE40 or EGF-PE24mut at the same time points. β-actin was used as loading control.

Table 1. IC50 values of EGF-PE40, EGF-PE24mut, and erlotinib on PCa cells. CHO cells served as
control. IC50 values, defined as half-maximal inhibitory concentrations, were determined using WST-1
viability assay and GraphPad Prism 7 software.

LNCaP DU145 PC-3 CHO

IC50(nM) IC50(nM) IC50(nM) IC50(nM)

24h 48h 72h 24h 48h 72h 24h 48h 72h 24h 48h 72h

EGF-PE40 2.31 0.04 0.008 2.71 0.31 0.18 9.67 0.64 0.86 >14.5 >14.5 >14.5

EGF-PE24mut >20.6 1.91 0.97 >20.6 8.52 5.27 >20.6 8.80 9.59 >20.6 >20.6 >20.6

Erlotinib nd >5750 nd nd nd >5750 nd nd >5750 nd nd >5750

To evaluate the cause of cell death, PARP cleavage and Caspase-3 cleavage were checked as
markers for apoptosis by Western Blot analysis. PARP and Caspase-3 cleavage were observed in
LNCaP (48 h), DU145 (72 h) and PC-3 (72 h) cell lines after treatment with EGF-PE40 and EGF-PE24mut
with tendency to a higher degree in EGF-PE40 treated cells. No PARP cleavage was observed in
CHO cells (Figure 5b). In contrast to the EGF-targeted toxins, the EGFR inhibitor erlotinib showed no
measurable cytotoxicity in the PCa cells up to a concentration of 5750 nM after 72 h (Table 1, Figure S2).
Thus, EGF-PE40 was more than 6680 to 140,000-fold and EGF-PE24mut more than 600 to 3000-fold
cytotoxic than erlotinib. Whole Western Blots including densitometry ratios are in Figure S3.

3. Discussion

We have successfully generated new targeted toxins that bind to EGFR and effectively induce
apoptosis in androgen-dependent and independent growing PCa cells, which represent different stages
of advanced disease [38].

Clinical studies with PE-based targeted toxins against various solid malignancies have shown
formation of anti-drug antibodies (ADA) against the non-human binding domains and against the
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bacterial toxin domains leading to dangerous side effects and discontinuation of therapy [39]. The focus
is therefore increasingly on the generation of targeted toxins with lower immunogenicity.

We used the natural ligand EGF as binding domain for our targeted toxins, which has the advantage
over murine or chimeric anti-EGFR antibodies or scFv (scFv) [32,40] that it should not be immunogenic
due to its human origin. As toxin domain, we used the naturally occurring cytotoxic domain of
Pseudomonas Exotoxin A, PE40, and a de-immunized variant thereof, called PE24mut, which was
shown to reduce the immunogenicity of the bacterial domain [34]. With the use of Pseudomonas
Exotoxin A, we exploited the originally harmful properties of this virulence factor, which developed
during evolution, for the therapy of cancer cells [41]. These properties include the formation of a
furin cleavable motif within domain II for effective endosomal release of the toxin domain and a
N-terminal KDEL-like motif for retrograde transport of the toxin domain via the Golgi apparatus to the
ER. Furthermore, a translocation domain for passage through biological membranes has been formed
as well as the ability to specifically ADP-ribosylate diphthamide, an amino acid that has so far only
been described in eEF-2 [42].

We found that cell binding of EGF was reduced by addition of the PE24mut toxin domain and to
an even greater extent by addition of the PE40 domain. It can thus be assumed that there was some
steric inhibition of the EFG ligand by the toxin domains. The lower binding of EGF-PE40 compared to
EGF-PE24mut, however, did not lead to reduced cytotoxic effects. Instead, EGF-PE40 led to a nearly
complete inhibition of protein biosynthesis in the PCa cells and to a time-dependent cytotoxicity
with IC50 values in the low nanomolar to picomolar range. EGF-PE24mut led to IC50 values in the
single-digit nanomolar range and was thus significantly less toxic than EGF-PE40. As a cause we found
a lower inhibition of protein biosynthesis by EGF-PE24mut compared to the PE40-based immunotoxin.
Further investigations need to show if this is due to a reduced cytosolic uptake, since the translocation
domain is completely deleted in PE24mut with exception of the furin cleavable site. Overall, the C4-2
and PC-3 cells proved to be less sensitive to the targeted toxins than the LNCaP cells. Not all cells of
these lines were killed within a time period of 72 h and the cleavage of caspase-3 and PARP was not as
pronounced as in LNCaP cells. Therefore, further investigations are needed to determine whether
the targeted toxins did not enter the cytosol sufficiently due to increased lysosomal or proteasomal
degradation or other obstacles during trafficking, or whether there is increased apoptosis resistance
against the targeted toxins in these two cell lines.

The cytotoxicity of our targeted toxins are comparable with those of Niesen and colleagues,
that consisted of the anti-EGFR scFv 2112 from Cetuximab or the anti-EGFR scFv 1711 from
Panitumumab and ETA’, a truncated version of PE. Both showed a high cytotoxicity on the PCa
cell line C4-2 with IC50 values of 55 pm for scFv2112-ETA‘ and 192 pM for scFv1711-ETA‘ after 72 h,
respectively [29].

Despite a reduced cytotoxicity compared to our PE40-based immunotoxin, EGF-PE24mut should
be more suitable for use in patients than EGF-PE40 due to its lack of immunogenicity. Moreover,
it was still proven to be at least 600 to 3000-fold more cytotoxic than the EGFR inhibitor erlotinib,
which mostly failed in clinical studies with patients suffering from PCa [24,26]. The increased
cytotoxicity of our targeted toxins compared to inhibitors, like erlotinib, can be attributed to their
enzymatic ADP-ribosyltransferase activity. Thus, only a few toxin molecules are sufficient to inhibit the
protein biosynthesis of the target cells to such an extent that apoptosis is triggered. With competitive
inhibitors, such as erlotinib, however, only a stoichiometric one to one binding can result in receptor
tyrosine kinase blocking.

Since EGFR is also expressed on normal cells, it cannot be excluded that the treatment of PCa
patients with our targeted toxins could lead to side effects due to on-target/off-tumor activities.
It is therefore conceivable that in the future a combination therapy would be helpful with drugs
that are directed against, for example PSMA, which is largely expressed on PCa cells and mostly
organ-specific [43]. It appears to be reasonable to overcome the reduced efficiency of EGF-PE24mut
because the minimized immunogenicity of this fusion protein is a substantial advantage for clinical

55



Toxins 2020, 12, 753

applications. Testing of our targeted toxins in mouse models is required in the future with regard
to reduced immunogenicity versus antitumor activity. Diminished cytosolic uptake due to the lack
of the toxin’s intrinsic domain required to support membrane transfer might be compensated by
strategies described to temporarily weaken the membrane integrity comprising lysosomotropic amines,
carboxylic ionophores and calcium channel antagonists [44]. The most promising techniques in this
regard include the use of cell-penetrating peptides [45], light-induced techniques [46] and co-application
of glycosylated triterpenoids [47].

In summary, we could show that PE-based targeted toxins with the EGF ligand as binding domain
are promising candidates for the treatment of prostate cancer. By using this human ligand and the
de-immunized PE24mut toxin domain, the potential risk of immunogenicity in PCa patients could be
diminished in the future.

4. Materials and Methods

4.1. Cells and Chemicals

The EGFR-expressing human PCa cell lines LNCaP, DU145, ad PC-3 were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA). Cell line identity was verified by
short tandem repeat (STR) analysis (CLS GmbH, Eppelheim, Germany). A Chinese hamster ovary
(CHO) cell line with lack of human EGFR expression served as EGFR-negative control and was
purchased from Gibco (Gibco, Invitrogen, Karlsruhe, Germany). LNCaP, DU145 and PC-3 cells were
routinely propagated in complete RPMI 1640 medium, and CHO cells were propagated in complete
F-12 medium (Gibco, Invitrogen, Karlsruhe, Germany), each with 10% fetal bovine serum (Biochrom,
Berlin, Germany), penicillin (100 U/mL) and streptomycin (100 mg/L) as supplements, and incubated
at 37 ◦C and 5% CO2 to maintain exponential cell growth and proliferation. Erlotinib HCl (Selleck
Chemicals Llc, Houston, TX, USA) was dissolved in DMSO as a 4 mg/mL stock solution, aliquoted and
stored at −80 ◦C until use.

4.2. Cloning, Expression and Purification of EGF and the Anti-EGFR Immunotoxins

The human EGF ligand and the immunotoxins EGF-PE40, and EGF-PE24mut were cloned into
the expression vector pHOG21 followed by chemical transformation of XL-1 blue supercompetent
E. coli cells (Agilent Technologies, Santa Clara, CA, USA). Correct gene sequences were verified
by gene sequencing (Microsynth Seqlab, Göttingen, Deutschland). The vector pHOG21 contains a
22 amino acid leader peptide (pel-B leader) at the N-terminus that directs the protein to the bacterial
periplasm [48]. Periplasmatic expression and purification of EGF, EGF-PE40 and EGF-PE24mut via
immobilized affinity chromatography (IMAC) were carried out as described earlier [49]. In brief,
one successfully transformed bacteria clone each was inoculated over night at 37 ◦C in YT medium
containing 0.1 M glucose and 100 mg/mL ampicillin. The following day, the culture was diluted
1:20 and grown in 600 mL medium until reaching an OD of 0.8, then pelleted by centrifugation and
resuspended in 600 mL YT medium containing 50 mg/mL ampicillin, 0.4 M sucrose and 1 mM IPTG
for overnight protein expression at RT. Bacteria cultures were centrifuged (6000 rpm, 4 ◦C, 10 min)
and pellets were resuspended in 30 mL ice-cold Tris-HCl, 20% sucrose, 1 mM EDTA (pH 8.0) and
incubated on ice for 1 h for the release of periplasmic proteins. For harvesting the periplasmatic extract,
the suspension was centrifuged (10,000 rpm, 4 ◦C, 30 min) and supernatant was collected and dialyzed
against 50 mM Tris-HCl, 1 M NaCl (pH 7.0). The periplasmatic extract (PE) was then purified with
the help of HiTrapTM Chelating High Performance columns with chelating sepharose (Sigma-Aldrich,
St. Louis, MO, USA) charged with Ni2+ metal ions. Polyhistidine tagged EGF and immunotoxins
were purified subsequently: The column was equilibrated with equilibration buffer [50 mM Tris-HCl,
1 M NaCl (pH 7.0)] and PE was loaded. Bound target proteins were eluted stepwise with varying
imidazole concentrations of 40 mM (elution fraction E1), 80 mM (E2), and 250 mM (E3-5) and dialyzed

56



Toxins 2020, 12, 753

against phosphate-buffered saline (PBS). Final protein yield of all preparations was determined by
NanoDropTM Lite Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

4.3. Preparation of Cell Lysates

Target cells were lysed in RIPA buffer (50 nM Tris-HCl, 150 nM NaCl, 1 mM EDTA,
0.5% NaDeoxycholate, 0.05% SDS, 1% Igepal), supplemented with Protease Inhibitor Cocktail (Merck
Millipore, Burlington, MA, USA) and Phosphatase Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO,
USA), and incubated on ice for 30 min. After centrifugation (13,000 rpm, 4 ◦C, 30 min), the supernatant
was collected and quantification of protein content was determined by Quick StartTM Bradford Protein
Assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The whole cell lysates were aliquoted and
stored at −80 ◦C.

4.4. SDS-PAGE and Western Blot

SDS-PAGE and Western Blot were used to verify the expression and purification of EGF, EGF-PE40,
and EGF-PE24mut according to previous descriptions [50]. Purified preparations were detected
by HRP-conjugated c-myc mouse mAb (Roche Diagnostics, Mannheim, Germany, #11814150001).
EGFR expression in the target cells was assessed by Western Blotting of whole cell lysate (50 μg per
lane) with the help of EGFR rabbit pAb (Santa Cruz Biotechnology, Dallas, TX, USA, #sc-03) and
HRP-labeled goat anti-rabbit pAb (Dako Denmark A/S, Glostrup, Denmark, #P0448).

Induction of apoptosis in the target cells was determined by Western Blot (50 μg per lane).
Caspase-3 activation and poly-(ADP-ribose)polymerase (PARP) cleavage were detected by Cas-3
mouse mAb (ECM Biosciences, Versailles, KY, USA, #CM4911) and PARP rabbit pAb (Cell Signaling
Technology Europe, Leiden, The Netherlands, #9542) as primary antibodies. HRP-labeled goat
anti-rabbit pAb (Dako Denmark A/S, Glostrup, Denmark, #P0448) and HRP-labeled rabbit anti-mouse
pAb (Dako Denmark A/S, Glostrup, Denmark, #P016) served as secondary antibodies.

β-Actin was used as a loading control and detected by HRP-conjugated β-Actin rabbit pAb
(Cell Signaling Technology Europe, Leiden, The Netherlands, #5125). Visualization and analysis of
protein bands was carried out by developing the membranes with an enhanced chemiluminescence
(ECL) system (ClarityTM Western ECL Substrate, Bio-Rad Laboratories, Inc., Hercules, CA, USA),
the ChemiDocTM MP Imaging System and the software Image LabTM.

4.5. Flow Cytometry

Characterization of EGFR expression on the target cell surface was examined by flow cytometric
analysis as described by us earlier [50]. PE-labeled EGFR mAb (BioLegend, San Diego, CA, USA,
#352903) was used as detection antibody.

Binding of the EGF ligand, EGF-PE40, and EGF_PE24mut to EGFR on the target cells was
confirmed by flow cytometry. Bound EGF and targeted toxins were detected via His-tag rabbit mAb
(Cell Signaling Technology Europe, Leiden, The Netherlands, #12698) and goat anti-rabbit IgG-PE
(Southern Biotech, Birmingham, AL, USA, #4010-09S). Mean fluorescence values of stained cells were
determined with a FACS Calibur flow cytometer and the software CellQuest Pro (BD Biosciences,
Heidelberg, Germany).

4.6. Inhibition of Protein Biosynthesis

For the verification of protein biosynthesis inhibition via Western Blot, cells were incubated
with EGF-PE40 or EGF-PE24 at approx. IC20 concentrations of EGF-PE40 for 48 h (LNCaP) or 72 h
(DU145, PC-3, CHO). Puromycin (5 μg/mL) (Tocris, Bio-Techne GmbH, Wiesbaden, Germany) was
added to the cells 15 min before harvesting. RIPA lysate preparation was carried out as described
above. Western Blot membranes were stained with puromycin mouse mAb (Merck Chemicals,
Darmstadt, Germany, #MABE343) and HRP-labeled rabbit anti-mouse pAb (Dako Denmark A/S,
Glostrup, Denmark, #P016).
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4.7. WST-1 Cell Viability Assay

Cytotoxicity after immunotoxin treatment was quantified by the colorimetric WST-1-Assay according
to the standard protocol (Roche Diagnostics). Based on the enzymatic cleavage of the water-soluble
tetrazolium salt WST-1 (2–(4–Iodophenyl)–3–(4–nitrophenyl)–5-(2,4–disulfophenyl)–2H–tetrazolium,
monosodium salt) to formazan, the number of metabolically active cells can be
approximated proportionally.

4.8. Bright-Field Microscopy

Morphology of the target cells after treatment with EGF-PE40 and EGF-PE24mut was studied
by bright-field microscopy using the confocal laser scanning microscope LSM 880 with Airyscan
(Carl Zeiss Microscopy, Göttingen, Germany).

4.9. Statistical Analysis

Binding affinity of EGF was calculated by GraphPad Prism 7 software (GraphPad Software,
San Diego, CA, USA). KD values were defined as the drug concentrations leading to half-maximal
specific binding. 50% inhibitory concentrations (IC50) values of WST-1 data were calculated for the
targeted toxins and erlotinib on each cell line using GraphPad Prism 7 software by non-linear regression
([inhibitor] vs. normalized response).

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/12/753/s1,
Table S1. Binding of EGF and the targeted toxins EGF-PE40 and EGF-PE24mut to PC cells; Figure S1: Morphological
changes of PCa cells upon treatment with EGF-based targeted toxins. Figure S2: Influence of the EGFR inhibitor
erlotinib on the viability of PCa cells. Figure S3: Whole Western Blots including densitometry ratios.
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Abstract: Ribosome-inactivating proteins (RIPs) are found in several edible plants and are well
characterized. Many studies highlight their use in cancer therapy, alone or as immunoconjugates,
linked to monoclonal antibodies directed against target cancer cells. In this context, we investigate
the cytotoxicity of quinoin, a novel type 1 RIP from quinoa seeds, on human continuous and primary
glioblastoma cell lines. The cytotoxic effect of quinoin was assayed on human continuous glioblas-
toma U87Mg cells. Moreover, considering that common conventional glioblastoma multiforme (GBM)
cell lines are genetically different from the tumors from which they derive, the cytotoxicity of quinoin
was subsequently tested towards primary cells NULU and ZAR (two cell lines established from
patients’ gliomas), also in combination with the chemotherapeutic agent temozolomide (TMZ), cur-
rently used in glioblastoma treatment. The present study demonstrated that quinoin (2.5 and 5.0 nM)
strongly reduced glioblastoma cells’ growth. The mechanisms responsible for the inhibitory action
of quinoin are different in the tested primary cell lines, reproducing the heterogeneous response of
glioblastoma cells. Interestingly, primary cells treated with quinoin in combination with TMZ were
more sensitive to the treatment. Overall, our data highlight that quinoin could represent a novel tool
for glioblastoma therapy and a possible adjuvant for the treatment of the disease in combination with
TMZ, alone or as possible immunoconjugates/nanoconstructs.

Keywords: patient-derived glioblastoma cell lines; Chenopodium quinoa wild; ribosome-inactivating
proteins; quinoin; temozolomide

Key Contribution: Data here reported are interesting since quinoin could represent a novel tool
for cancer therapy and, in particular, a possible adjuvant for the treatment of glioblastoma with
chemotherapeutic agents, alone or as a cytotoxic portion in immunoconjugates/nanoconstructs to
tune its action.

1. Introduction

Ribosome-inactivating proteins (RIPs) are a group of toxins essentially retrieved in
flowering plants [1]. These toxins are enzymes (N-glycosylase; EC: 3.2.2.22) able to remove a
single adenine (A4324 in rat) located at a universally conserved stem and loop sequence on
the large rRNA, known as the α-sarcin-ricin loop (SRL) [2]. The loss of this specific adenine
causes conformational changes in the SRL structure, after which the EF-G (in prokaryotes)
and eEF-2 (in eukaryotes) elongation factors are unable to interact with ribosomes during
mRNA-tRNA translocation, blocking translocation during protein synthesis [3].
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These enzymes are classically grouped into type 1 and type 2 RIPs based on the absence
or presence of a quaternary structure. Indeed, type 1 RIPs are monomeric proteins (~30-kDa)
with N-glycosylase activity while type 2 RIPs are dimeric proteins (~60-kDa) consisting of
an enzymatic A-chain homologous to type 1 RIPs, linked through a disulphide bond to a
B-chain with lectin properties [4]. Moreover, tetrameric protein types (A-B)2 reported in
the Sambucus genus belonging to the family Adoxaceae [5] or proteolytic-activated enzymes
retrieved in cereals, synthesized as inactive precursors [6], were found.

RIPs are isolated in different amounts from several plant tissues [7] and are identified
in many orders belonging to angiosperms but not in gymnosperms [8,9]. Their physio-
logical function in plants is still unknown, although it is associated with defense roles
against herbivores, insects, fungi, and viruses [10]. This possible biological function is
strengthened by the fact that several RIPs also have the ability to remove adenines from
other substrates, such as RNAs and DNAs (‘adenine polynucleotide glycosylases’ activity),
or have the capacity to cleave the phosphodiester bond (DNase activity [11]), which would
amplify this function.

Research on RIPs had a great boost due to the potential biotechnological applications.
In medicine, they are considered therapeutic agents against infected/tumor cells, due to
the possible conjugation of type 1 or A-chain RIPs with antibodies (immunotoxins) or other
carriers (peptides, specific proteins, or nanomaterials [12]) to obtain chimeric proteins able
to direct these conjugates against specific targets [13,14]. In agriculture, RIPs could be
employed as bio-pesticides to improve the resistance of cultivated plants towards insect,
fungi, or viruses [10].

In acellular systems (in vitro translation), type 1 and type 2 RIPs display a similar
toxicity, while in cellular systems, type 2 RIPs show higher toxicity (IC50 0.0003–1.7 nM
on Hela cells) with respect to type 1 (IC50 170–3300 nM on Hela cells). In particular, the
higher toxicity of type 2 RIPs is justified by the presence of the lectinic domain (B-chain),
which possesses a strong affinity for sugar moieties on the cell surface, facilitating toxin
entry into the cell [15]. Nevertheless, although less toxic, type 1 RIPs have a selective
toxicity towards different cell lines, for which they could be potential drugs with clinical
significance [15–17]. Moreover, RIPs cytotoxicity is correlated with the intracellular fate,
considering the (i) expression of different types of ligands/receptors, (ii) cell surface and
membrane composition (iii) routing of RIP-ligand complexes among different compart-
ments, and (iv) availability of various pathways for transport of the A-chain into the
cytosol [13].

In addition, type 1 RIPs, such as trichosanthin from Trichosanthes kirilowii [18,19] and
saporin from Saponaria officinalis [20,21], display remarkable cytotoxicity against glioblas-
toma cell lines, which increases by linking them to specific conjugates [22]. This cytotoxicity
is of interest, considering that glioblastoma is a highly aggressive brain tumor, in which
malignant cells escape apoptosis by being resistant to radiotherapy and chemotherapy and
unresponsive to drugs by rapidly inactivating or reducing intracellular drug concentrations
or increasing the rate of DNA repair [23].

Recently, our group isolated and characterized a novel type 1 RIP from quinoa seeds,
named quinoin, that displays cytotoxicity towards BJ-5ta (human fibroblasts) and HaCaT
(human keratinocytes) in a dose- and time-dependent manner. Moreover, quinoin also
exhibits a remarkable melting temperature (Tm ~ 68.2 ◦C), thermostability, and partial
resistance proteolysis to cleavage [24]. These properties are of interest considering the
possible use of quinoin as a natural drug alone or as an adjuvant to kill specific cells [25,26].
In this context, due to the great potential of quinoin as a toxin, we decided to test its
cytotoxicity on glioblastoma cells.

Glioblastoma multiforme (GBM) is the most aggressive malignant primary brain
tumor in humans, which remains incurable in most cases despite significant advances
in therapy strategies [27]. GBM represents ~20% of all brain tumors and ~50% of all
gliomas, being characterized by high proliferation, infiltration, and invasion, causing an
objective difficulty to locally control GBM using radiotherapy or surgical excision [28].
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Despite the progress in the field of neurosurgery and related treatment strategies, prognosis
remains poor in most cases, with a median survival of ~14 months, due to therapeutic
resistance and tumor recurrence after surgical removal, as well as tumor heterogeneity [28].
Currently, the standard GBM treatment includes maximum surgical excision, radiotherapy,
and chemotherapy with temozolomide (TMZ), also known as temodal. The latter improves
overall survival by ~2.5 months with respect to radiation alone, although it does not provide
effective treatment of glioblastoma disease [28,29]. Therefore, we analyzed quinoin’s effects
on continuous U87Mg or primary NULU and ZAR glioblastoma cell lines, focusing our
attention on the latter, whose heterogeneity reproduces the parental tumor from which it
is derived [30]. Moreover, considering the pharmaco-resistant mechanisms of both tested
primary cell lines to the alkylating agent TMZ [30], we verified the synergistic cytotoxic
effect of quinoin in the presence of temodal on both NULU and ZAR cell lines.

On the other hand, some important limitations, such as blood-brain barrier imperme-
ability, low rate of cell degeneration, inflammatory response, and activation of compen-
satory mechanisms, limit the use of RIPs alone [13]. Nevertheless, many RIPs-conjugates
are used in cancer gene therapy considering their possible use as weapons against cancer
cells. Indeed, several immunotoxins [17] or nanoconstructs [12] were obtained to make
these toxins selective. Finally, RIPs-based toxins (chimeric molecules) have been designed
as molecules in which the toxic domains are linked to selective tumor-targeting domains
for cancer therapy.

A clear potential of this strategy is given by saporin-6, a type 1 RIP isolated from
Saponaria officinalis seeds. This protein, similar to quinoin [31], is very used in several
conjugates in neuroscience as a convenient tool to induce highly selective degeneration
of a desired cell subpopulation. Indeed, saporin-based toxins, inducing selective cell
death, are one of the approaches used to study (i) neurodegenerative diseases, (ii) the
functions of certain cell subpopulations in the brain, and (iii) the development of alternative
therapies [21].

In this scenario, considering the thermal stability and the resistance to proteolysis [24]
of quinoin as well as its similarity to saporin-6, data reported in this work are a starting
point for the possible use of quinoin as a novel therapeutic tool for current GBM treatment
or as a novel tool in neuroscience.

2. Results

2.1. Quinoin Isolation

Quinoin was purified from the seeds of C. quinoa as previously reported [24].
The homogeneity of quinoin was achieved by both SDS-PAGE and RP-HPLC analysis
(Figure S1) [32].

2.2. Inhibiting Effect of Quinoin on Cell Growth and Viability of Glioblastoma U87Mg and
Patient-Derived Cell Lines NULU and ZAR

The inhibiting effect of quinoin occurs at a very low dose. This toxin is considered
highly cytotoxic on both the U87Mg glioblastoma continuous cell line and primary cell lines
NULU and ZAR as evidenced by the very low IC50 value (~5.0 nM). IC50 is the evaluation
of the half-maximum inhibitory concentration of a substance and indicates the power
of a drug to inhibit a specific biological or biochemical function by 50%. As reported in
Figure 1, the IC50 values of GBM continuous and primary cells for quinoin did not exhibit
a time dependence and the toxicity curves reached a plateau at high tested doses of the
toxin. Similarly, what is reported in the breast cancer cell line MCF7 and glioblastoma
cell line U87-Mg, type-II RIP Riproximin showed a recovery/resistance following longer
exposure periods. Therefore, we can explain this interesting aspect with the assumption
that a portion of the cell population developed a resistant mechanism to quinoin through
the proposed mechanisms as previously reported [33].
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Figure 1. IC50 values estimation. IC50 values of U87Mg cells and two primary glioblastoma cell lines NULU and ZAR
after 24, 48, and 72 h of incubation with quinoin using concentrations of 0.01, 0.1, 1.0, 2.5, and 5.0 μM. The control was
assumed as part of the dose–response curve, considering it as a very low concentration (10−11 μM). Data were processed
using GraphPad Prism and data are reported as Mean ± SD.

According to the IC50 value, we evaluated the effect of quinoin on human glioma cells
growth rate, applying the drug at concentrations of 2.5 and 5.0 nM each day for a total of
3 days, starting one day after plating.

These treatments reduced the linear phase of growth in both the continuous cell line
U87Mg and in primary glioblastoma cell lines (NULU and ZAR), with the cell number
already being substantially reduced at 1 day after the beginning of the treatment and
increased after two and three days (Figure 2A).
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Figure 2. Growth curve and MTT assay of the U87Mg glioblastoma continuous cell line and primary cell lines. (A) On the
left, the graphs of the growth curves of the continuous glioblastoma cell line U87Mg and of two primary cell lines obtained
from the patient’s biopsy (NULU and ZAR) are shown. Quinoin was administered at various doses of 2.5 and 5.0 nM daily,
at various time intervals (1, 2, 3 days). (B) On the right, the graphs of the cell viability assessed by MTT assay. U87Mg and
patient-derived glioblastoma cell lines NULU and ZAR treated daily with quinoin 2.5 and 5.0 nM, at various time intervals
(1, 2, 3 days). Data shown are representative of three separate experiments and values are presented as Mean ± SEM.
Statistical analysis was performed by one-way ANOVA. According to GraphPad Prism, * p-value 0.01 to 0.05 (significant),
** p-value 0.001 to 0.01 (very significant), *** p-value 0.0001 to 0.001 (extremely significant), **** p-value < 0.0001 (extremely
significant).

The cytotoxicity of quinoin on glioblastoma cells, evaluated by MTT assay, revealed
a significant reduction of the cell metabolic activity at concentrations of 2.5 and 5.0 nM.
In particular, the primary cell line ZAR proved to be the most sensitive to quinoin treatment
among the three glioblastoma cell lines, exhibiting a high response after 24 h of exposure
(Figure 2B).
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2.3. Quinoin Treatment Results in Morphological Alteration in U87Mg Cells

After 72 h of quinoin treatment at different concentrations (1.0, 2.5, and 5.0 μM),
U87Mg cells revealed dramatic morphological changes by microscopic observation. The cells
lost their polygonal shape and filaments, and cell shrinkage occurred to acquire a rounded
phenotype typical of apoptotic cells (Figure 3).

Figure 3. Morphological change of quinoin-treated U87Mg. The glioblastoma continuous cell line was exposed to 0.01, 0.1,
1.0, 2.5, and 5.0 μM quinoin for 72 h. Cells were imaged with an Evos FL microscope at 20× magnification.

The different response to quinoin treatment reflects the heterogeneous phenotype of
primary glioblastoma cells.

Western blot analysis of patient-derived glioblastoma cells NULU treated with in-
creasing concentrations of quinoin showed a dose-independent reduction of Cyclin D1
(Figures 4A and S2), while the ZAR cell line exhibited a significant reduction of Cyclin D1
at the maximal concentration used (250 nM) (Figure 4C).

Different responses of the primary cell lines to quinoin treatment were also revealed
by investigating the activation of the apoptotic pathway. In this regard, the slight reduction
of procaspase 3 in the NULU cell line was not detected in the ZAR cell line (Figure 4B,D).

The decrease of procaspase 3 was followed by a contemporary appearance of the
activated form, which was visibly increased in the lysates of the cells treated with quinoin
(Figure S3).

This heterogeneous response reflects the heterogeneous nature of primary glioblas-
toma cell lines, which faithfully reproduce the parental tumor from that they are de-
rived [30]. Since the potential arrest of the cell cycle and activation of apoptosis are not
the lead mechanisms underlying the quinoin-mediated cytotoxicity in the ZAR cell line,
the induction of autophagy was also investigated. However, the common markers of
the autophagic pathway, p62 and LC3B, did not show a significant change (Figure 4E,F),
leading us to exclude the involvement of autophagy in primary glioblastoma cells treated
with quinoin.

2.4. Quinoin and Oxidative Stress

In order to clarify the molecular mechanism of quinoin’s action, the involvement of
oxidative stress in quinoin-induced cytotoxicity was investigated. However, pretreatment
with the ROS scavenger NAC (3.0 mM) indicated that the cytotoxic effects of quinoin are
not mediated by oxidative stress (Figure 5).
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Figure 4. Western blot analysis of quinoin-treated primary cell lines for 24 h. (A) Quinoin induced a significant time-
independent reduction of Cyclin D1 and (B) activation of apoptosis by a decrease of procaspase 3 when administered at a
concentration of 250 nM in the NULU cell line. (C) Western blot analysis of the expression of Cyclin D1, (D) procaspase, and
autophagic markers p62 (E) and LC3B (F) after treatment of the ZAR cell line with different concentrations of quinoin for
24 h. Densitometric analysis of protein levels represent the means ± SEM of three individual determinations. Data were
normalized to the housekeeping gene actin and are expressed as a fold change over control-treated cells. * Unpaired t-test.
According to GraphPad Prism, * p-value 0.01 to 0.05 (significant), ** p-value 0.001 to 0.01 (very significant), *** p-value 0.0001
to 0.001 (extremely significant).
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Figure 5. Quinoin and oxidative stress. Effect of primary cell line NULU’s pre-treatment with the
ROS scavenger NAC (3.0 mM) and evaluation of the cell viability under different concentrations
of quinoin (0.01, 0.1, 1, and 2.5 μM) at 24 h from treatment. Data analyzed with the unpaired t-test
revealed no significance.

2.5. Quinoin as a Potential Adjuvant for Glioblastoma Treatment in Combination
with Temozolomide

Although the promoter of the O6-methylguanine-methyltransferase (MGMT) gene
was previously reported to be unmethylated in the primary cell lines NULU and ZAR [30],
thus predicting potential TMZ resistance, the effective sensitivity to TMZ was verified by
determining the IC50 value at 24 h. NULU, with an IC50 value of 8.4 ± 13.2 μM, was found
to be more sensitive to TMZ with respect to ZAR (IC50 141.8 ± 31.2 μM, Figure 6A).

Figure 6. Combined treatment of quinoin and TMZ on primary glioblastoma cell lines. (A) IC50 values of TMZ of two
primary glioblastoma cell lines, NULU and ZAR, after 24 h of incubation with TMZ. Data were processed using GraphPad
Prism and data are reported as Mean ± SD. (B) Combined treatment in the presence of quinoin 2.5 nM and TMZ 1.0 μM
for 24 h on NULU and ZAR primary cell lines. Data shown are representative of three separate experiments and values
are presented as Mean ± SEM. Statistical analysis was performed by one-way ANOVA. According to GraphPad Prism, ***
p-value 0.0001 to 0.001 (extremely significant), **** p-value < 0.0001 (extremely significant) significance vs. control cells; #
p-value 0.01 to 0.05 (significant) significance of TMZ 1 μM vs. quinoin 2.5 nM plus TMZ 1.0 μM; ## p-value 0.001 to 0.01
(very significant) significance of quinoin 2.5 nM vs. quinoin 2.5 nM plus TMZ 1 μM; ### p-value 0.0001 to 0.001 (extremely
significant) significance of TMZ 1 μM vs. quinoin 2.5 nM plus TMZ 1.0 μM.
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The combination of quinoin (2.5 nM) with TMZ (1.0 μM) was found to be efficient in
patient-derived GBM cell lines after 24 h of exposure (Figure 6B), indicating the potential
of quinoin as a possible adjuvant in the treatment of glioblastoma.

3. Discussion

Glioblastoma is the most serious and common brain tumor affecting adults. It is
malignant, infiltrating, expansive, and has a rapid growth pathology. These aspects,
together with high angiogenesis, cellular heterogeneity, and the presence of a specific
population of stem cells (brain tumor stem cells) that can proliferate and generate neoplastic
glial cells [34], contribute to a poor prognosis: the median survival for this type of cancer is
14 months [28] with a 5-year survival rate of 2% [35].

There are numerous histopathological variants of GBM. In any case, features common
to all types of GBM are cellular and nuclear pleomorphism, microvascular proliferation,
and necrosis. In addition, GBM cells have an ability to activate numerous resistance
mechanisms, complicating the search for effective therapy for this tumor. Among the
pharmaco-resistant mechanisms to the alkylating agent (Temozolomide), the most com-
mon one found in GBM is O6-methylguanine-methyltransferase (MGMT), a specific DNA
repair protein, whose expression is variable due to the acquired methylation of the gene
promoter during gliomagenesis. Despite the extensive surgical removal of what appears
to be all microscopic diseases, either at the initial diagnosis or at the time of relapse, all
patients will continue to show tumor growth and progression due to the rapid prolifer-
ation of infiltrative disease that persists after surgery. The current standard of care for
the newly diagnosed disease includes maximum safe resection, followed by 6 weeks of
concomitant daily radiotherapy and chemotherapy with temozolomide (TMZ) [28]. The ad-
dition of TMZ improves overall survival by ~2.5 months compared to radiation alone [29].
Notwithstanding attempts to improve outcomes for the newly diagnosed disease, effective
treatment for glioblastoma remains unsolved. In this context, we assayed quinoin, type 1
RIP from quinoa seeds on a U87Mg continuous glioblastoma cell line and NULU and ZAR,
two primary glioblastoma cell lines. Indeed, primary glioblastoma cell lines, developed
from patients’ biopsies, represent the genetic and histological features of patients [30].
The first experiment to evaluate quinoin IC50 revealed that this toxin shows high toxicity
when glioblastoma cells were treated for 24, 48, and 72 h with concentrations ranging from
0.01 to 5.0 μM. The toxic effect of quinoin was evaluated on primary cell lines too, revealing
the same toxicity profile. Moreover, the IC50 for all three glioblastoma cell lines did not
decrease over time, indicating that quinoin toxicity is not time dependent. Therefore, we de-
cided to use a single time point of 24 h for further experiments. The treatment with various
toxin concentrations determined clear morphological change in U87Mg. Indeed, starting
from quinoin 1.0 μM, the cells acquired a round form typical of apoptotic cells to reach a
maximum effect at 5.0 μM (Figure 3). At this concentration, cells are completely rounded
and without extensions. Moreover, growth curves at 1, 2, and 3 days after treatment with
quinoin 2.5 or 5.0 nM displayed a statistically significant growth reduction, already at 1 day
of treatment (Figure 2A), while MTT analysis in the same conditions reflected the trend of
the growth curves (Figure 2B).

On the other hand, the common conventional GBM cell lines (e.g., U87Mg, U251, T98G,
and A172) are genetically far from primary tumors due to the high number of passages
in culture [36,37], losing the heterogeneity of GBM cells. Thus, we decided to investigate
quinoin’s effect on patient-derived cell lines, which resemble the parental tumor and are
commonly used as a GBM model [30].

The analysis by Western blot showed that quinoin reduced the expression levels of
Cyclin D1 in patient-derived glioblastoma cells NULU and ZAR, assuming that according
to other mechanisms of RIPs action, quinoin induced a cell cycle arrest in G1/S phase [20].
However, considering the heterogeneity of GBM, quinoin induced cleavage of procaspase
3 and thus the action of the apoptotic pathway in the NULU primary cell line but not in
the ZAR primary cell line. In the above tested conditions, quinoin induced cell death by
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reducing the expression levels of Cyclin D1 in NULU, but other possible mechanisms must
also be investigated in other cell lines at different concentrations of this toxin. Several
authors report another possible mode of action triggered by RIP toxins involving either
reactive oxygen species (ROS) or the autophagy pathway. Indeed, some RIPs act by a a
mechanism that involves reactive oxygen species (ROS) production in response to stress
and increased intracellular calcium levels (e.g., abrin, trichosanthin) while, vice versa, other
RIPs induce autophagy (e.g., gelonin, trichosanthin, and elderberry RIPs [17,38–40]). In this
context, we evaluated the proteins involved in the autophagic process LC3BII/LC3BI and
p62, which did not change when glioblastoma cells were treated with quinoin. Furthermore,
quinoin cytotoxicity is not mediated by oxidative stress, since the pre-treatment with NAC
3.0 mM did not provide protection from quinoin’s effects. These data reported here
represent only the features of an innovative point of view to treat glioblastoma cell lines.
The choice to investigate these genes (Cyclin D1, Caspase 3, p62, and LC3B) was suggested
on the basis of literature, in which analogue pathways were investigated [20,40,41] for RIP
proteins, such as saporin-6, tested on glioblastoma cell lines, GL15 and U87MG. Finally, we
analyzed the effect of quinoin on glioblastoma cells’ growth in the presence of canonical
TMZ chemotherapy. The two drugs were combined according to the IC50 for TMZ and
quinoin on both primary cell lines. Figure 6 highlights that in the presence of temodal,
quinoin can determine a synergistic effect on both primary cell lines examined (NULU
and ZAR), which exhibit a particular pharmaco-resistance due to the MGMT promoter
unmethylation status [30]. To characterize the synergism between temodal and quinoin,
we decided to test a lower concentration of quinoin (0.0025 μM) and Temodal (1.0 μM),
thus making evaluation of the synergistic effects normally expected possible.

The synergistic interactions between the two drugs allow a reduction of the doses
of the single drugs, obtaining in any case a complete therapeutic effect. The ability to
predict this type of pharmacological function is therefore important because it helps to
decrease toxicity and side effects. In this case, quinoin could also overcome drug resistance
in glioblastoma cells, as drug resistance is responsible in most cases for the failure of drug
therapy and early death of the patient [42]. This gives hope that quinoin could be used as an
adjuvant drug at very low concentrations, given the high toxicity of the protein, although
therapy with RIPs, capable of damaging protein synthesis in a non-discriminatory manner,
cannot be considered without engineering the RIPs to target it only versus cancer cells.

Overall, quinoin exhibits cytotoxic action on both the U87Mg glioblastoma continuous
cell line and primary cell lines NULU and ZAR and a synergic effect when used with
Temozolomide. On the other hand, like other RIPs, quinoin is likely non-selective, probably
presenting important limitations, such as blood-brain barrier impermeability, low rate of
cell degeneration, inflammatory response, and activation of compensatory mechanisms
that limit the use of RIPs alone [13]. These limitations can be overcome by toxin-conjugates
considering their possible use as weapons against different cancer cells. Indeed, several
immunotoxins [17] or nanoconstructs [12] were obtained to make RIPs selective.

In this framework, quinoin, similar to saporin-6 [21,24,31], is an attractive archetype
of this toxin family and could represent a novel tool in biomedicine. Data reported in this
work are the starting point for its possible use in neuroscience and in tumor therapy. Finally,
since we cannot completely exclude that quinoin is able to pass through the blood-brain
barrier, further experiments will be carried out, considering that the blood-brain barrier is
disrupted in patients affected by glioblastoma [43,44].

4. Materials and Methods

4.1. Materials

Chemicals and chromatography for quinoin purification and the set-up conditions for
RP-HPLC and SDS-PAGE analysis were obtained as previously reported [24].
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4.2. Quinoin Purification

Native quinoin was purified from the seeds of white quinoa (Chenopodium quinoa
Wild) as previously described [24] using a general protocol for the preparation of type
1 ribosome-inactivating proteins [32]. Determination of the protein concentration was
achieved using the BCA colorimetric assay [ThermoFisher Scientific, Rodano (MI), Italy].

4.3. Cell Culture

The U87Mg human GBM cell lines were obtained from the Sigma Aldrich Collection
(LGC Promochem, Teddington, UK). Cells were grown in Dulbecco’s modified Eagle
medium (DMEM) with the addition of 10% fetal bovine serum (FBS), 2 mmol/L-glutamine,
100 IU/mL penicillin, and 100 μg/mL streptomycin at 37 ◦C, 5% CO2, and 95% humidity.

Human glioblastoma primary cell cultures were obtained from bioptic samples sur-
gically removed from patients, who gave informed consent to participate in the study.
The use of primary cell lines as a model for GBM heterogeneity was approved by Ethics
Committee on 27 February 2020 and registered on ClinicalTrials.gov with the identification
number NCT04180046. Samples were labelled using a three-letter code. After mechan-
ical dissociation, single cells were resuspended in DMEM medium and centrifuged at
1200 RPM for 5 min. The pellet was resuspended in DMEM medium supplemented with
10% FBS and cells were plated on Petri plates (Falcon Primaria, Lincoln Park, NJ, USA).
The medium was then changed every 3 days. After 14–15 days, cells were trypsinised, and
re-plated into 24-well plates at a density of 25 × 103 cells/well. The established patient-
derived GBM cell lines have been characterized and the genetic profile was previously
reported [30].

4.4. IC50 Estimation of Quinoin and Temozolomide in U87Mg and Patient-Derived GBM
Cell Lines

U87Mg cells and primary cell lines NULU and ZAR were plated in 96 wells with a
density of 5 × 103 cells/well. The IC50 values of quinoin were determined at 24, 48, and
72 h using the MTT assay at concentrations of 0.01, 0.1, 1.0, 2.5, and 5.0 μM. In the same
way, the IC50 value after 24 h of conventional chemotherapy with TMZ was determined in
patient-derived glioblastoma cells NULU and ZAR, using TMZ concentrations of 10, 50,
100, 150, and 200 μM. Data were processed using GraphPad Prism (GraphPad Software Inc.,
San Diego, CA, USA) (https://www.graphpad.com/guides/prism/latest/curve-fitting/
reg_50_of_what__relative_vs_absolu.htm; accessed on 21 September 2021) assuming the
control as part of the dose–response curve, considering it as a very low concentration
(10−11 μM).

4.5. Proliferation Assay

In order to evaluate the response to quinoin, U87Mg and patient-derived GBM cell
lines were plated in 48 wells at a density of 1 × 104 cells/well in DMEM with 10% FBS,
incubating them at a temperature of 37 ◦C with 5% of CO2. On the basis of the IC50 values,
cells were then treated daily with quinoin at established concentrations of 2.5 and 5.0 nM
for 24, 48, and 72 h. The cell count was then performed using a Burker chamber.

4.6. Cell Viability Test

U87Mg and patient-derived GBM cell lines were plated in 96 wells at a density
of 5 × 103 cells/well and treated daily for 24, 48, and 72 h at quinoin concentrations
of 2.5 and 5.0 nM. The MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium)
(Sigma Chemical Co., St. Louis, MO, USA) was then performed. Specifically, 5 mg/mL
of MTT were added to 100 μL of cells cultured in DMEM. The formazan crystals were
dissolved with 0.4% isopropanol/HCl and the absorbance was measured at 595 nm with
a plate reading spectrophotometer. To evaluate whether quinoin caused oxidative stress,
primary GBM NULU cells were plated at a density of 5 × 103 cells/well and starved for 48 h
in DMEM with 0.5% FBS. Cells were then pre-treated with the antioxidant N-acetylcysteine
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(NAC) 3.0 mM for 4 h at 37 ◦C in DMEM with 10% FBS. The medium was replaced, and
the cells were treated with quinoin at concentrations of 0.01, 0.1, 1.0, and 2.5 μM.

4.7. Microscopic Observation of Live Cells

U87Mg cells were plated in 96 wells in DMEM and 10% FBS and treated with 0.01,
0.1, 1.0, 2.5, and 5.0 μM of quinoin for 72 h. After treatment, the cells were observed with
a phase contrast microscope (Evos, Life technologies, Monza, Italy) and morphological
changes were evaluated.

4.8. Combined Treatment with TMZ and Quinoin

Primary GBM cell lines NULU and ZAR were plated in 48 wells at a density of
1 × 104 cells/well and treated with TMZ 1.0 μM either alone or in combination with
quinoin 2.5 nM for 24, 48, and 72 h. After each treatment, the cells were counted through a
Burker chamber.

4.9. Western Blot Analysis of U87Mg Cells Treated with Quinoin

In order to determine the protein expression in glioblastoma quinoin-treated cells, an
extraction was performed with Triton X-100 lysis buffer (10 mM Tris•Cl, 1.0 mM EDTA,
150 mM NaCl, 1% Triton X-100, NaF 1.0 mM, 1.0 mM Na4P2O7, 1.0 mM Na3VO4 and
1× protease inhibitors). Following the lysis, the extracted proteins (15 μg) were separated
by 12.5% SDS-PAGE and transferred to PVDF membranes by electroblotting. The mem-
branes were first saturated and incubated for 1 h at room temperature with 5% non-fat
dry milk or BSA (bovine serum albumin) diluted in Tris 1× buffered saline containing
Tween-20 (TBST), and subsequently incubated with specific primary antibodies overnight
at 4 ◦C. Each membrane was also incubated with mouse monoclonal anti-β-actin (1: 10,000,
Santa Cruz Biotechnology, Dallas, TX, USA) for protein normalization. The membranes
were then exposed to secondary antibodies conjugated with the HRP enzyme (Calbiochem,
Merk Life Science Srl., Milan, Italy). The protein bands were visualized by the chemilumi-
nescence process using ECL Western blotting (GE healthcare Life Sciences, Milan, Italy),
while the digital signals were quantified by densitometric analysis using the Image Lab
software (Bio-Rad Laboratories, Rome, Italy).

To monitor the expression of the cell cycle protein Cyclin D1, the apoptotic protein
procaspase 3, and the autophagic proteins p62 and LC3B, cells were plated at a density
of 5 × 105 cells in 60 mm plates in DMEM (without FBS) and incubated for 48 h. After
adding 10% FBS, cells were treated with different concentrations of quinoin (5.0, 25, 50,100,
and 250 nM) for 24 h. The membranes were incubated with the antibodies anti-p62 and
anti-LC3B (1:1000, Cell Signaling Technology, Euroclone, Pero, Italy), anti-Caspase 3 (1:1000,
Cell Signaling Technology), and anti-Cyclin D1 (1:1000, Cell Signaling Technology).

4.10. Statistical Analysis

Data obtained from the experiments performed in triplicate are expressed as mean
± SEM and were analyzed by Student’s-t test or one-way ANOVA. The differences were
considered significant for p < 0.05. Analyses were carried out using the GraphPad Prism
(GraphPad Software Inc.).

5. Conclusions

Until now, the effective treatment of glioblastoma disease represents one of the most
important challenges for researchers. Moreover, poor prognosis, mainly due to therapeutic
resistance and tumor recurrence after surgical removal, as well as tumor heterogeneity,
have complicated the search for an effective glioblastoma therapy. On the other hand, the
chemotherapeutic agent TMZ, used in current glioblastoma treatment, improves overall
survival, although it does not provide an effective treatment for the disease. In this context,
we investigated the cytotoxicity of quinoin, a novel type 1 RIP from quinoa seeds, on human
continuous and primary glioblastoma cell lines while also evaluating the effect of this toxin
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towards primary cells, also in combination with TMZ. Interestingly, these findings suggest
that RIPs could represent a novel effective strategy for glioblastoma therapy and a possible
adjuvant for the treatment of the disease in combination with TMZ.

Overall, this study reveals that quinoin is a novel attractive tool in glioblastoma
research that can counteract the growth of these cancer cells. In addition, the synergic effect
of this toxin with canonical chemotherapy opens the way to possible uses of this toxin in
strategies providing for its use in immunoconjugates or nanoconstructs to minimize the
adverse effects in vivo when this toxin is used alone.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxins13100684/s1, Figure S1: (A) SDS-PAGE analysis of the purified quinoin with or without
β-mercaptoethanol (lanes 1–2 and 3–4; 3.0 and 6.0 μg, respectively; M, protein markers). SDS-PAGE
was carried out in 12% polyacrylamide separating gel. (B) Elution profile of purified quinoin by
RP-HPLC. Quinoin (100 μg) was separated on a C4 column (Phenomenex, 0.46 × 25 cm), using a
Waters Breeze HPLC system. The elution system contained 0.1% trifluoroacetic acid (TFA) in H2O
(solvent A) and 0.1% TFA in acetonitrile (solvent B). A gradient elution system was applied from 5%
to 65% of solvent B in 60 min at a flow rate of 1.0 mL/min. Figure S2: Western Blot analysis of Cyclin
D1 in primary glioblastoma cell lines NULU (A) and ZAR (B) treated with Quinoin 2.5 nM for 24, 48,
and 72 h. Figure S3: Western blot analysis of Caspase 3 in primary glioblastoma cells NULU treated
with Quinoin 5, 25, 50, 100, and 250 nM for 24 h. The blot revealed the presence of activated form of
caspase 3.
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Abstract: Hepatocellular carcinoma (HCC) is one of the high-metastatic types of cancer, and metasta-
sis occurs in one-third of patients with HCC. To maintain the effectiveness of drug compounds on
cancer cells and minimize their side effects on normal cells, it is important to use new approaches
for overcoming malignancies. Immunotoxins (ITs), an example of such a new approach, are protein-
structured compounds consisting of toxic and binding moieties which can specifically bind to cancer
cells and efficiently induce cell death. Here, we design and scrutinize a novel immunotoxin against
an oncofetal marker on HCC cells. We applied a truncated diphtheria toxin (DT389) without bind-
ing domain as a toxin moiety to be fused with a humanized YP7 scFv against a high-expressed
Glypican-3 (GPC3) antigen on the surface of HCC cells. Cytotoxic effects of this IT were investigated
on HepG2 (GPC3+) and SkBr3 (GPC3−) cell lines as positive- and negative-expressed GPC3 anti-
gens. The dissociation constant (Kd) was calculated 11.39 nM and 18.02 nM for IT and YP7 scfv,
respectively, whereas only IT showed toxic effects on the HepG2 cell line, and decreased cell viability
(IC50 = 848.2 ng/mL). Changing morphology (up to 85%), cell cycle arrest at G2 phase (up to 13%),
increasing intracellular reactive oxygen species (ROSs) (up to 50%), inducing apoptosis (up to 38%
for apoptosis and 23% for necrosis), and an almost complete inhibition of cell movement were other
effects of immunotoxin treatment on HepG2 cells, not on SkBr3 cell line. These promising results
reveal that this new recombinant immunotoxin can be considered as an option as an HCC inhibitor.
However, more extensive studies are needed to accomplish this concept.

Keywords: Glypican-3; hepatocellular carcinoma; humanized YP7; diphtheria toxin; new recombi-
nant immunotoxin

Key Contribution: We designed the new diphtheria-based immunotoxin (DT389-YP7) against hepa-
tocellular carcinoma. DT389-YP7 properly inhibits HCC cells by key effects including cell morphology
alteration, colony-formation ability impairing, ROS levels elevation, induction of apoptosis, cell cycle
arrest and cell movement inhibition. So, this new immunotoxin seems to be a good candidate for
pre-clinical studies.

1. Introduction

Out-of-control growth and proliferation of cells lead to tumor formation [1]. Tradi-
tional approaches, such as surgery, radiation therapy, chemotherapy, or a combination of
them, in treating malignancies are insufficient and accompanied by many side effects on
normal tissues [2,3]. Achieving a new technology or tool for cancer-specific treatment is
one of the big topics of conversation in medical research [4,5].
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The development of anticancer drugs against specific antigens of cancer cells is one of
the new attractive methods for researchers to treat cancers [6–8]. As such, in line with
this approach, the first, and probably the main, milestone is discovering an appropriated
specific antigen as a cancer cell marker [9,10]. GPC3 is a glycophosphatidylinositol (GPI)-
anchored cell surface heparan sulfate proteoglycan that is expressed during the early stage
of cancer [11], but not in normal adult tissues [12]. GPC3, as an oncofetal antigen, is over-
expressed in HCC cells and involved in tumor development through Wnt [13,14], Yap [15],
and TGFβ2 [16] signaling pathways. It is detectable on several carcinomas/neoplasms.
HCC, yolk sac tumors, thyroid cancer, colorectal carcinoma, gastric carcinoma, pancreatic
cancer, and non-small cell lung cancer are the major tissues with GPC3 overexpression.
However, evidence has shown that GPC3 is overexpressed in 14% of gastrointestinal tract
and pancreatic carcinomas/neoplasms [17]. Meanwhile, HCC with more than 80% ex-
pression is taken into account as the most overexpressing tissue [18]. Targeting of such
an overexpressed specific antigen on cancer cells by antibodies, or their derivatives, is
tempting as an efficient strategy to annihilate cancer cells [19–21]. ITs are protein structures
consisting of two parts: the toxin and the binding moieties. Herbal or bacterial toxins can
be used as a toxin moiety in the structure of ITs. As such, the potent toxins are raised as
key agents in cancer treatment, as well as in protection against infectious agents [22]. The
binding moiety contains a specific monoclonal antibody or binding fragment, such as the
antigen-binding (Fab) or the single-chain fragment variable (scFv) [23,24]. Specific binding
of the antibody to the antigen causes the toxin to enter into the cancer cells, subsequently
killing the cell by inhibiting protein synthesis. This specific binding diminishes the negative
effects of immunotoxins on normal cells [25].

Multiple ITs have been designed against GPC3 of hepatocellular cancer cells [26,27].
One of the problems associated with antibody-based therapies is the secondary immune re-
sponse to animal-derived therapeutic antibodies as foreign antigens. To overcome this prob-
lem, humanized antibodies have been developed in which complementarity-determining
regions (CDRs) of the antibody remain intact, and other regions are substituted with their
counterparts in human antibodies [28]. Other than humanization, reducing the size of the
antibodies can also decrease the secondary immune responses. The functional fragments
of antibodies, such as scFvs, nanobodies, and Fab fragments, are much considered in this
regard. Yi-Fan Zhang et al. investigated and compered several humanized scFv against
GPC3, and provided us with a clear picture of the biological and physicochemical status of
existing structures [28]. On the other hand, choosing a meet toxin is another challenge in
designing and manufacturing of ITs. The size, function, toxicity, and immunogenicity of
the toxin moiety are the bottlenecks for selecting an appropriate toxin.

Summarizing these issues in a valid concept calls for the conduction of a study with the
aim of designing and producing an engineered IT structure, and evaluating its bioactivities.
Accordingly, after in-silico analysis on different IT constructions composed of previously
developed scFvs [28], a truncated diphtheria toxin, and different number of linkers, the
best-scored structure was chosen to be produced, and its effect on HCC cells investigated.
As such, after the expression and purification of the recombinant IT, its binding affinity
and cell toxicity on HepG2 as a hepatocellular carcinoma cell line were investigated.

2. Results

2.1. Construction Design

Although in-silico analysis and physic-chemical properties of the three structures
were the same, the DT389-(GGGGS)2-YP7 IT showed more reliable conformation and
structural orientation (Figure 1a). After codon adaptation of DT389-(GGGGS)2-YP7 IT
based on the E. coli strand, the primary expression was optimized and prepared for
continued investigation.
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Figure 1. Schematic structures of DT389-(GGGGS)2-YP7 immunotoxin. The truncated Diphtheria (DT389) was fused to
humanized YP7 scFv (developed byY. Zhang et al., 2016) against GPC3 antigen, by two repeats of G4S flexible linker
(a). Purification and validation of proteins using Ni-NTA column and western blotting. Conformational and secondary
structure study of IT through CD analysis. Purification of DT389-(GGGGS)2-YP7 IT (b), DT389, and humanized YP7 scFv
was performed using affinity chromatography and different concentrations of imidazole to achieve the most purified protein
of interest on 12% SDS-PAGE. (b). 1: ladder, 2: elution buffer containing MES (20 mM), 3: elution buffer containing 250 mM
imidazole, 4: elution buffer containing 100 mM imidazole, 5: washing buffer containing 20 mM imidazole, 6: washing buffer
containing 10 mM imidazole, 7: total sonicated cell extraction, 8: flow through from column. (c). 1: elution buffer containing
MES (20 mM), 2: elution buffer containing 500 mM imidazole, 3: ladder, 4: elution buffer containing 250 mM imidazole,
5: elution buffer containing 170 mM imidazole, 6: second washing buffer containing 20 mM imidazole, 7: first washing buffer
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containing 20 mM imidazole, 8: second washing buffer containing 10 mM imidazole, 9: first washing buffer containing
10 mM imidazole, 10: flow through from column. (d). 1: elution buffer containing MES (20 mM), 2: ladder, 3: elution
buffer containing 500 mM imidazole, 4: elution buffer containing 250 mM imidazole, 5: elution buffer containing 170 mM
imidazole, 6: second washing buffer containing 20 mM imidazole, 7: first washing buffer containing 20 mM imidazole,
8: second washing buffer containing 10 mM imidazole, 9: first washing buffer containing 10 mM imidazole, 10: flow through
from column. (e). Validating of proteins were performed by western blotting. Results showed that purification of proteins
was accurate. 1: purified IT (69 kDa), 2: ladder, 3: purified truncated Diphtheria (DT389) (42 kDa), 4: purified YP7 scFv
(35 kDa), 5: total protein extraction of native E. coli BL21 without vector. (f). Secondary structure of IT using far-CD. Main
percentage of secondary structure was dedicated to be α-Helix.

2.2. Purification and Validation of Proteins

Purified proteins were analyzed by SDS-PAGE and western blotting (Figure 1a–c). The
same purification protocol, as mentioned above, was followed for all three proteins. The
most purified protein fraction was eluted in higher concentrations of imidazole (500 mM)
and MES (20 mg/mL) buffers. A single band on 12% SDS-Page gel indicated purified
proteins. Purification process was carried out separately for DT389-(GGGGS)2-YP7 IT
(Figure 2b), DT389 (Figure 2c), and humanized YP7 scFv (Figure 2d). To validate purified
proteins, the recombinant proteins were detected by Anti His-Tag antibodies and western
blot analysis (Figure 2e). Three single bands in 69, 42, and 35 kDa were related to purified
IT, truncated Diphtheria (DT389), and humanized YP7 scFv, respectively.

The data from conformational analysis indicated that the expression and purification
processes have been performed correctly, and SDS-PAGE visualized bands were dedicated
to our interested proteins.

Using the GOR IV online server, the secondary structure of IT (DT389-(GGGGS)2-
YP7) was predicted and compered to experimental data obtained from far-CD (Figure 1f).
Experimental analysis on IT structure showed more α-helix and extended strand structures
than the in silico predicted structure (Table 1). The percentage of α-helix, extended strand,
and random coil in the experimental model were calculated as 40.23%, 29.81%, and 29.96%,
respectively. Among these, the percentages of alpha helix and extended strand are slightly
more than predicted percentages.

2.3. Binding Affinity and Bioactivity

Binding of IT, DT389, and YP7 scFv to HepG2 and SkBr3 cell lines was investigated
by cell-ELISA. Results revealed that IT and YP7 scFv bind to HepG2 cells, whereas DT389
could not. The Kd of IT and YP7 scFv was 11.38 nM and 18.02 nM, respectively, on HepG2
(GPC3+) cells (Figure 2a). SkBr3 (GPC3) cells as negative control showed no binding
attachment for IT, DT389, and YP7 scFv (Figure 2b).

The viability of HepG2 cells was decreased by increasing of IT concentration with
an IC50 value of 848.2 ng/mL (Figure 2c), whereas no toxic effect was detected on SkBr3
(Figure 2d). Neither DT389 nor YP7 scFv had a toxic effect on either type of the cancer cell
lines. The number of cell death induced by IT, DT389, and YP7 scFv was investigated by
trypan blue staining. The results demonstrated that when increasing the concentration of
IT, the number of HepG2 dead cells would also be increased (Figure 2e).

2.4. Cells’ Morphology

The morphology of HepG2 cells altered after treatment with IT (Figure 3a). Increasing
the concentration of IT resulted in a decrease in the number of cells, colony-forming ability,
size of cells, and adherent property. In high concentrations (≥1000 ng/mL), cell shrinkage and
decreasing cell asymmetry shape were occurred. Acridine orange/ethidium bromide staining
of HepG2 cells revealed that IT (850 and 1250 ng/mL) induces apoptosis. Cell membrane
lobulation and DNA fragmentation was observed in IT-treated HepG2 cells. All of the SkBr3
cells were intact even in the presence of the highest concentration of IT (Figure 3b). As the
results show, DT389 and scFv had no effect on both HepG2 and SkBr3 cell lines.
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Figure 2. Investigation of binding affinity (a,b) and toxicity (e) of IT, DT389, and YP7 scFv proteins on HepG2 and SkBr3
cell lines after 24 h of treatment. The Kd of immunotoxin, DT389, and YP7 scFv to HepG2 (a) and SkBr3 cells (b) with
different concentrations of each three proteins separately (0, 50, 100, 250, 500, 750, 1000, 1250, 1500, and 2000 ng/mL) using
cell-ELISA approach. OD450 nm represented as binding property. Toxic effect of IT, DT389, and YP7 scF on HepG2 cells
(c) and SkBr3 cells (d) with the same concentrations using MTT assay. Decreasing cell viability was observed at higher
concentrations of immunotoxin (≥1000 ng/mL) in HepG2 cells. (e) Trypan blue assay was used to confirm cell toxicity
of immunotoxin. Number of blue-colored cells represented as dead cells in comparison with control group. Results were
expressed as the mean ± SD. (*** p < 0.001) (n = 3).
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Table 1. Result of secondary structure obtained from fat CD.

Type of Fusion
Protein

Alpha Helix Extended Strand Random Coil

DT289-(GGGGS)2-
YP7 40.23 29.81 29.96

The analyzed data are displayed in percentage.

Figure 3. Morphology of HpG2 (a) and SkBr3 cell lines (b) investigation using optical and fluorescent
microscopes. (a) Morphology of HepG2 cells was changed after treatment with IT. A decrease in
the number of cells and colony-forming ability, cell membrane destruction, and cell shrinkage were
observed as main changes (marked cell). Acridine-orange ethidium bromide staining revealed
that the rate of apoptosis (early and late) and necrosis were raised up at highest concentrations
(1250 ng/mL) of IT compared to control. Cell membrane lobulation and DNA fragmentation were
observed in lower concentration of IT (≤1000 ng/mL). (b) The same concentrations of IT were
applied to SkBr3 cell line, however, no morphologic changes were observed after treatment.

2.5. Apoptosis and Cell Cycle

New recombinant IT activated an apoptosis pathway in HepG2 cells. Twenty-four hours
after treatments, HepG2 cells migrated to an apoptosis area division, and the percentage
of living normal cell decreased undergoing IT treatment, whereas no decrease of living
normal cells in the SkBr3 cell line was observed. The percentage of early and late apoptosis,
and necrotic cells, increased compared to control in HepG2 cells when increasing IT
concentration (20.2 and 4.49% for early apoptosis, 14.8 and 34.0% for late apoptosis, and
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2.63 and 23.0% for necrotic cells were observed after treatment of cells with 850 and
1250 ng/mL of IT, respectively) (Figure 4).

Figure 4. Effect of IT, DT389, and YP7 scFv on apoptosis induction after 24 of treatment using flow cytometry. Categorization
of treated cells into necrotic cells (Q1), late apoptosis (Q2), early apoptosis (Q3), and normal cells (Q4). After treatment,
HepG2 cells moved into apoptosis and then, necrosis regions. Results were analyzed by FlowJo software. Data have been
shown for a single sample.

Reactive oxygen species (ROSs) in the cells were increased under treatment with
IT. ROS participated in the oxidative pathway and consequently, cell death. Increasing
dichlorofluorescein (DCF) represented as internal ROS in cells, which is detectable by flow
cytometry. By increasing the concentration of IT, the emission intensity in HepG2 cells was
increased (Figure 5a), so that 7.1% of pretreatment HepG2 cells with positive internal ROS
increased significantly to 39.7% and 57.5% in treated cells with 850 and 1250 ng/mL of IT,
respectively (Figure 5b).

HepG2 cell cycle arrest was also observed under treatment with IT. Based on the
intensity of PI staining, cells divided to sub-G1, G1, S, and G2 phases (Figure 6a). The
percentage of cells at sub-G1 was increased from 2.89% in the HepG2 control cell line to
10.3% and 16.9% after treatment with 850 and 1250 ng/mL of IT, respectively (Figure 6b).
Cells arrest at the G2 phase, and an increase of ROS resulted in more cell apoptosis
induction. No cellular effect (neither HepG2 nor SkBr3 cell lines) was observed after
treatment with DT389 and YP7 scFv, which indicated that none of them had the capability
to inhibit cancer cells on their own.

2.6. Cell Movement and Metastasis

Movement of HepG2 cells was prevented after IT treatment. Inhibition of cell move-
ment was investigated using scratch and cell invasion assays. Compared to control, higher
concentrations of IT (≥1000 ng/mL) caused the related distance of edges to remain intact,
and had no inhibitory effect on SkBr3 cells (Figure 7a). The average distance from edges to
edge of cell was measured and considered as cell movement. Statistical analysis indicated
a significant difference between treated target cells and related controls (Figure 7b).
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Figure 5. Reactive oxygen species (ROSs) increasing in HepG2 cells treated by IT after 24 h. (a) Increasing fluorescent DCF,
represented as intracellular ROS in IT treated HepG2 cells (data have been shown for a single sample). (b) Percentage of
ROS-positive cells was meanly increased at 850 and 1250 ng/mL concentrations of IT in HepG2 cells. Results were analyzed
by FlowJo software and expressed as the mean ± SD. (*** p < 0.001) (n = 3).
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Figure 6. Cell cycle arrest following IT-treatment of HepG2 cells after 24 h. (a) Cell cycle was arrested in HepG2 cells
treated with IT at G2 phase, but not in SkBr3 cells. Propidium iodide (PI) dye was utilized to stain DNA strands. Different
amounts of DNA (single or double strand) were considered to distinguish cells (data have been shown for a single sample).
(b) Percentage of cells in different phases sub-G1, G1, S, and G2. Distribution of cells in sub-G1 phase increased after IT
treatment in HepG2 cells. Results were analyzed by FlowJo software and expressed as the mean ± SD. (* p < 0.05 and
** p < 0.01) (n = 3).
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Figure 7. Investigation of effect of IT on HepG2 (a,b) and SkBr3 cell movement after 24 h treatment
with 850, 1000, and 1250 ng/mL of IT. (a). Movement of HepG2 and SkBr3 cells was inhibited after
treatment. (b). Average of distances between edge to edge was measured using ImageJ software, and
data were presented as the mean (μm) ± SD. (c). After 24 h of migration, passed cells through pores
were stained by crystal violet and counted using a fluorescence microscope. (d). Passed cells were
counted and compared to control in both HepG2 and SkBr3 cell lines. Results were expressed as the
mean ± SD. (* p < 0.05, ** p < 0.01, and *** p < 0.001) (n = 3).

Cancer cells’ property to change the cytoskeleton and move throughout pores was
investigated by a cell invasion assay. A plate with a chamber covered by 8 μm diameter
pores was utilized to evaluate property of IT-treated cell to cross through pores, in which
passed cells were considered as metastatic cells. The number of passed HepG2 cells was
significantly decreased after treatment with IT (Figure 7c). Higher concentrations of IT
(≥1000 ng/mL) were more effective in inhibiting cells movement, and in the HepG2 cell
line, 32 passed cells in control decreased to 20, 12, and 6 cells at 850, 1000, and 1250 ng/mL
concentrations of IT, respectively. No effect was seen on SkBr3 cell line (Figure 7d).

3. Discussion

Since 2000, many ITs have been designed to inhibit hepatocellular carcinoma (HCC)
cells [29,30]. The variety in scFv and toxin moieties has caused various ITs with different
binding affinities and IC50 [14,26,27,31,32].

Pseudomonas exotoxin A (PE), as one of the prominent toxin moieties, is mostly used
in IT structures. The intrinsic properties of PE, including, high toxicity, well-known routing
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and processing, and ease of manipulation, have given it some superiorities over other
toxin moieties [33]. PE, possessing the furin cleavable and KDEL-like motifs, facilitates
further detaching of the catalytic domain and retrograde transportation to the endoplasmic
reticulum (ER), respectively [34].

Diphtheria toxin (DT) is another successful toxin moiety in which the R-domain is
substituted with a targeting moiety to construct ITs. DT, like PE, has a furin cleavable
moiety, and functionally has shown low IC50. ONTAK, as the only FDA approved IT
(certified in 1999), is a DT-based IT against cutaneous T-cell lymphoma.

The other arm of IT is a targeting moiety. To choose the best targeting moiety, it is
essential to find a fit target. Evidence has revealed that CPC3 would be an ideal antigen to
be used as an IT target in HCCcells. Hitherto, multiple ITs (e.g., HN3, HS20, and YP7) have
been introduced against GPC3 [12,16–18]. GPC3 is related to the Yap and Wnt signaling
pathways. Findings have demonstrated that HN3 and HS20 have inhibitory effects on both
pathways. However, YP7 (a mouse mAb which identified the C-terminal of GPC3) has
shown no effect on neither Wnt nor Yap signaling pathways. Nevertheless, all of them
have shown anti-tumor activity in vivo [14].

In the present study, several IT structures were designed based on in silico analysis.
Among all, the DT389-(GGGGS)2-YP7 immunotoxin was chosen as the main structure, and
its structural stability was studied in our laboratory. Considered IT and its components
(DT389 and YP7 scFv) were expressed and purified separately using immobilized metal
affinity chromatography (IMAC). Western blot and far-CD analyses were performed to
confirm accuracy of purified protein and the secondary structure. The Kd for IT and
YP7 scFv was 11.39 nM and 18.02 nM, respectively, and IC50 for IT on HepG2 cells was
848.2 ng/mL. No binding affinity for DT389 was observed neither for HepG2 nor SkBr3
cell lines. Besides, DT389 and YP7 scFv showed no cytotoxic effect on HepG2 and SkBr3
cell lines. A lethal effect of IT on the HepG2 cell line was significantly manifested, and at
higher concentrations of IT (≥1000 ng/mL), the morphology and colony forming ability of
cells were disrupted (Figure 3a).

Previously, the cytotoxic effect of YP7-based immunotoxins has been approved by
Zhang and their colleagues, and they designed humanized anti-GPC3 scFvs, namely hYP7
and hYP9.1 fused with PE, and investigated their affinity and cytotoxicity. They grafted
the combined KABAT/IMGT complementarity determining regions (CDRs) of mouse
scFvs into a human IgG germline framework. In spite of a very similar scFv sequence of
mouse YP7-, YP8-, YP9-, and YP9.1-PE38 immunotoxins, the two YP7-PE38 and YP9.1-PE38
showed higher efficiency and performance and subsequently, were chosen to be humanized.
In humanized immunotoxins, the binding affinity of hYP9.1-PE38 was better, but hYP7-
PE38 was more cytotoxic [28].

DNA fragmentation, as the major feature of early apoptosis cells [35], was observed
in HepG2 cells treated with IT. At 1250 ng/mL concentration of IT, the HepG2 cell was pro-
moted to activate the necrosis pathway, as well as the apoptosis pathway. Flow cytometry
data analysis also indicated the apoptosis activation and necrosis development in HepG2
cells, but not in SkBr3 cell line.

Protein synthesis inhibition following inactivation of elongation factor 2 (EF2) by the
immunotoxin is associated with loss of mitochondrial membrane potential (MtMP), and
promotes cells death. Furthermore, it has been revealed that IT induces apoptotic proteins
such as Bax and DNA fragmentation factors, cytochrome c (Cyt c) release, and ultimately,
caspase-dependent cell death [36–38].

As shown, reactive oxygen species (ROSs) were increased in IT-treated HepG2 cells. It
has been demonstrated that ROSs were increased in cancer cells treated with IT through in-
hibition of antioxidant pathways, such as the KEAP1-NRF2 pathway [39]. In the following,
ROSs with their extremely reactive and toxic properties, can oxidize cellular components,
and have synergetic effects on cell destruction and death. [40,41].

Data of cell cycle analysis obtained from flow cytometry revealed that our recombinant
IT arrests the HepG2 cell cycle at the G2 phase. Previous studies have been shown that ITs
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can impress cell cycles at G1/S phases [42–44]. Correlation among DNA fragmentation,
apoptosis, and cell cycle arrest has been extensively investigated. Increasing Bax as an
apoptotic factor represented a transcriptional factor for p53, which is considered a tumor
suppressor by inducing cell cycle arrest and cell apoptosis [30,45,46]. Generally, in addition
to direct effect of IT on the activation cell apoptosis, increasing intracellular ROS and
arresting cells into the G2 phase will confer it the maximum toxic effects.

Metastasis of primary cancer cells to other organs makes cancer cells difficult to cure,
so inhibition of cell movement would be a promising way to overcome the challenges of
metastatic cancers [47]. Results of a scratch assay and cell invasion assay revealed that
the treatment of HepG2 cells with IT reduces the cell movement and invasion (Figure 5).
Reducing proteins that participate in cell movement and metastasis is considered a con-
sequence of protein synthesis inhibition followed by IT treatment [48]. As is mentioned
above, YP7 is not able to block signaling pathways through binding to GPC3 [14]. As such,
it could be reasonable that the reduced movement can only be attributed to cell death.
However, more investigations are needed to reach a perfect concept in this regard.

4. Conclusions

In conclusion, DT389-(GGGGS)2-YP7 recombinant IT demonstrated a toxic effect
on the HepG2 cell line. Cell morphology alteration, colony-formation ability impairing,
ROS levels elevation, induction of apoptosis and cell cycle arrest and cell movement,
and metastasis inhibition were the major effects of IT treatment. DT389-(GGGGS)2-YP7
immunotoxin could be considered as a novel recombinant protein to inhibit HCC cells with
high expressions of GPC3. However, this underling scientific effort calls for further studies
to respond to all questions around this recombinant protein.

5. Materials and Methods

5.1. Construction Design

A variety of structures of ITs were constructed, composed of a truncated diphthe-
ria toxin (residues 1-389; DT389) (Expasy accession no. P00588) [49] and different Yi-Fan
Zhang’s humanized anti-GPC3 scFvs (YP7, YP8, YP9 and YP9.1) [28], using credible in-silico
software. This preliminary phase of studies focused on investigating the effectiveness of
different G4S linkers between toxin and scFv moieties on secondary and three-dimensional
structures, stability, flexibility, solubility, and physic-chemical properties. In the end, the
structure with the highest score (DT389-(GGGGS)2-YP7) was selected as best IT candi-
date. The nucleotide sequence of the selected construct was synthesized in PET 21a+ and
transformed to the Escherichia coli strain for recombinant expression. Apart from IT, the
toxin and YP7 scFv moieties were separately produced for further analysis. Two- and
three-dimensional structure analysis, as well as the degree of stability in all recombinant
proteins was investigated.

5.2. Production, Purification, and Validation of Recombinant Protein by Affinity Chromatography
and Western Blotting

IT (DT389-(GGGGS)2-YP7), truncated diphtheria (DT389), and scFv (humanized YP7)
were produced (under the induction condition of 1 mM isopropylβ-D-1-thiogalactopyranoside
(IPTG) at 37 ◦C for 6 h incubation) and purified using a nickel-nitrilotriacetic acid (Ni–NTA)
affinity column. Buffers containing 10, 20, 100, 170, 250, and 500 mM of imidazole and MES
(2-(N-morpholino) ethane sulfonic acid) buffer were utilized for column calibration, wash-
ing, and elution. All eluted fractions were collected separately and analyzed by 12% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The concentrations of
recombinant proteins were obtained using a Bradford assay. The purified recombinant
proteins were validated by western blotting, and the three proteins were applied to the
separate wells of SDS-PAGE. Then, proteins were transferred to a nitrocellulose membrane
and blocked with tris-buffered saline (TBS) containing 0.05% Tween 20 (TBST) and 5% skim
milk for 2 h in a shaker (SPEED rpm) at room temperature. After removing the blocking
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buffer and washing with PBST, the nitrocellulose membrane was incubated overnight at
4 ◦C with 1:2000 diluted horseradish peroxidase (7)-conjugated Anti His-Tag antibodies
(Sigma, Berlin, Germany). The membrane was washed three times with TBST, and DAB
(3,3′-Diaminobenzidine) substrate was added to detect the proteins of interest.

5.3. Circular Dichroism Analysis

The secondary structures (alpha-helix, beta-sheet, beta-turn, or some other conforma-
tions (e.g., random coil)) of recombinant proteins were determined by a ultraviolet circular
dichroism (CD) spectrum. To do this, the purified proteins (0.3 mg/mL) in buffer were
used, and analyzed by a CD spectrum at 180 to 240 nm.

5.4. Cell Lines and Culture

Human HepG2 (GPC3+) hepatocellular carcinoma (HCC) and human SkBr3 (GPC3−)
breast cancer cell lines were obtained from the cell bank department of Pasture institute
(Tehran, Iran), and cultured in supplemented Roswell Park Memorial Institute (RPMI-1640)
medium (Gibco, Carlsbad, CA, USA) at 37 ◦C in 5% CO2 incubation condition. The media
had been supplemented with 10% fetal bovine serum (FBS) (Gibco, CA, USA), and 1%
antibiotic (50 U/mL of penicillin and 50 μg/mL streptomycin).

5.5. Cytotoxic Effect of Immunotoxin

An MTT assay was performed to investigate the cytotoxic effect of the immunotoxin.
HepG2 and SkBr3 cell lines were seeded into the wells of a 96-well plate at a density of
15,000 cells in 200 μL culture medium. After overnight incubation at 37 ◦C in 5% CO2,
cells were separately exposed with different concentrations (10, 50, 100, 250, 500, 750, 1000,
1250, 1500, 2000 ng/mL) of DT389-(GGGGS)2-YP7 immunotoxin, DT389, and humanized
scFv (YP7). Then, cells were incubated at 37 ◦C for 24 h. Thereafter, 30 μL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) stock solution (5 mg/mL)
was added into each well, and the incubation was continued for 4 h. Afterward, dimethyl
sulfoxide (DMSO) was added to dissolved formed formazan crystals by living cells. Subse-
quently, the absorbance of the solution was measured at 570 nm by an ELISA microplate
reader (Spectra MAX Plus; Molecular Devices, San Jose, CA, USA).

A trypan blue assay was also used to determine the immunotoxin-mediated cell
death. After 24 h of cell treatments with 850, 1000, and 1250 ng/mL of each immunotoxin,
DT389, or YP7 scFv proteins, cells were harvested and mixed with a trypan blue stain [1;1],
and counted using a hemocytometer and inverted microscope (Nikon Instruments Inc.,
Tokyo, Japan). Blue cells were considered as death cells.

5.6. Cell Morphology Analysis

To investigate the morphology of cells, 120,000 cells/well were seeded in a 12-well
plate and after treatment with different concentrations of immunotoxin (850, 1000, and
1250 ng/mL), the cell morphology was analyzed using an inverted microscope. Acridine
orange/ethidium bromide staining of treated cells was carried out to detect apoptotic
and necrotic cells. An amount of 250 μL/well of acridin orange and ethidium bromide
(24 mg/mL for both of them) was added to cells and incubated for 3 min. Cells were
washed twice with PBS (1×) and analyzed using fluorescence microscopy.

5.7. Cell Enzyme-Linked Immunosorbent Assay (Cell-ELISA)

A cell-ELISA test was used to investigate the affinity binding of recombinant proteins
to GPC3+ cells. In this regard, 15,000 cells/wells were seeded into microtiter plates (Nunc-
ImmunoPlates® Maxisorp, Frankfurt, Germany) and incubated at 37 ◦C upon reaching
70% confluence. After cell fixation by formaldehyde (10% v/v) and blocking with PBS-BSA
solution (6% w/v), the cells were treated with different concentrations of DT389-(GGGGS)2-
YP7 immunotoxin, DT389, and humanized YP7 scFv, as mentioned in the MTT assay.
After washing with PBST four times (PBS (1×) containing 0.05% Tween-20), the diluted
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Anti-His Tag antibodies (1:16,000 in PBST) were added into each well. The plates were then
incubated for 60 min at 37 ◦C. Thereafter, each well was washed four times with PBST to
remove non-specific antibodies. Finally, 3,3′,5,5′-tetramethylbenzidine (TMB-H2O2; Sigma-
Aldrich, St. Louis, MO, USA) solution was added, and color development proceeded for
20 min before the addition of a stop solution (2 M H2SO4). The absorbance value of each
well was measured at 450 nm using a microplate reader (Bio-Rad, Hercules, CA, USA). The
resulting data were expressed in terms of OD values.

5.8. Annexin V/PI Apoptosis Detection

Apoptotic effects of recombinant proteins were investigated on HepG2 and ShBr3
cells using an Annexin V/propidium iodide (PI) assay. Cells were seeded into a 12-well
plate incubated at 37 ◦C to reach 60% related confluence. Cells were treated with different
concentrations of immunotoxin (850 and 1250 ng/mL), DT389 (1250 ng/mL), and YP7
scFv (1250 ng/mL), and incubated at 37 ◦C for 24 h. Cells were harvested and washed
twice with PBS (1×), and resuspended in binding buffer. Categorization of cells into four
horizons, including alive, early and late apoptotic, and necrotic cells, was determined by an
Annexin V/PI staining kite. Fluorescein isothiocyanate (FITC)–conjugated Annexin V/PI
solution was added and incubated at room temperature for 30 min. Apoptosis analysis was
carried out using FACSCalibur™ Flow Cytometer (BD Biosciences, San Jose, CA, USA).

5.9. Cell Cycle Investigation

Analysis of cell distribution in different phases of cell cycle (subG1, G1, S, and G2)
was performed using PI staining and a flow cytometric assay. After treatment of cells
with concentrations of immunotoxin (850 and 1250 ng/mL), DT389 (1250 ng/mL), and
YP7 scFv (1250 ng/mL) defined for 24 h, cells were harvested and fixed with ethanol
70% (v/v) for 30 min. Then, the cells were washed twice with PBS (1×) and propidium
iodide (10 μg/mL) was added to determine cell distribution using a FACSCalibur™ Flow
Cytometer. Results were analyzed by FlowJo™ Software version 7.6.1.

5.10. Quantification of ROS in Cells

Dichloro-dihydro-fluorescein diacetate (DCFH-DA) passes through cell membrane,
and is oxidated to convert to fluorescent molecule dichlorofluorescein (DCF) by reactive
oxygen species (ROSs). To perform this test, the same cell counts were seeded and treated
as cell cycle analysis. Treated cells were incubated with 10 μM of DCFH-DA for 1 h. The
emission fluorescent was measured using a flow cytometer, and its data were analyzed by
FlowJo software version 7.6.1.

5.11. Cell Migration

Migration of cells was investigated using scratch and cell invasion assays. For the
scratch assay, a 12-well plate was coated by cells overnight and then treated with 850, 1000,
and 1250 ng/mL of immunotoxin. A central cell-free line was created using a sterile yellow
tip, and cells were permitted to migrate for the next 24 h. Distance between scratch edges
was calculated using ImageJ 1.48 software.

The cell invasion assay was performed using a Transwell™ plate with a special
chamber containing 8 μm diameter pores at the bottom. After treatment of cells with 850,
1000, and 1250 ng/mL concentration of immunotoxin for 24 h, 10,000 treated cells of each
concentration were added into the upper chamber containing 100 μL cell culture medium
with 2% FBS. In the lower part, cell culture medium with 10% FBS was added, and cells
were permitted to move through pores for 48 h. Passed cells were fixed using ethanol 70%
(v/v), and stained with 0.1% (w/v) crystal violet for 5 min. Stained cells were investigated
using an inverted microscope. The process of cell migration was explored by inverted
microscope visualization.
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5.12. Statistical Analyses

Data were presented as means ± standard deviations. All experiments were repeated
in triplicate. Using IBM SPSS statistics 26, all data were analyzed. Significant statistical dif-
ferences among the groups, obtained from fit statistical tests, are presented with * p < 0.05,
** p < 0.01, and *** p < 0.001 in histograms.
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Abstract: Kirkiin is a new type 2 ribosome-inactivating protein (RIP) purified from the caudex of
Adenia kirkii with a cytotoxicity compared to that of stenodactylin. The high toxicity of RIPs from
Adenia genus plants makes them interesting tools for biotechnology and therapeutic applications,
particularly in cancer therapy. The complete amino acid sequence and 3D structure prediction of
kirkiin are here reported. Gene sequence analysis revealed that kirkiin is encoded by a 1572 bp
open reading frame, corresponding to 524 amino acid residues, without introns. The amino acid
sequence analysis showed a high degree of identity with other Adenia RIPs. The 3D structure of
kirkiin preserves the overall folding of type 2 RIPs. The key amino acids of the active site, described
for ricin and other RIPs, are also conserved in the kirkiin A chain. Sugar affinity studies and docking
experiments revealed that both the 1α and 2γ sites of the kirkiin B chain exhibit binding activity
toward lactose and D-galactose, being lower than ricin. The replacement of His246 in the kirkiin 2γ
site instead of Tyr248 in ricin causes a different structure arrangement that could explain the lower
sugar affinity of kirkiin with respect to ricin.

Keywords: 3D structure; plant toxin; primary sequence; ribosome-inactivating protein; kirkiin; ricin;
toxic lectin; sugar specificity; cancer therapy

Key Contribution: The knowledge of amino acid sequence and the 3D structure prediction of kirkiin
are essential because of its potential in medicine, for cancer treatment, and of its biotechnological
applications in neuroscience. Moreover, the comparison between the structural properties of kirkiin
and those of other type 2 RIPs could be useful for explaining the differences in enzymatic activity
and toxicity.

1. Introduction

Ribosome-inactivating proteins (RIPs) are plant toxic enzymes widely distributed
in nature, and many RIP-containing plants have been used for centuries in traditional
and folk medicine for the treatment of several pathologies [1,2]. Type 2 RIPs consist
of two polypeptide chains, called A and B chain, which are linked together through a
disulfide bridge. The A chain possesses rRNA N-glycosylase and polynucleotide:adenosine
glycosidase activities that irreversibly damage rRNA and other polynucleotide substrates
inside the cells, thus causing cell death [3]. The B chain has lectin properties, which allows
type 2 RIPs to bind the galactoside residues on cell membrane, facilitating the entry into
cells and resulting in high cytotoxicity.
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Type 2 RIPs extracted from Adenia genus plants are the most potent plant toxins
known to date, being able to irreversibly inhibit protein synthesis and to induce cell death
at very low concentrations. In addition, Adenia RIPs proved very toxic for animals at small
doses. This high toxicity is due to the peculiarity of Adenia toxins to be transported in
a retrograde manner both along peripheral nerves, in the same way as ricin and abrin,
and within the central nervous system [4,5]. This property could have different medical
and biotechnological applications in the field of neuroscience to selectively lesion specific
neurons, i.e., in behavior studies. The most toxic Adenia RIP is stenodactylin, which induces
several molecular mechanisms triggering different cell death pathways [6,7]. Recently,
kirkiin, a new type 2 RIP from the caudex of Adenia kirkii, was purified and characterized,
showing a cytotoxicity comparable to that of stenodactylin. Kirkiin has N-glycosylase
activity against mammalian and yeast ribosomes, and it is able to completely inhibit protein
synthesis both in a cell-free system and in cells, and to induce cell death by apoptosis at
very low doses in the human neuroblastoma cell line [8]. Due to its elevated cytotoxicity,
it can be considered an attractive molecule for the production of immunotoxins for the
treatment of cancers, and as a single agent for loco-regional treatments [7,9,10].

This study investigates the primary sequence of kirkiin, and a comparison with the
sequences of other type 2 RIPs from Adenia species and ricin was performed, in order to
provide useful information about the amino acids directly or indirectly involved in kirkiin
toxicity. A three-dimensional structure was also predicted through homology modeling.
Knowledge about the amino acid sequence associated with the structure analysis is essential
to understand the protein function and to investigate structure–function relationships in the
mechanism of action of kirkiin. Moreover, the carbohydrate-binding properties of kirkiin
were here investigated in order to better understand the correlation between structure and
function of the molecule.

2. Results

2.1. Isolation and Cloning of Kirkiin Gene

The kirkiin gene sequence was determined by PCR amplification of A. kirkii genomic
DNA. Based on the N- and C-terminal amino acid sequences of other RIPs derived from
plants of Adenia genus (modeccin, lanceolin 1, lanceolin 2, stenodactylin, and volkensin) and
on the information available in GenBank on volkensin amino acid sequence (CAD61022)
and stenodactylin (MT580807), four specific primers were designed for PCR amplification
of the kirkiin gene (see Section 4.2.2). Two primer pairs amplified two genomic DNA
fragments corresponding to the A chain (A2-B1R) and the entire sequence of kirkiin
(A2-B5R). The information obtained on the sequence was analyzed using the algorithms
available on http://expasy.org (accessed on 15 October 2021) [11]. Excluding the nucleotide
sequence coding for the signal peptide, the DNA sequence analysis revealed that kirkiin is
encoded by a 1572 bp open reading frame (ORF) without introns, encoding a protein of
524 amino acids (Figure 1). The N-terminal sequence of kirkiin A chain was determined
by direct Edman degradation and allowed us to obtain the sequence of the first 15 amino
acid residues for the A chain (see below). As a control, also, the N-terminal sequence of
the B chain was determined to confirm the method validity; the sequence deduced from
the chemical sequencing perfectly matched the nucleotide sequence. The gene contains
the 753 bp sequence encoding the A chain (251 amino acids with a theoretical molecular
weight (Mw) of 28,324.21) and 774 bp sequence encoding the B chain (258 amino acids with
a theoretical Mw of 28,506.13), which were separated by a sequence linker of 45 bp. The
C-terminal end of the A chain and the linker sequence were estimated on the basis of the
homology with other toxic type 2 RIPs from the same genus.
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Figure 1. Full-length sequence and derived amino acid sequence of the kirkiin gene. The A chain
is represented in black, the B chain is represented in blue, and the sequence of the linker peptide
is represented in red. The N-terminal amino acid sequences of the A and B chains obtained by
Edman degradation are underlined. Numbering refers to the position of the amino acids in the
mature A and B chains. The DNA sequence for kirkiin was submitted to GenBank (accession number:
OK283399). The letter “n” means “unknown nucleotide residue”, being the amino acid sequence
obtained exclusively by Edman degradation.

The protein sequence alignment between the N-terminal sequences obtained for
kirkiin and those already known for modeccin [12] (A. digitata), volkensin [13] (A. volkensii),
lanceolin 1, lanceolin 2 (A. lanceolata), and stenodactylin (A. stenodactyla) [14] showed that
kirkiin A chain shares 14/15 amino acids with stenodactylin and lanceolin A2. The different
amino acid residue is Phe at position 7 in stenodactylin A chain, which is replaced by Leu

99



Toxins 2021, 13, 862

in kirkiin A chain. This substitution is also present in the A chains of modeccin and in
lanceolin 1. Moreover, all the N-terminal amino acid sequences of Adenia RIPs, except for
volkensin, present a Cys residue at position 9 (position 8 for lanceolin A1). The identity
among the B chains is very high, except for the first three N-terminal residues Asp-Pro-Val
that are present in kirkiin as well as in volkensin and stenodactylin B chains but not in
modeccin and lanceolin (Figure 2).

Figure 2. Amino acid alignment of the N-terminal sequences of modeccin, lanceolin, stenodactylin,
volkensin, and kirkiin. Identical residues (*), conserved substitutions (:) are reported. X, unassigned
amino acid positions [15].

A multiple sequence alignment was performed between Adenia RIPs (kirkiin, sten-
odactylin, and volkensin) and ricin, which is the best-known RIP [16], using the program
Clustal Omega [15] (Figure 3). The amino acid comparison showed a higher identity of
kirkiin with RIPs purified from plants belonging to the same genus (96.3% with sten-
odactylin and 87% with volkensin) with respect to ricin (40.4%). The alignment between
kirkiin and stenodactylin showed a higher identity of A chains (97.6%) in comparison to B
chains (95.4%). On the contrary, the alignment between the kirkiin sequence and those of
volkensin and ricin showed a higher identity of the B chains (89.2% with volkensin and
48.4% with ricin) with respect to the A chains (84.4% with volkensin and 35.1% with ricin).
Similarly to stenodactylin, kirkiin contains a total of 15 cysteinyl residues, which is one
more than that present in volkensin and four more than ricin. The kirkiin A chain includes
three cysteinyl residues at the positions 9, 157, and 246. The B chain includes 12 cysteinyl
residues (at positions 4, 20, 39, 59, 63, 78, 149, 162, 188, 191, 195, and 206). It is known for
other type 2 RIPs, such as ricin [17], that the N-terminal cysteine of the B chain (Cys4) forms
an interchain disulfide bridge with the cysteine at the C-terminal of the A chain (Cys246),
and that eight cysteines in the B chain (Cys20-Cys39, Cys63-Cys78, Cys149-Cys162, and
Cys188-Cys206) form conserved intramolecular disulfide bridges. Two possible glyco-
sylation sites in the kirkiin B chain were identified by the program NetNGlyc1.0 [18] at
position Asn93-Gly94-Thr95 and Asn133-Val134-Thr135. The amino acid residues reported
to be involved in the active site of RIPs are conserved within the sequence of kirkiin and
stenodactylin A chains, except for Ala199 and Ala245, which are replaced with Gln198 and
Val244 in volkensin. All the amino acids present in sugar binding sites are conserved in the
kirkiin B chain, similarly to stenodactylin and volkensin (Figure 3).
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Figure 3. Alignment between kirkiin, stenodactylin (GenBank MT580807), volkensin (GenBank
CAD61022), and ricin (GenBank P02879). Identical residues (*), conserved substitutions (:), and
semiconserved substitutions (.) are reported. The A and B chains are written in black letters; the
sequence of the linker peptide is in red. The putative amino acids that are present in the active site
pocket (boxed in red) or in the galactoside-binding sites (boxed in blue), those involved in substrate
binding or catalysis (highlighted in red), those involved in sugar binding (highlighted in blue), and
those involved in disulfide bridges (highlighted in yellow) are represented, and they were assigned
by comparison with the structure of ricin (PDB accession no. 2AAI, 3RTI, and 3RTJ). The dash
indicates a gap introduced into the sequences to maximize alignments.

2.2. Structural Analysis of Kirkiin

Given the availability of the complete amino acid sequence, it was possible to predict
the three-dimensional structure of kirkiin with a computational model using several type
2 RIP crystal structures as templates. The best three-dimensional model obtained for
kirkiin is shown in Figure 4a, and it was found to have a confidence score (C-score) of 0.61,
template modelling (Tm) score of 0.80 ± 0.09, and root-mean-square deviation (RMSD) of

101



Toxins 2021, 13, 862

6.1 ± 3.8 Å, which satisfied the range of parameters for molecular modeling. The overall
folding of type 2 RIPs is conserved in kirkiin, apart from a few discrepancies due to some
deletions and insertions in loop regions. The kirkiin A chain structure consists of three
folding domains. The first domain includes the N-terminus until the residue Phe109,
with the first four residues not structured. It is composed of six antiparallel β-sheets
(strands from a to f) and two α-helices (helices A and B) alternating in the order aAbcdeBf
(Figure 4b). Tyr74, one of the amino acids directly involved in the binding of adenine,
is located in the first domain. The second domain extends from Glu110 to Ala199 and
consists of five α-helices (helices from C to G), with a classical helix–loop–helix motif.
The second amino acid involved in adenine binding (Tyr113) and the catalytic amino
acids (Glu163 and Arg166) are located here. The last domain consists of two α-helices
and two antiparallel β-sheets in a α-helix–β-fork–α-helix motif (HghI), ending with an
unstructured coil region in the C-terminus. This structural motif seems to be important for
the interaction of RIPs with cell membranes [19] and for the explanation of their biological
and toxic activities [20], and it contains the residue Trp200 of the active site. The three
folding domains of the A chain form a deep pocket which accommodates the conserved
active site. Similar to other type 2 RIPs, the kirkiin B chain is made of two homologous
globular lectin domains arisen by gene duplication [21], which is exclusively formed by
β-sheets. Each domain consists of four homologous subdomains (1λ, 1α, 1β, and 1γ for
lectin 1; 2λ, 2α, 2β, and 2γ for lectin 2). The subdomains 1λ (from the B chain N-terminus
to residue Thr9) and 2λ (residues Val131 to Pro137) are responsible for the binding to the
A chain and for the interconnection between the two B chain domains, respectively. The
subdomains 1α (residues Thr10 to Thr56), 1β (residues Ile57 to Gly94), and 1γ (residues
Thr95 to Asn130) are arranged in a trefoil structure. This arrangement is also present in
lectin 2 with subdomains 2α (residues Thr138 to Thr178), 2β (residues Ile179 to Gly221),
and 2γ (Ile222 to Leu258) (Figure 4b). The subdomains 1α and 2γ contain the two galactose
binding sites.

2.3. Carbohydrate Binding Properties of Kirkiin

Kirkiin showed hemagglutination activity (HA) on human A, B, and 0 erythrocytes
being the minimum concentration required for activity of 0.175 mg/mL for both the A and
0 blood groups, and of 0.35 mg/mL for the B blood group (data not shown). To understand
the sugar binding specificity of kirkiin, the inhibition of hemagglutination was carried
out with several monosaccharides and disaccharides (Table 1). The results showed that
the HA of kirkiin was inhibited by D-galactose and its derivative lactose at very similar
concentrations (0.012 and 0.011 M, respectively). No affinity for D-glucose, D-fructose,
D-mannose, D-sorbitol, D-mannitol, L-fucose, N-Acetyl-D-mannosamine, and sucrose was
observed by kirkiin at the maximum sugar concentration tested. D-galactose was able to
inhibit kirkiin HA at concentration one titer lower than that of stenodactylin (0.023 M),
while lactose has the same inhibiting power for both Adenia RIPs. Lactose was a better
inhibitor than D-galactose of stenodactylin HA, which is in agreement with previous
results [14]. Lactose and D-galactose were also the best inhibitors of ricin HA; in this
case, the HA inhibition was observable at very low concentrations, 2–3 titers (D-galactose)
and 5 titers (lactose) lower than those of kirkiin and stenodactylin, respectively. Very low
affinity was observed with D-glucose, D-fructose, D-mannose, D-sorbitol, and L-fucose in
agreement with previous results [23].
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Figure 4. Structure of kirkiin. (a) Three-dimensional structure of kirkiin. The three-dimensional structural modeling was
carried out on the I-TASSER server, and the figure was generated using Discovery Studio 2016. The α helices (red), the β

chains (cyan), and the coils (gray) are represented. Arrows indicate the position of the disulfide bond linking A and B chains.
(b) Amino acid sequence alignment of the A and B chains of kirkiin, stenodactylin, and ricin [22]. The strands (blue), the
helices (red), and the cysteines involved in the disulfide bonds (highlighted in yellow) are indicated. The helices are labeled
from A to I, and the strands of the β sheets are labeled from a to h in the A chain. The structural subdomains in the B chain
are also indicated. Identical residues (*), conserved substitutions (:), and semiconserved substitutions (.) are reported.
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Table 1. Inhibition of the hemagglutination activity of kirkiin, stenodactylin, and ricin by sugars.

Carbohydrates Minimum Concentration Inhibiting Hemagglutination (M)

Kirkiin Stenodactylin Ricin

D-glucose NI 1.6 1.6

D-galactose 0.012 0.023 0.0029

D-fructose NI NI 1.6

D-mannose NI NI 1.5

D-sorbitol NI NI 1.45

D-mannitol NI NI NI

L-fucose NI NI 0.28

N-Acetyl-D-mannosamine NI NI NI

Lactose 0.011 0.011 0.00068

Sucrose NI NI NI
NI = no inhibition of hemagglutination at the maximum sugar concentration tested.

2.4. Molecular Docking

As shown in Figure 3, the sequences of the sugar binding sites of kirkiin are similar to
those of stenodactylin and volkensin. The amino acids in the pockets of 1α and 2γ sites
are identical in all three proteins with the exception of Asp25 of kirkiin and stenodactylin,
which is Val25 in volkensin. This agrees with the finding that kirkiin and stenodactylin
have similar affinities for D-galactose and lactose (Table 1). However, there are differences
with ricin sugar-binding sites. So, at the 1α site, there are 10 identical amino acids out of
the 14 that compose the binding pocket [22], that is 71.4%, while in the 2γ site, there are
eight identical amino acids out of the 13 that make up the binding pocket, that is 61.5%. It
should be noted that all the amino acids involved in binding to sugars at the 1α site are
conserved in kirkiin and ricin, while at the 2γ site, Glu235 and His246 in kirkiin change
to Ala237 and Tyr248 in ricin, respectively (Figure 3). These changes could explain the
large differences in lactose and D-galactose affinities between kirkiin and stenodactylin
and ricin (Table 1). In fact, the affinity of ricin for D-galactose is four and eight times higher
than those of kirkiin and stenodactylin, respectively, and the affinity of ricin for lactose is
16 times greater than that of kirkiin or stenodactylin.

This prompted us to study how D-galactose binds to kirkiin 1α and 2γ sites in compar-
ison to ricin, since glucose does not bind to kirkiin, and therefore, lactose has to bind to this
protein via galactose as with ricin. For this purpose, we perform a comparative molecular
docking study using Autodock 4.2. Using the sequence of the kirkiin B chain where the
first nine amino acids, corresponding to subdomain 1λ were excluded, a structure was
obtained by comparative modeling in the I-Tasser server that presented better values of
C-score (1.32), Tm score (0.90 ± 0.06), and RMSD (3.2 ± 2.2 Å) than the model obtained
with the whole protein. Docking was performed with D-galactose and lactose, and solu-
tions matching the two structures were chosen. As shown in Figure S2, with the 1α site
of ricin, there are no differences between the results obtained by molecular docking with
D-galactose or lactose and those obtained by crystallography and X-ray diffraction, while
small differences are observed at the 2γ site, although the orientation of the pyranosic ring
is identical.

As shown in Figure 5, the amino acids involved in D-galactose binding at the 1α site of
ricin are conserved in kirkiin, and the way D-galactose binds is very similar in both proteins.
In both cases, the binding of β-D-galactopyranose is the result of the C–H–π interaction
between the aromatic ring of Trp37 and the apolar face of the pyranosic ring of galactose.
The polar groups of the polar face of galactose form hydrogen bonds with the amino acids
Asp22, Asp25, Gln35, and Asn46, and, in the case of kirkiin, the hydrogen bonds can also
be formed with Lys24 and Lys40. In snake gourd seed lectin (SGLS), a non-toxic type 2 RIP
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obtained from seeds of Trichosanthes cucumerina L. (= Trichosanthes anguina L.), the apolar
face of the pyranosic ring of galactose binds to the aromatic ring of Tyr36, while the polar
face forms hydrogen bonds with the amino acids on the other side of the pocket of the 1α
site, mainly with Gly24 [24] (Figure 5).

Figure 5. Three-dimensional models of the galactose-binding sites from kirkiin, ricin, and SGSL. The
galactose-binding sites from either kirkiin, ricin (PDB 2AAI), and SGSL (PDB 5Y97) complexed with
β-D-galactopyranose (thick sticks) are represented. The amino acids that bind the galactose molecule
by either C–H–π interactions (dashed purple lines) or both conventional (dashed green lines) and
non-conventional (dashed light green lines) hydrogen bonds are represented by thin sticks. His246
from kirkiin, and Tyr36, His250, and His253 from SGSL are also represented (lines).

Unlike the 1α site, the 2γ site of kirkiin is very different from that of ricin. In ricin,
the aromatic ring of Tyr248 is oriented toward the apolar face of the pyranosic ring, being
able to establish a C–H–π interaction with the apolar face of it. The polar face of D-
galactopyranose establishes hydrogen bonds, on the other side of the pocket of the 2γ site,
with the amino acids Asp234, Val235, and Ala237 (Figure 5). In kirkiin (as in stenodactylin),
Tyr248 is replaced by His246. Unlike ricin, the apolar face of galactose is not oriented
toward the aromatic ring and there can be no C–H–π interaction between galactose and
histidine. The binding is reached by hydrogen bonds with Asp232, Glu235, His249, and
Asn253. This arrangement is similar to that presented at the 2γ site of the SGSL, where the
apolar face is not oriented toward His250, and the polar face forms hydrogen bonds with
Asp236 and Arg239 (Figure 5).
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3. Discussion

Kirkiin, a type 2 RIP isolated from A. kirkii caudex, is one of the most potent plant
toxins known, with a cytotoxicity comparable to that of stenodactylin and ricin [8]. The
aim of the present work was to determine the complete amino acid sequence of kirkiin as
well as to predict the protein structure by using computational homology modeling.

Sequence analysis showed that kirkiin is encoded by a 1572 bp gene without introns,
as previously reported for other RIPs, such as volkensin [13], ricin [25], abrin [26], and vis-
cumin [27]. Kirkiin shares a high degree of identity with the type 2 RIPs stenodactylin and
volkensin, since all toxins are phylogenetically related. This expected high identity also ex-
plains why kirkiin highly cross-reacted with serum against stenodactylin and volkensin [8].
The N-terminal sequences of kirkiin A and B chains were found to be identical to those
of stenodactylin, with the exception of the residue Phe in position 7 in the stenodactylin
A chain, which is replaced by Leu in kirkiin A chain. This substitution is also present in the
A chains of modeccin and the isoform 1 of lanceolin. Interestingly, the N-terminal sequence
of kirkiin A chain shares the presence of an additional cysteine residue with the A chains
of other Adenia RIPs, except for volkensin. It could be of interest to better investigate in the
future the role of this cysteine residue, since the reduction of the disulfide bridge inside the
cell is important for type 2 RIP toxicity.

The complete amino acid sequence showed that kirkiin, similar to stenodactylin,
contains the highest number of cysteine residues among type 2 RIPs. It is known for the
type 2 RIPs that the C-terminal cysteine of the A chain forms an interchain disulfide bridge
with the cysteine at the B chain N-terminus [28]. Similarly, Cys246 of the kirkiin A chain is
involved in a disulfide bridge with Cys4 of the B chain. The type 2 RIP B chain consists
of two lectin domains, each organized around two disulfide bridges [29]. This scheme is
also present in kirkiin (Cys20 to Cys39 and Cys63 to Cys78 for lectin 1 of B chain; Cys149
to Cys162 and Cys188 to Cys206 for lectin 2 of B chain). Three other cysteine residues
are included in the kirkiin B chain (Cys59, Cys191, and Cys195). In the 3D model, Cys59
seems to be isolated in lectin 1, while Cys191 and Cys195 are located in a loop in lectin 2,
which is close enough to form a disulfide bridge. This pattern was already observed in the
volkensin 3D model [13]; however, the role of these cysteine residues is still unknown.

Two glycosylation sites are located in the kirkiin B chain. The presence of carbohy-
drates could explain the difference in the molecular weight of the B chain determined on
the basis of the amino acid sequence (28.5 kDa) and on that observed by electrophoretic
mobility (35 kDa) [8]. The glycosylation level of RIPs has proven to be important in ex-
plaining their toxic activity. It can influence the protein structure, impacting either the
overall structure or the local conformation, and consequently, it can affect RIP intracellular
transport to the endoplasmic reticulum and to other compartments, thus influencing its
cytotoxicity [30,31].

A molecular model of kirkiin has been elaborated on the basis of the crystallographic
coordinates of ricin, which shares a high sequence homology with kirkiin. Knowledge
about the amino acid sequence associated with the structure analysis of the RIP is essential
to understand the protein function and to correlate structural differences to the cytotoxic
mechanisms of RIPs. The three-dimensional model obtained for kirkiin revealed that it
shares the general structure of type 2 RIPs. The amino acids of the active site, responsible
for the enzymatic mechanism of RIPs [32], are also conserved in kirkiin: Tyr74, Tyr113, and
Trp200 are the amino acids directly involved in substrate binding, whereas Glu163 and
Arg166 are the amino acids responsible for the catalysis. The highly conserved Phe167
located in the active site is also present in kirkiin; its function is still unclear but seems
to be involved in stabilizing the conformation of the side chain of Arg166 [33]. Most of
the additional residues participating in the active site of ricin (Asn78, Arg134, Gln173,
Ala178, Glu208, and Asn209) are also conserved in kirkiin. They are involved in the
stabilization of the active site, and almost all are conserved among the A chains of type 2
RIPs [34,35]. Most of these amino acids are conserved in the kirkiin A chain (Asn72, Arg123,
and Ala164), except for Gln173, Glu208, and Asn209 in ricin that are replaced in kirkiin
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by Gly159, Val197, and Thr198, respectively. These substitutions are also present in the
stenodactylin [22] and volkensin A chains [13]. In addition, Ser204, located close to the
active site and evolutionarily conserved among RIPs with the function of stabilizing the
conformation of the side chain of Trp200 [36], is also conserved in kirkiin. Almost all the
amino acids involved in sugar binding in the 1α and 2γ subdomains of the ricin B chain [37]
are conserved in kirkiin (Asp22, Asp25, Gln35, and Trp37 for the 1α subdomain and Asp232,
Ile244, Asn253, and Gln254 for the 2γ subdomain). Two exceptions in the 2γ subdomain
were identified for Ala237 and Tyr248 in ricin, which are replaced with Glu235 and His246
in kirkiin, respectively. The same substitutions were observed in stenodactylin [22] and
volkensin [13]. In particular, the presence of His instead of Tyr was also identified in R.
communis agglutinin [38] and in PMRIPm of Polygonatum multiflorum [35]. A previous study
demonstrated that the substitution of Tyr248 with His in the ricin B chain introduced a
positive charge in the 2γ subdomain, preventing the interaction between the pyranose ring
of galactose and the aromatic ring of Tyr. This change caused a reduction in the binding
activity of ricin [39]. Moreover, the presence of the aromatic residue Phe249 in ebulin l
from Sambucus ebulus, instead of Tyr248 in ricin, results in a deficient sugar binding and
a consequently lower RIP cytotoxicity [40]. These data suggest that the sugar affinity is
essential to explain the biological activity of RIPs. The recognition and binding to exposed
galactose residues on cell membrane is the first step in RIP–cell interaction. Thus, small
differences in sugar binding might affect RIP cytotoxic activity. Most of the RIPs have
galactose/N-acetylgalactosamine (gal/galNAc) affinity, but some of them can also show
different sugar specificity. For example, Sambucus nigra agglutinin I has affinity for both
gal/galNAc and sialic acid [41]. Mistletoe lectin I has specificity for galactose, L-arabinose,
and poor affinity for sialic acid [42]. Changes in the 2γ subdomain of the Sambucus
tetrameric RIPs (Glu235 by Gln, His246 by Tyr, and His249 by Thr or Asn) cause specificity
toward galactose and N-acetyl neuraminic acid [43]. Moreover, changes in both 1α and 2γ
binding sites of Iris hollandica RIPs (Trp37 by Ser and His246 by Trp) are responsible for
specificity toward mannose [44]. In the case of kirkiin, the hypothesis that changes in the
2γ site could affect cell binding does not correlate with the high cytotoxicity that kirkiin
has shown in previous studies [8]. For this reason, we considered it interesting to study the
sugar affinity properties of kirkiin in order to have more detailed information that would
help us understand its unique properties. Hemagglutination inhibition assay showed that
kirkiin and stenodactylin have similar affinities for D-galactose and lactose (Table 1), which
is probably due to the high sequence identity of the sugar binding sites. Nevertheless, the
affinity of kirkiin for these sugars was lower with respect to ricin. According to docking
experiments, both the 1α and 2γ sites of kirkiin can bind lactose and D-galactose. The 1α
sites of both ricin and kirkiin are identical. The interaction of tryptophan with the apolar
face of D-galactopyranose allows the formation of numerous hydrogen bonds between the
polar face and the amino acids on the other side of the 1α site pocket. It is worth noting that
the orientation of the C-4 hydroxyl group of D-glucopyranose toward the aromatic rings
would prevent this type of binding. In SGSL, the binding to the 1α site is very different [24].
The lack of toxicity of SGLS has been attributed to the result of a combination of changes in
the active site of the A chain (it does not bind adenine) and the sugar binding sites of the B
chain. In SGLS, the aromatic ring of Tyr36 could play the same role as tryptophan in kirkiin
and ricin, and the polar face of the pyranosic ring could form hydrogen bonds with the
amino acids on the other side of the pocket of the 1α site, mainly with Gly24 (Figure 5), but
also with other amino acids. However, this binding would be weak, and for this reason,
the 1α site can bind D-galactose but cannot retain it [24].

Since the kirkiin 1α site is identical to that of ricin, the two amino acid substitutions
in the 2γ site, in particular the replacement of Tyr248 of ricin with His246, are evidently
sufficient to lower the affinity of kirkiin for these sugars. These changes cause a different
arrangement within the pocket of the 2γ site with respect to ricin, which could justify the
low affinity for lactose and D-galactose. This arrangement is similar to that of the 2γ site of
SGSL, which is able to bind and retain galactose [24].
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All these data show that kirkiin has a high degree of identity with RIPs from Adenia
genus plants as well as a structure that preserves the overall folding of type 2 RIPs.

Despite the substantial difference in the structure of the 2γ site with respect to ricin
that may explain the lower affinity for sugars, kirkiin and Adenia RIPs are the most toxic
plant proteins [8]. Therefore, their biological properties, especially cytotoxicity, could be
correlated to other mechanisms that overcome the differences in cell binding. The high
cytotoxic potential of kirkiin and its ability to elicit different cell death pathways makes
kirkiin a suitable candidate as a pharmacological tool for drug targeting. The high toxicity
of native kirkiin would allow its use only for loco-regional treatments. However, the kirkiin
A chain could be linked to carriers targeting cancer cells in systemic therapy. Further
studies will be useful to better clarify the modalities and the types of triggered cell death
and the consequent biological behavior of kirkiin in vivo.

4. Materials and Methods

4.1. Materials

Kirkiin was purified from the caudex of Adenia kirkii as described by Bortolotti et al. [8].
Adenia plants volkensin and stenodactylin were purchased from Exotica Botanical Rarities,
Erkelenz-Golkrath, Germany, while A. kirkii was purchased from Mbuyu–Sukkulenten,
Bielefeld, Germany. If not used immediately on arrival, the plants were kept in the
greenhouse of the Botanical Garden of the University of Bologna.

Genomic DNA from A. kirkii was extracted through DNeasy Minikit (Qiagen Iberia
SL, Barcelona, Spain). Primers were synthesized by Integrated DNA Technologies (Leuven,
Belgium). Taq Polymerase was obtained from Biotools B&M Labs S.A. (Madrid, Spain).
PCR products were purified using the NucleoSpin® Gel and PCR Clean-up kit (Macherey-
Nagel GmbH & Co KG, Düren, Germany). Molecular cloning of PCR products was
carried out using TA Cloning® Kit Dual Promoter (Invitrogen-Thermo Fisher Scientific,
Alcobendas, Spain). Plasmids were sequenced by CENIT Support system (Villamayor,
Salamanca, Spain).

4.2. Methods
4.2.1. Isolation of DNA

The caudex of A. kirkii was disrupted using a mortar and pestle and grinded to a
fine powder under liquid nitrogen and total DNA was extracted through DNeasy Minikit
(Qiagen), according to the manufacturer’s instruction. Then, 1.2 μg of total DNA was
obtained from 100 mg of frozen tissue. The DNA content was determined by a Beckman
DU 640 Spectrophotometer (Beckman, Brea, CA, USA).

4.2.2. Primer Design for PCR Amplification

Gene-specific primers for the full-length kirkiin sequence were designed and syn-
thesized based on volkensin and stenodactylin amino acid sequences (CAD61022 and
MT580807) and N-terminal sequences available for Adenia RIPs. Four oligonucleotides
were designed for PCR amplification of the kirkiin gene: A2 for N-terminal sequence of the
A chain; B1 and B1 reverse (B1R) for N-terminal sequence of the B chain, and B5 reverse
(B5R) for the C-terminal end of the B chain. The sequences of the primers are reported in
Table 2.

Table 2. Primer sequences.

Primer Sequence

A2 5′ GCCACGGTAGAGAGRTACACT 3′

B1R 5′ AAGTCGTCTCCCCGGAAGGGC 3′

B1 5′ TGCCCTTCCGGGGAGACGACT 3′

B5R 5′ TAGGAACCATTGCTGGTTGGA 3′
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4.2.3. Amino Acid Sequencing by Edman Degradation

Kirkiin was blotted both in reduced and non-reduced form onto PVDF membrane
(Immobilon P membrane) in 50 mM sodium borate, pH 9.0/20% methanol/0.1% SDS at
1 mA/cm2 PVDF membrane for 2–3 h at 4 ◦C. The protein band was stained by Ponceau
Red (0.5% Ponceau S, 1% acetic acid in Milli-Q water). The blotted bands that corresponded
to kirkiin A and B chains (50 μg each) were cut and directly subjected to N-terminal
automated protein sequencing using the PPSQ–33B sequencer (Shimadzu Corporation,
Tokyo, Japan). Edman degradation was performed by Protein and Peptide Sequencing
Service—Institute of Biosciences and Bioresources (National Research Council, Naples).

4.2.4. Gene Amplification and Cloning

Genomic DNA was used as a template for PCR amplification in order to determine
the amino acid sequence of kirkiin. PCR was conducted using the thermal cycler Gene
Amp PCR system 2400 (Perkin Elmer, Waltham, MA, USA). The PCR reaction for gene
amplification included 40 ng of total DNA, 0.5 μM of each primer, PCR buffer/Mg2+ (Tris
HCl 75 mM pH 9.0, KCl 50 mM, (NH4)2SO4 20 mM, MgCl2 2 mM), 0.25 mM dNTPs Mix,
and 0.5 U/μL Taq Polymerase (Biotools). PCR amplification was carried out with the
following conditions: an initial denaturation at 94 ◦C for 3 min, followed by 40 cycles of
94 ◦C for 30 s, 55 ◦C for 45 s, and 72 ◦C for 2 min. Three couples of primers were used to
detect the full-length amino acid sequence of kirkiin (A2–B1R for the A chain and part of
the B chain, B1–B5R for the B chain; A2–B5R for the complete sequence). The amplified
fragments were analyzed by agarose gel electrophoresis, showing the expected size of
about 0.8 kb for the A chain with part of the B chain (Figure S1A) and about 1.6 kb for the
entire sequence (Figure S1B). B1–B5R failed to amplify the target region. PCR products were
purified using the NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel), according to
the manufacturer’s instruction. The two purified amplicons were ligated into the pCR®II
vector (TA Cloning® Kit Dual Promoter, Invitrogen) and then were used to transform
the highly competent E. coli InVαF’ cells. The purified plasmids were sequenced by
CENIT Support system. The information obtained on the sequence was analyzed using the
algorithms available on http://expasy.org (accessed on 15 October 2021) [11].

4.2.5. Sequence Retrieval and Alignment

The sequences of stenodactylin (Accession number MT580807) and volkensin (Ac-
cession number Q70US9) are available in the National Center for Biotechnology Informa-
tion (NCBI) sequence database (https://www.ncbi.nlm.nih.gov/protein/ (accessed on
15 October 2021)). Sequence alignment was performed using the Clustal Omega server
(https://www.ebi.ac.uk/Tools/msa/clustalo/ (accessed on 15 October 2021)) [16]. Glyco-
sylation sites were predicted using the NetNGlyc1.0 server [18].

4.2.6. Protein Structure Studies and Graphical Representation

The structures of ricin (accession numbers 2AAI, 3RTI, and 3RTJ) and SGSL (accession
number 5Y97) are available in the Protein Data Bank (https://www.rcsb.org/ (accessed
on 15 October 2021)). Three-dimensional structural modeling of kirkiin was carried out
on the I-TASSER server (https://zhanglab.ccmb.med.umich.edu/I-TASSER/ (accessed on
15 October 2021)) [45]. Study and graph representations of protein structures were performed
with the aid of the Discovery Studio Visualizer suite (v16.1.0) (https://www.3dsbiovia.com/
(accessed on 15 October 2021)).

4.2.7. Hemagglutination Activity and Carbohydrate-Binding Properties

Hemagglutination activity (HA) was assayed using 2% human erythrocyte suspension
collected from voluntary donors (0+, A+, and B+). Blood samples were collected in
phosphate-buffered saline (PBS) and centrifuged at 500× g. The erythrocyte pellet was
washed and resuspended in the same buffer to make 2% red blood cell suspension. The HA
was determined in microtiter plates. Each well contained 50 μL of serial dilutions of the
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proteins and 50 μL of erythrocyte suspension and the plates were incubated for 1 h at room
temperature. The minimum concentration of protein causing complete agglutination was
visually evaluated. For hemagglutination inhibition assay, ten sugars (D-glucose 3.2 M,
D-galactose 1.5 M, D-Fructose 3.2 M, D-Mannose 3.0 M, D-Sorbitol 2.9 M, D-Mannitol
0.9 M, L-Fucose 1.1 M, N-Acetyl-D-mannosamine 6.8 M, Lactose 0.7 M, Sucrose 1.2 M)
were tested for their ability to inhibit the HA of the RIPs with 0+ blood group. Each
well contained 25 μL of carbohydrates serially diluted and an equal volume of the RIP
at a concentration one titer higher than the HA dose. An equal volume of erythrocyte
suspension (50 μL) was added to each well and incubated for 1 h at room temperature.
The maximum concentration of the tested sugars that completely inhibited HA activity
was determined.

4.2.8. Molecular Docking

The structures of beta-D-galactose (PubChem CID 439353) and beta-lactose (PubChem
CID 6134) are available in the PubChem database (https://pubchem.ncbi.nlm.nih.gov/ (ac-
cessed on 15 October 2021)) [46]. Docking was carried out using Autodock 4.2
(http://autodock.scripps.edu/ (accessed on 15 October 2021)), as previously described [47].
Docking of D-galactose was performed on a grid of 120 × 120 × 120 points, with the
addition of a central grid point. The grid was centered on the C4 of the galactose of either
the 1α site or the 2γ site of the 2AAI ricin structure. Grid spacing was 0.125 Angstroms,
leading to a grid of 15 × 15 × 15 Angstroms. For each molecule, 100 docking runs were
performed. The generated 100 docking poses were clustered by root mean square (RMS)
difference with a cutoff value of 0.5 Angstroms for each case. The top-ranked pose of the
most populated clusters was retained and further analyzed with the Discovery Studio
Visualizer suite (v16.1.0). The docking of beta-lactose was performed as indicated for D-
galactose but using a grid of 124 × 124 × 124 points and a grid spacing of 0.180 Angstroms,
leading to a grid of 22.32 × 22.32 × 22.32 Angstroms. The generated 100 docking poses
were clustered by RMS difference with a cutoff value 2.0 Angstroms for each case. The
top-ranked pose of the most populated clusters was retained and further analyzed with the
Discovery Studio Visualizer suite (v16.1.0). Finally, the results obtained with D-galactose
and beta-lactose were matched, and the coinciding solutions were selected.

5. Conclusions

The knowledge of amino acid sequence and the 3D structure prediction of kirkiin
represent essential tools because of the potential use of kirkiin in medicine, for cancer treat-
ment, and of its biotechnological applications in neuroscience. Moreover, the comparison
between the structural properties of kirkiin and those of other type 2 RIPs is useful for
explaining the differences in enzymatic activity and toxicity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/toxins13120862/s1: Figure S1: Amplification of kirkiin A chain with part of the B chain (A,
lane 1), and the entire sequence (B, lane 1). Mw: λ Hind III/EcoRI double digest DNA marker. The red
squares indicate the amplification products. Figure S2: Comparison of the three-dimensional models
of ricin (PDB 2AAI) sugar-binding sites 1 alpha (left) and 2 gamma (right) bound to D-galactose. The
results obtained using AutoDock 4.2 with either β-D-galactopyranose (green lines, PubChem CID
439353) and β-lactose (blue lines, PubChem CID 6134) are compared with those obtained by X-ray
diffraction (gray lines) as reported previously [48]. The amino acids of the sugar-binding sites are
represented by sticks. In the case of β-lactose, only the galactose part is represented.
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