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Abstract

Targeted killing of tumor cells while protecting healthy cells is the pressing pri-
ority in cancer treatment. Lectins that target a specific glycan marker abundant
in cancer cells can be valuable new tools for selective cancer cell killing. The
lectin Shiga-like toxin 1 B subunit (Stx1B) is an example that specifically binds
globotriaosylceramide (CD77 or Gb3), which is overexpressed in certain can-
cers. In this study, a human lactoferricin-derived synthetic retro di-peptide
R-DIM-P-LF11-215 with antitumor efficacy was fused to the lectin Stx1B to
selectively target and kill Gb3+ cancer cells. We produced lectin-peptide fusion
proteins in Escherichia coli, isolated them by Gb3-affinity chromatography, and
assessed their ability to selectively kill Gb3+ cancer cells in a Calcein AM
assay. Furthermore, to expand the applications of R-DIM-P-LF11-215 in devel-
oping therapeutic bioconjugates, we labeled R-DIM-P-LF11-215 with the
unique reactive non-canonical amino acid N°-((2-azidoethoxy)carbonyl)-L-
lysine (AzK) at a selected position by amber stop codon suppression. The
R-DIM-P-LF11-215 20AzK and the unlabeled R-DIM-P-LF11-215 parent pep-
tide were produced as GST-fusion proteins for soluble expression in E. coli for
the first time. We purified both variants by size-exclusion chromatography and
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1 | INTRODUCTION

Recent advances in targeted drug delivery with conju-
gates comprising monoclonal antibodies as carriers and
small molecules and peptides as drugs have created a
niche for the next generation of cancer therapy research
(Baudino, 2015). The advantages of targeted therapy are
enhanced efficacy, lower toxicity, and greater specificity
for cancer cells without affecting normal cells. Despite
remarkable progress in developing novel combinations of
multi-component targeted drugs, challenges of drug resis-
tance with antibody-drug conjugates and small-molecule
drugs still need to be addressed (Nejadmoghaddam
et al.,, 2019; Zhong et al., 2021). Alternatively, peptides
with anticancer potential are less prone to drug resistance
and are easy to conjugate to drug carriers (Deslouches &
Di, 2017; Ko & Maynard, 2018; Xie et al., 2020). More
than 20 anticancer peptides (ACPs) have been approved
by the United States Food and Drug Administration
(FDA) as of 2019 (Pan et al., 2020) and therefore ACPs
continue to be an active area of research in cancer ther-
apy. In this context, peptides derived from the bovine and
human glycoprotein lactoferrin with antitumor proper-
ties are a special focus of cancer drug development
(Barragan-Cardenas et al., 2022; Guerra et al., 2019).
Anticancer peptides can be classified based on their
structure as a-helical, p-pleated sheets, cyclic, and random
coils (Pan et al., 2020; Xie et al., 2020). One of the mixed
structured (a-helical and p-sheet) cationic amphipathic pep-
tides is human lactoferricin (hLFcin), which constitutes
amino acids 1-46 from the N-terminal region of human lac-
toferrin (hLF) (Gifford et al., 2005). Based on the residues
21-31 of hLFcin, LF11 peptide variants were synthesized
(Zweytick et al., 2006). The LF11 peptides (patent, Antitu-
mor Peptides: PCT/EP2014/050330; US 14/760,445; EP
14700349.5) exhibited antitumor activity by binding exposed
phosphatidylserine (PS) which is a cancer-specific antigen
on glioblastoma, melanoma and rhabdomyosarcoma
(Grissenberger et al., 2020; Maxian et al., 2021; Riedl

analyzed their peptide masses. Finally, a cyanin 3 fluorophore was covalently
conjugated to R-DIM-P-LF11-215 20AzK by strain-promoted alkyne-azide
cycloaddition. Our results showed that the recombinant lectin-peptide fusion
R-DIM-P-LF11-215-Stx1B killed >99% Gb3+ HeLa cells while Gb3-negative
cells were unaffected. The peptides R-DIM-P-LF11-215 and R-DIM-P-LF11-215
20AzK were produced recombinantly in E. coli in satisfactory amounts and

were tested functional by cytotoxicity and cell-binding assays, respectively.

anticancer peptide, click chemistry, fusion proteins, human lactoferricin-derived peptide,
peptide purification, recombinant peptide production, targeted drug delivery

et al., 2011; Riedl et al., 2014; Riedl et al., 2015; Riedl
et al, 2017; Wodlej et al., 2019; Wufimann et al., 2022).
Recently, Zweytick and co-workers compared seven
LF11-derived synthetic peptides for antitumor efficacy
(Grissenberger et al., 2020). The authors reported the syn-
thetic peptide R-DIM-P-LF11-215 (hereafter RDP215) to be
highly active when tested on glioblastoma and melanoma
cell lines in 2D models as well as on melanoma in 3D tumor
models (Grissenberger et al., 2020; Maxian et al., 2021). The
initial interaction of RDP215 and related peptides with PS
specifically exposed by cancer plasma membranes is
reported to be based on the electrostatic attraction of the cat-
ionic RDP215 peptide with the anionic PS phospholipid
(Riedl et al., 2011). Specific entry into cancer cells is enabled
by the amphipathic character of the peptides and leads to
subsequent interaction with intracellular targets such as neg-
atively charged lipids of the Golgi or mitochondria, that
finally leads to induction of cell death by apoptosis (Maxian
et al., 2021; Riedl et al., 2015; Wodlej et al., 2019).

The peptide RDP215 is interesting because it performs
the dual function of binding to cancer cells and killing
them. However, the exposure levels of PS differ in the
tumor microenvironment of a variety of cancer types
(Desai et al., 2016; Ran et al., 2002; Stafford &
Thorpe, 2011). This poses a challenge when treating mul-
tiple tumors with differential PS exposure in an individ-
ual or in metastasis where the bioavailability or payloads
of the peptide become low at some tumor sites. Peptide
RDP215 has been used as a single-agent drug until now.
A study by Law and colleagues observed that kla peptide
linked to a cell-penetrating peptide r7 showed better cyto-
toxicity on human fibrosarcoma cell line HT1080 than
kla peptide alone (Law et al., 2006). Hence, to improve
the RDP215 bioavailability in the tumor site, we intended
to produce a bispecific fusion of RDP215. We decided to
genetically fuse RDP215 to the lectin Stx1B that selec-
tively binds overexpressed globotriaosylceramide (Gb3)
on cancer cells. Stx1B has been studied as a carrier to tar-
get specific cancer cell types and deliver drugs efficiently
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(El Alaoui et al., 2007; Geyer et al., 2016; Rosato
et al.,, 2022). By the lectin-peptide fusion, we hypothe-
sized that Stx1B would selectively target Gb3+ tumor
cells while RDP215 would kill them. As such, we
expected the bispecific fusion product to be efficient at
lower doses than RDP215 alone. If successful, our proof-
of-concept study could expand the role of RDP215 in
selective cancer killing because it might be fused to car-
riers that are selective for a variety of tumor cells.

The stability of peptides as single-agent drugs is a prin-
cipal concern for use in peptide-based therapeutics
(Bottger et al., 2017; Vlieghe et al., 2010). A study by Max-
ian et al. observed that RDP215 had a short half-life in 2%
and 10% human serum in phosphate-buffered saline and
postulated that it was the result of proteolysis by pepti-
dases and proteinases (Maxian et al., 2021). Another study
by Baggio and colleagues reported that linking peptides to
larger proteins like human serum albumin reduced the
renal clearance and extended the half-life (Baggio
et al., 2008) The half-life of Shiga toxins in blood was
estimated earlier to be around 4 days (Brigotti et al., 2006).
In this regard, the lectin-peptide fusion may be stable
in vivo, yet future studies will have to assess their half-life
and stability (Conrady et al., 2010).

The main shortcoming of genetic fusions is that they
connect polypeptides in a linear fashion. They do not allow
us to join peptides or proteins to non-proteinaceous bio-
molecules like nucleic acids, lipids, or small molecules nor
are branched conjugates possible. Chemical ligation on
protein level allows the linear as well as branched conjuga-
tion of peptides to non-proteinaceous biomolecules. How-
ever, a lack of reactive canonical amino acids like lysine,
tyrosine, or cysteine in a peptide impedes chemical conju-
gations at a selected position. On the other hand, more
than one lysine, tyrosine, or cysteine might lead to conjuga-
tions at multiple sites or yield heterogenous products
(Boutureira & Bernardes, 2015). Highly specific, regioselec-
tive, and rapid bioorthogonal conjugation reactions, such
as the copper-catalyzed or strain-promoted cycloaddition of
azides with alkynes (“click chemistry”) are an excellent
alternative for the site-specific conjugation of peptides to
proteins as well as to non-proteinaceous biomolecules
(Zhang & Zhang, 2013). However, compatible reactive han-
dles on both the conjugation partners are crucial to per-
form click reactions. In our recent work, we successfully
installed a reactive azide group via N°-((2-azidoethoxy)car-
bonyl)-L-lysine (AzK) in the lectin Stx1B and the T cell-
specific single-chain variable fragment OKT3 in Escherichia
coli (Rosato et al., 2022). Later, the proteins were conju-
gated using click reactions to produce a lectibody which
was effective in cross-linking T cells with tumor cells and
induced T cell-specific killing of the latter.

By and large, most peptides are synthesized by Fmoc
solid-phase peptide synthesis (SPPS) which was also the
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case with RDP215 (amino acid sequence: FWRIRIRRPR-
RIRIRWF, C-terminally amidated) (Behrendt et al., 2016;
Riedl et al., 2014). Installing an ncAA into the peptide
during Fmoc SPPS is an expensive method due to the
requirement of Fmoc-protected ncAA derivatives. There-
fore, our second aim was to optimize the recombinant
production of rRDP215 (r, recombinant; amino acid
sequence: AFWRIRIRRPRRIRIRWFENLYFQ) and its
AzK variant rRDP215 20AzK (amino acid sequence:
AFWRIRIRRPRRIRIRWF(AzK)ENLYFQ with AzK
inserted at position 20) in E. coli as glutathione
S-transferase (GST) fusion proteins. The fusion proteins
contained a protease cleavage site to release the recombi-
nant peptides. Finally, the cleaved and purified wildtype
peptide rRDP215 was tested for functionality by cytotox-
icity assays on glioblastoma LN-229 cells. The rRDP215
20AzK was labeled with a fluorophore to confirm the
accessibility of AzK and further tested to bind HeLa cells
by fluorescence assays. The clickable rRDP215 20AzK is
“ready-to-conjugate” with proteins, peptides, nucleic
acids, or small (drug) molecules to develop new tools for
targeted cancer therapy and imaging.

2 | RESULTS

2.1 | Purification and characterization of
lectin-peptide fusion proteins

The recombinant lectin-peptide fusion proteins were pro-
duced in E. coli and purified by Gb3-affinity chromatogra-
phy. The hexhistidine tag on the C-terminus of the lectin-
peptide fusions was inaccessible for IMAC purification
(data not shown), and so we chose to purify by using Gb3
affinity matrix. The preparation of the matrix is presented
as a scheme in Figure 1a, for details refer to the Additional
file 1: Supplementary Methods. The RDP215 sequence
was fused to the N- (RDP215-Stx1B) or C- terminus
(Stx1B-RDP215) of the Stx1B. We spaced Stx1B and
RDP215 with a short flexible GGGGS linker with small
and polar amino acids glycine and serine to provide flexibil-
ity and solubility. The affinity-purified fusion proteins
RDP215-Stx1B and Stx1B-RDP215 with a calculated molec-
ular mass of ~12 kDa each, apparently occurred as trimers
when separated on 4%-12% SDS-gels (Figure 1b,c). The pro-
tein titers per liter of culture were ~1 mg and ~1.4 mg for
RDP215-Stx1B and Stx1B-RDP215, respectively. Mass spec-
trometry analysis of in-gel protein digests confirmed the
identity of RDP215-Stx1B and Stx1B-RDP215. Peptide cov-
erage from the protein mass analysis is given in Additional
File 1: Figure S1 and Additional File 2: Table S1. The intact
mass spectrometry was performed to identify the conforma-
tions of lectin-peptide fusion proteins but failed to generate
data due to oligomerization (data not shown).
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FIGURE 1 Affinity purification of peptide-lectin fusion
proteins using Gb3-functionalized agarose. (a) Schematic depiction
of Gb3-agarose affinity matrix preparation by strain-promoted
azide-alkyne cycloaddition of a dibenzocyclooctyne-functionalized
matrix and Gb3-azide. SDS-gels showing purified lectin-peptide
fusion proteins (b) RDP215-Stx1B (MW, ~12 kDa) and (c) Stx1B-
RDP215 (MW, ~12 kDa). SPAAC, strain-promoted alkyne-azide
cycloaddition; Lane M, molecular weight markers in kDa; black
arrows indicate protein bands of interest.

(a) (b)

2.2 | The RDP215-Stx1B fusion construct
selectively kills Gb3-expressing tumor cells

We hypothesized that the lectin-peptide fusions were
selective for Gb3+ tumor cells and killed these cells bet-
ter than RDP215 alone. To test the selective killing of
Gb3+ tumor cells by lectin-peptide fusions using viability
assays, we first selected appropriate cell lines with and
without abundant Gb3. We assessed the presence/
absence of Gb3 expression in the in-house cell lines HeLa
and LN-229 by fluorescence-based cell binding assay
using Stx1B-Cy3. The fluorescence microscopy images
revealed selective binding of Stx1B-Cy3 to HeLa and not
LN-229 cells indicating only HeLa cells expressed the
Gb3 biomarker (Figure 2a).

The cytotoxic activity of RDP215 alone on HeLa cells
was assessed for the first time in this study to compare it
with the efficiency of the lectin-peptide fusions. Indeed,
HeLa cells showed a peptide concentration-dependent
decrease in their viability. Only ~20% viable cells per-
sisted at the highest concentration of RDP215 tested in
the assay (40 pM; Additional file 1: Figure S2a). No sig-
nificant effect on viability was observed at 5 or 10 pM
RDP215 (Additional file 1: Figure S2a). Earlier studies
had confirmed the cytotoxicity of RDP215 toward LN-229
cells (LCs5p-8 h = 1.7 + 0.1 pM) (Maxian et al., 2021).

Finally, the lectin-peptide fusion constructs
RDP215-Stx1B and Stx1B-RDP215 were tested for selec-
tive targeting and killing of Gb3+ cancer cells by calcein

Stx1B-Cy3 160
140 1
120 1
100 1
80 1
60 1
40 1
20 5

ol

Hela

% cell viability

LN-229

[ Hela
/3 LN-229

T

[ .

0 pM 75

Stx1B-RDP215 RDP215-Stx1B  Stx1B wt

FIGURE 2 Tumor cell binding of peptide-lectin fusion proteins and viability analysis. (a) Lectin Stx1B selectively detected Gb3

overexpressing tumor cells. We treated HeLa (upper panel) and LN-229 cells (lower panel) with 10 pM of Stx1B-Cy3 and assessed the

interaction by fluorescence microscopy. (b) RDP215-Stx1B killed Gb3-positive tumor cells selectively and effectively. We analyzed the cell

viability with the calcein AM assay as described in the Section 5. Histograms represent percentage of viable HeLa and LN-229 cells after
treatment for 24 h with 10 pM each of the proteins Stx1B-RDP215 and RDP215-Stx1B. Cells were treated with Stx1B wt, 10 uM as a negative
control. The data represent the mean of four or more individual experiments, and the error bars denote the standard deviation. Slanted right

axis-break is from 2% to 15%.
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AM assay. The cell-permeant dye calcein AM (Thermo
Fisher Scientific) undergoes acetoxymethyl ester hydroly-
sis by intracellular esterases in live cells to produce
green-fluorescent calcein while dead cells are non-
fluorescent. Neither RDP215-Stx1B nor Stx1B-RDP215
showed any significant decline in viability of HeLa or
LN-229 cells at the peptide concentration of 5pM
(Additional file 1: Figure S2b). However, less than 1% via-
ble HeLa cells were observed upon treatment with higher
concentrations as 10 pM RDP215-Stx1B while LN-229
cells were mainly unaffected (Figure 2b). The results indi-
cate that Stx1B in RDP215-Stx1B dominates the selectiv-
ity to target Gb3 and subdues the interaction of RDP215
with PS. At 10 pM RDP215-Stx1B effectively killed >99%
HeLa (Figure 2b) cells compared to low cytotoxicity of
<20% observed at 10 pM of RDP215 alone (Additional file
1: Figure S2a). At the maximum tested concentration of
40 pM, RDP215 alone showed ~80% killing of HeLa cells
(Additional file 1: Figure S2a). On the other hand, both
HeLa and LN-229 cells were not sensitive to Stx1B-
RDP215 (Figure 2b). These results suggest that Stx1B-
RDP215 was not functional. As a negative control, we
treated LN-229 cells with lectin-peptide fusions and they
showed no sensitivity toward RDP215 in the fusions
(Figure 2b). Treatment of HeLa and LN-229 cells with
Stx1B wt as another control showed no cytotoxicity
(Figure 2b). To conclude, only the RDP215-Stx1B lectin-
peptide fusion showed efficient activity at lower concen-
tration compared to the peptide alone. We achieved
Gb3+ selectivity in RDP215-Stx1B and greatly minimized
the drug concentration compared to RDP215 alone.

2.3 | Peptides rRDP215 and rRDP215
20AzK are successfully produced in E. coli

The greatly enhanced activity of a lectin-peptide fusion
encouraged us to produce rRDP215 and rRDP215 20AzK
in E. coli. The latter will have applications in bioconjuga-
tions as a ‘“ready-to-conjugate” anticancer peptide. To
begin with, we optimized the expression of rRDP215 in
the cytoplasm of E. coli. The vectors pT7x33-GST-TEV-
rRDP215-6xH and pT7x33-rRDP215-TEV-GST-6xH were
designed with a GST-tag fusion at the N- and C- termini
of rRDP215, respectively. Anti-His immunoblot analysis
of the soluble and insoluble fractions for GST-rRDP215
and rRDP215-GST showed expression of the latter in
both soluble and insoluble fractions (Figure 3a). In con-
trast, the protein GST-rRDP215 was not detected in either
the soluble or insoluble fractions. Expression levels of
rRDP215-GST (MW, ,. ~30kDa) increased with an
increase in the induction time from 0 to 4 h in both solu-
ble and insoluble fractions. The recombinant fusion
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proteins did not appear in the uninduced samples
(Figure 3a, lanes 0 h) as expected. In the insoluble frac-
tions of rRDP215-GST, a signal at the size of ~60 kDa
suggests an rRDP215-GST dimer (Figure 3a, lanes 2 h
and 4 h, insoluble fractions). However, an unspecific
band appeared at ~40 kDa in all the samples including
the uninduced ones, which suggests the accidental detec-
tion of an E. coli host protein. The full-length soluble
rRDP215-GST was purified by immobilized glutathione
affinity chromatography and analyzed using SDS-PAGE
(Figure 3b). The protein titer of the soluble rRDP215-GST
produced in the cytoplasm of E. coli was 6 mg per liter of
culture.

The incorporation of AzK into the fusion protein
rRDP215-GST 20AzK was achieved in E. coli using the
expression construct pT7x33-rRDP215 20 am-TEV-GST-
6xH as described in the materials and methods section.
The titer of the purified soluble protein rRDP215-GST
20AzK was 6 mg per liter of culture which was comparable
to the yields of wildtype protein rRDP215-GST. Both the
peptides rRDP215 and rRDP215 20AzK as GST fusions
were produced in the cytoplasm of E. coli. No target protein
was produced in the absence of AzK (data not shown).

2.4 | SPAAC reaction aids in tracking
efficiency of TEV protease

The GST-fused peptides produced in E. coli were sub-
jected to TEV digestion to remove the GST-tag and
release the peptides. However, we experienced staining
issues of the cleaved peptides when analyzed on SDS gels.
The recombinant peptides were not well stained with
Coomassie and if stained, the bands disappeared in less
than 1 h during de-staining. Therefore, we made use of
the SPAAC reaction to label rRDP215 20AzK with a
fluorophore to be able to track the peptide and the effi-
ciency of TEV cleavage. The construct to produce
rRDP215-GST 20AzK carried a TEV protease cleavage
site between the N-terminal AzK-labeled peptide and the
C-terminal GST-tag as detailed in the Additional file 1:
Figure S3f. The full-length protein rRDP215-GST 20AzK
was cleaved using TEV protease. The protein was labeled
with a DBCO-Cy3 fluorophore via SPAAC before and
after TEV cleavage. The reaction mixtures were separated
on tricine-SDS-gels and stained with Coomassie stain
(Figure 4a,c). We also monitored the fluorescence under
UV illumination before Coomassie staining (Figure 4b,d).
Visible fluorescent bands of rRDP215-GST-Cy3 (MW gc
~30kDa) and rRDP215-GST-Cy3 dimer (MW,
~60 kDa) indicate successful incorporation of AzK and
labeling of the protein before cleavage (Figure 4b, lane
-TEV). After TEV cleavage, the peptide rRDP215-Cy3
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Production of rRDP215 as GST-fusion protein in E. coli and the purification. (a) Anti-his immunoblot analysis revealed

expression of the rRDP215-GST fusion but not of the GST-rRDP215 fusion protein. The details of the fusion constructs are depicted in the
Additional file 1: Figure S3d,e. Soluble and insoluble protein fractions before induction (0 h) and 2 and 4 h after induction of the gene
expression with IPTG were separated on a 4%-12% SDS-gel. Proteins were transferred to a nitrocellulose membrane and were probed by
mouse anti-6x-His tag monoclonal primary antibody and goat anti-mouse secondary antibody-HRP conjugate. The black arrow indicates
rRDP215-GST (MW, ~30 kDa); M1, MagicMark XP Western Protein Standard (Thermo Fisher Scientific). (b) Coomassie stained SDS-gel
showing the purification of rRDP215-GST by immobilized glutathione affinity chromatography. M2, molecular mass standards in kDa; Lane
1, clarified lysate; lane 2, flow through after loading clarified lysate on a glutathione agarose column; lane 3, column wash with reduced L-

glutathione; lanes 4-8, elution fractions.

(MW ~3.5 kDa) and uncleaved full-length rRDP215-
GST-Cy3 were detected as fluorescent bands (Figure 4d,
lane +TEV). The GST-tag (MW¢ . ~26 kDa) after TEV
protease cleavage was non-fluorescent and observed as a
band below the full-length rRDP215-GST-Cy3 on the
Coomassie-stained gel only (Figure 4c vs. d, lanes 2). As
expected, the SPAAC aided in tracking the isolated pep-
tide by fluorescence whereas Coomassie staining revealed
only a very faint band on the tricine-SDS gel (Figure 4c,
lane 2).

2.5 | rRDP215 and rRDP215 20AzK can
be purified by size-exclusion
chromatography

The wildtype peptide rRDP215 was cleaved by TEV pro-
tease as described for rRDP215 20 AzK. The tracking of
rRDP215 was not possible as it lacks AzK. To purify the
recombinant peptides after TEV cleavage of the GST-tag,
we employed size-exclusion chromatography (SEC). Rep-
resentative SEC chromatograms of the purification of the
recombinant peptides rRDP215 and rRDP215 20AzK and
the synthetic peptide RDP215 as a benchmark are given
in the Additional file 1: Figure S4. The molecular weights
observed for rRDP215 and rRDP215 20AzK were calcu-
lated using calibration standards of known size as shown

in the Additional file 2: Table S2 and Figure 5a. The pure
fractions of rRDP215 20Azk from size-exclusion chroma-
tography were labeled with DBCO-Cy3 via SPAAC click
reaction to confirm AzK reactivity. The Coomassie-
stained 10%-20% tricine-SDS-gel showed both the syn-
thetic peptide RDP215 and the SEC-purified rRDP215
20AzK fractions (Figure 5b). Under UV light before Coo-
massie staining, only the recombinant rRDP215 20AzK
labeled with the Cy3-fluorophore showed a fluorescent
band while RDP215, which lacked AzK, did not
(Figure 5c). We processed the peptides rRDP215 and
rRDP215 20AzK for intact MS analysis, but it was unsuc-
cessful due to the small size of the peptides, the repetitive
amino-acid arginine, and insufficient amounts. The pure
peptide yield was 0.5 mg per liter of culture for both
rRDP215 and rRDP215 20AzK.

The yields of pure peptides from SEC varied with
each run. To make the purification of the peptide more
robust and to improve its yields, we switched to reversed-
phase  high-performance liquid chromatography
(RP-HPLC). We optimized the RP-HPLC conditions using
the synthetic peptide RDP215 as it was available in the
required quantities. A representative chromatogram is
presented in the Additional file 1: Figure S5a. The frac-
tions collected from the peak (12 mL) were pooled, con-
centrated, and separated on a tricine-SDS-gel showing
pure RDP215 (Additional file 1: Figure S5b).
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FIGURE 4 SPAAC click reaction aids in tracking cleavage of
GST-fusion tag. The purified full-length protein rRDP215-TEV-GST
20AzK (MW, ~30 kDa) before (-TEV) and after (+TEV) cleaving
by TEV protease was labeled with DBCO-Cy3 via SPAAC as
described in the Additional file 1: Supplementary Methods. Proteins
were separated on 10-20% tricine-SDS gels. The proteins were
stained with Coomassie protein staining (panels a and c) after
visualizing them under UV irradiation at 305 nm (panels b and d).
The control reaction contains TEV protease (TEV, ~26 kDa) and
DBCO-Cy3 only. M, molecular mass standards in kDa; lane

1, control (0.3 pg); lane 2, sample from +TEV cleavage reaction.

2.6 | rRDP215 and rRDP215 20AzK are
functional

To assess the functionality of the SEC-purified peptides,
rRDP215 that lacks AzK was tested for cytotoxicity on LN-
229 cells and rRDP215 20AzK labeled with a fluorophore
to bind HeLa cells. The amounts of the produced peptides
were too low to perform analysis with both HeLa and LN-
229 cells. Therefore, we chose to work with LN-229 in the
cytotoxicity assay because these cells are very sensitive to
the synthetic peptide RDP215 at low concentrations
(LCso = 1.7 £ 0.1 pM) (Maxian et al., 2021) compared to
HeLa (LCso = >20 uM, Figure S2a). The fluorophore-
labeled peptide rRDP215-Cy3 was used for cell binding
assays on HeLa cells.

Functionality of the recombinant peptide rRDP215
was confirmed by PI-cytotoxicity assay against LN-229
cells (Figure 6a) although the activity was halved com-
pared to the synthetic peptide RDP215 (Maxian
et al., 2021). The fluorophore-labeled recombinant pep-
tide rRDP215-Cy3 bound HeLa cells via overexposed PS
confirming that the binding of hLFcin-derived peptides
to cancer cells was preserved in this bioconjugate. Treat-
ment with DBCO-Cy3 alone did not show any fluores-
cence indicating no unspecific binding of the fluorophore
(Figure 6b). Therefore, the peptides rRDP215 and
rRDP215 20AzK produced in E. coli in the current study
were functional. Our findings suggest that it can find
application as a “clickable killing partner” for future
bifunctional bioconjugates or as a tracker in cancer
metastasis imaging.

2.7 | Recombinant rRDP215 shares a
similar structure with synthetic RDP215

The structure, net charge, and hydrophobicity of a peptide
are essential for its cytotoxicity toward tumor cells
(Grissenberger et al., 2020; Riedl et al., 2014). We predicted
these parameters for rRDP215 produced in E. coli in this
study to compare them to the synthetic peptide RDP215.
The structure prediction revealed a p-sheet conformation
for RDP215 and rRDP215 (Additional file 1: Figure S6).
The net charge was calculated to be +9 for RDP215
(FWRIRIRRPRRIRIRWF), C-terminally amidated) and
+ 7 for rRDP215 (AFWRIRIRRPRRIRIRWFENLYFQ).
Peptide hydrophobicity according to Whimley and
White (Wimley & White, 1996) expressed as transfer free
energy of peptides from water to POPC (1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine) was —0.27 kcal/
mol for RDP215 and 0.29 kcal/mol for rRDP215. The
structural and biophysical similarities from our predic-
tion correlate to the functional activity against tumor
cells, that is, cytotoxicity as detailed in the previous
section.

3 | DISCUSSION

In this study, we fine-tuned the selectivity of the hLFcin-
derived peptide RDP215 toward a specific cancer cell type
by fusing it to the lectin Stx1B on the gene level. Further-
more, we produced a clickable recombinant peptide
rRDP215 20AzK and covalently conjugated it to a fluoro-
phore for application, for example, in imaging cancer
cells. The peptide rRDP215 20AzK is a “ready-to-conju-
gate” molecule for future applications in targeted drug
delivery and imaging tumor metastasis.
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FIGURE 5 Molecular size analysis of rRDP215 20AzK and fluorophore labeling. (a) The calculated molecular weights of rRDP215

(3.6 kDa) and rRDP215 20 AzK (3.9 kDa) in comparison to RDP215 (2.5 kDa). For mass analysis details, refer to Additional file 2: Table S2.
Log MW, logarithm of molecular weight; K,,, gel-phase distribution constant. Purified rRDP215 20AzK was labeled with the fluorophore
DBCO-Cy3 by SPAAC as described in the Additional file 1: Supplementary methods. As a negative control, synthetic peptide RDP215 (5 pg)
that lacks AzK was incubated with DBCO-Cy3. Proteins after SPAAC were separated on a 10%-20% tricine-SDS gel: (b) Coomassie stained
gel; (c) gel irradiated with UV before Coomassie protein staining. M, molecular mass standards in kDa. Lanes 1 and 7, synthetic peptide
RDP215 (2 pg); lanes 2-6, purified fractions of rRDP215 20AzK from SEC.
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FIGURE 6 Cytotoxicity and cancer cell binding ability of the

recombinantly produced peptides rRDP215 and rRDP215 20AzK,
respectively. (a) Propidium iodide (PI) uptake was measured 8 h
post treatment with rRDP215 in glioblastoma cell line LN-229. PI-
uptake was used as an indicator of cell death. The bar chart
represents percentage cell death calculated from the mean values of
three individual experiments. The error bar denotes standard
deviation. (b) Upper panel shows representative fluorescence
micrographs of HeLa cells labeled with rRDP215-Cy3 (10 pM)
produced by SPAAC of rRDP215 20AzK with DBCO-Cy3. The
lower panel shows the negative control treated with DBCO-Cy3
(100 pM). Nuclear staining with DAPI is shown in blue.

Genetic constructs were made that fused RDP215 to
the N- or C- terminus of Stx1B. The fusion proteins were
produced in the cytoplasm of E. coli and purified by Gb3
affinity chromatography. Purification of Shiga toxin lec-
tins using affinity matrices with Gb3 adsorbed on celite

or octyl sepharose, or chemically attached Gb3 was
accomplished in earlier studies (Boulanger et al., 1994;
Nakajima et al., 2001; Pozsgay et al., 1996). The celite
adsorption method lacks space between the matrix and
the Gb3 oligosaccharide which reduces the flexibility of
Gb3. In this study, Gb3 was covalently conjugated to aga-
rose functionalized with DBCO on short linker mole-
cules, using SPAAC click reaction. The Gb3 affinity
purified fusion proteins RDP215-Stx1B and Stx1B-
RDP215 migrated at an apparent molecular weight that
was three times higher (36 kDa; Figure 1b) than calcu-
lated for the monomers (12 kDa). Nevertheless, peptide
mapping confirmed the identity of both proteins
(Additional file 2: Table S1). The fusion proteins appar-
ently formed SDS-resistant trimers. Hydrophobic regions
on each of the fusion partners might be the basis for SDS-
resistant oligomerization as reported previously for
GroES and ubiquitin fused to Ap42 peptide, which were
produced in E. coli (Ngo & Guo, 2011; Ochiishi
et al.,, 2016). Dolezal et al. observed the formation of
dimers, trimers, tetramers, and multimers with shorten-
ing of the linker between variable light and heavy chains
of anti-neuraminidase antibody single-chain variable
fragment (Dolezal et al., 2000). Adjusting the length of
the short peptide linker between the fusion partners
might resolve the SDS-resistant trimers in our case.

Mass analysis of in-gel tryptic and chymotryptic
digests of the fusion proteins did not cover the peptide
RDP215 in full. This can be explained by 8 arginine, 3 iso-
leucine, 2 tryptophan, and 3 phenylalanine residues in
the 25-amino acid peptide RDP215, which are all specific
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substrates for trypsin and chymotrypsin. The peptides
WFGGGGSTPDCVTGK and GGGGSFWR clearly con-
firmed the identity and orientation of RDP215 in
RDP215-Stx1B and Stx1B-RDP215, respectively (refer to
Additional file 2: Table S1).

One of the two fusion proteins, RDP215-Stx1B was
biologically highly active in selectively targeting and kill-
ing Gb3-positive cancer cells. HeLa cells were >99% sen-
sitive to RDP215-Stx1B at 10 pM whereas only ~20% of
the cells were killed when treated with 10 uM synthetic
peptide RDP215. It took 40 uM synthetic RDP215 to kill
~80% HeLa cells. This suggests that RDP215-Stx1B is five
times more efficient in killing Gb3+ tumor cells than the
synthetic peptide RDP215 alone at the same concentra-
tion. This demonstrates the receptor specificity of
RDP215-Stx1B toward Gb3-expressing tumor cells. The
control Stx1B wt did not affect the viability of HeLa nor
LN-229 cells at the tested concentrations indicating Stx1B
has no role in inducing cell death. LN-229 cells treated
with RDP215-Stx1B showed no measurable decrease in
viability, which correlates with the inability of Stx1B-Cy3
to bind to LN-229 cells that lack Gb3. Our results proved
effective Dbispecificity of RDP215-Stx1B, where Stx1B
bound Gb3+ HeLa cells and RDP215 induced cell death.
By fusing Stx1B to RDP215, we have successfully
expanded the selectivity of RDP215 from solely PS-
positive to Gb3-positive tumor cells. The single-agent
peptide drug RDP215 otherwise targets both HeLa (cur-
rent study) and LN-229 cells via exposed PS (Maxian
et al., 2021). Though RDP215 alone can induce cell death
in HeLa cells, the concentration required was more than
five times higher than RDP215-Stx1B to exert the highest
cytotoxic effect as described above. Our results are in
accordance with the study by El Alaoui and co-workers
where cytotoxicity was observed in Gb3 expressing colo-
rectal cell line HT29 treated with a prodrug STxB-SN38
(El Alaoui et al., 2007). SN38 is the active metabolite of
irinotecan. The same study showed no or less cytotoxicity
on PPMP (DL-threo-1-phenyl-2-palmitoylamino-3-mor-
pholino-1-propanol, a chemical inhibitor of glucosylcera-
mide synthesis) treated HT29 and CHO cells, which lack
Gb3. A report by Geyer et al. showed a >100-fold increase
in cytotoxicity towards a Gb3 expressing gastric carci-
noma cell line when treated with STxB-SN38 compared
to irinotecan alone (Geyer et al., 2016). In addition, negli-
gible cytotoxicity was reported with Stx1B on CHO fibro-
blast cells and with RDP215 on human melanocytes,
NHDF (Normal Human Dermal Fibroblasts), and NHEM
(Normal Human Epidermal Melanocytes) cell lines at
concentrations of 10-20 uM (El Alaoui et al.,, 2007,
Grissenberger et al., 2020; Maxian et al., 2021; Riedl
et al., 2014). Therefore, the current study reports a novel
fusion protein RDP215-Stx1B as an addition to the tools
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to investigate and target Gb3-positive tumors like gastric
carcinoma, colorectal adenocarcinoma, and breast
carcinoma.

Our results also revealed that RDP215 fused to the
C-terminus of Stx1B rendered the construct ineffective
against cancer cells. This might be due to loss of func-
tion of the peptide RDP215 as Stx1B-RDP215 was puri-
fied by Gb3 affinity chromatography which suggests
functional Stx1B. The loss of function can be attributed
to structural disturbances. Again, different linkers and
linker lengths between the fusion partners might allevi-
ate potential structural disturbances. There are reports
where an addition of a 12-amino acid helix-forming
linker between interferon-a2b fused on the C-terminus
of human serum albumin increased anti-viral activity by
115% (Zhao et al., 2008). Site-specific conjugation of
fusion partners on the protein level could be a prudent
choice to avoid non-functional fusions like Stx1B-
RDP215. Therefore, we produced recombinant peptide
rRDP215 and incorporated the reactive ncAA, AzK into
rRDP215 in E. coli for bioconjugations by site-specific
click reactions.

Here, the N-terminal rRDP215 fused to GST was pro-
duced while no expression was observed with C-terminal
rRDP215 fused to GST. It is not surprising as the efforts
by Chen et al. and Skosyrev et al. to produce the antimi-
crobial peptides ABP-CM4 and sarcotoxin as fusions on
the C-terminus of GST failed due to low expression and
degradation during purification (Chen et al., 2008;
Skosyrev et al., 2003). In the current study, the overex-
pressed rRDP215-GST occurred in the insoluble protein
fraction more abundantly compared to soluble protein.
As the protein titers were sufficient to carry out the
experiments, we preferred to work with the soluble frac-
tions to avoid tedious denaturation and refolding steps.
Zorko and colleagues recombinantly produced and puri-
fied the hLFcin-derived and RDP215-related peptide
PFWRIRIRR (PFR) from inclusion bodies in E. coli
(Zorko et al., 2009). The yield of pure PFR peptide
(10 mg) per liter of culture was 20 times more than
rRDP215 (0.5 mg) produced in this study. However, the
isolation of pure peptide PFR from the full-length fusion
protein was only 2% (10 mg from 550 mg per liter of cul-
ture) while it was 10% (0.5 mg from 5 mg per liter of cul-
ture) for rRDP215 in this study. Wingfield stated that
>50% recovery can be expected with soluble proteins and
only 5%-20% with insoluble proteins due to considerable
loss during the denaturation and folding cycles
(Wingfield, 2015). The recovery of peptides from inclu-
sion bodies indeed decreases the production yield and
increases the production costs (Sadeghian-Rizi
et al., 2019). Hence for future applications, the produc-
tion of recombinant peptide rRDP215-GST can be
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performed in fed-batch bioreactor cultures to increase the
biomass which in turn may increase the yield of soluble
protein.

Like the wildtype, the azide variant rRDP215-GST
20AzK was produced in soluble form and the GST-tag
was cleaved by TEV protease to isolate the rRDP215
20AzK peptide. The protein titers were similar to wild-
type rRDP215-GST indicating high efficiency of the AzK
incorporation by the orthogonal wildtype pyrrolysyl-
tRNA synthetase/tRNACUAPyl pair from Methanosarcina
magzei. It was reported that some peptides do not stain
with Coomassie and need increased loading volumes dur-
ing SDS-PAGE to visualize (Sarfo et al., 2003). Therefore,
we tracked the isolation of rRDP215 peptide by labeling
it with the fluorophore Cy3 via SPAAC. The
labeling enabled the detection of fluorescent
rRDP215-GST before TEV cleavage as well as rRDP215
peptide after TEV cleavage. The strategy also allowed
tracking of the TEV cleavage efficiency, which was
incomplete yet sufficient for the subsequent experiments
after incubation for 6h at 4°C. We observed an
rRDP215-GST dimer, which was not surprising as GST
has the ability to form homodimers (Ji et al., 1992; Parker
et al., 1990). The isolated peptides were purified by SEC
and the molecular weights were analyzed by tricine-SDS-
PAGE. We devised an alternate RP-HPLC method for
polishing the recombinant peptide, which we optimized
with the synthetic peptide. Initial experiments with the
recombinant peptide were promising (data not shown),
however further analysis will have to confirm whether
this procedure improves the yields of pure recombinant
rRDP215. The rRDP215 showed only half the killing effi-
ciency in comparison to the synthetic peptide (Figure 6a)
(Maxian et al., 2021). This might have different reasons:
(1) the recombinant peptide might have impurities that
were below the detection limit of our analysis or (2) could
originate with the subtle differences in structure and
physicochemical properties of the two peptide species.
Further analyses of a cleaner, for example, RP-HPLC
polished rRDP215 are required to explore its activity in
more detail. The AzK incorporation in rRDP215 20 AzK
was confirmed by Cy3-labelling via SPAAC. The biortho-
gonal click reaction was specific to the azide in rRDP215
20AzK but did not occur with the synthetic peptide
RDP215, which we used as the control. The cytotoxicity
of recombinant rRDP215 and the cancer cell binding abil-
ity of recombinant rRDP215-Cy3 evidently qualifies the
molecule for bioconjugations, for example, with tumor-
targeting  antibody  fragments  (Cortez-Retamozo
et al., 2002), lectins (Kurhade et al., 2022), nanoparticles
(Vaughan et al, 2020) and small molecules (Liu
et al., 2022) to generate new tools for cancer-cell-selective
therapy and imaging of cancer cells or cancer metastasis.

4 | CONCLUSIONS

Taken together, the collective findings of the current
study demonstrate the efficacy of bispecific lectin-peptide
fusions in targeted cancer drug delivery and killing. The
human lactoferricin-derived peptide R-DIM-P-LF11-215
(RDP215) genetically fused to the N-terminus of the lec-
tin Stx1B selectively targeted Gb3-positive tumor cells
and delivered the cytotoxic peptide efficiently at lower
doses compared to the peptide alone. Hence the current
study finds RDP215-Stx1B as a potential fusion protein
for future studies on cancer-cell-selective killing applica-
tions. Further, the peptide rRDP215 was expressed in
E. coli for the first time as a full-length GST fusion, the
tag was cleaved, and the recombinant peptide was
purified at reasonable titers. For future applications in
conjugating rRDP215 to proteinaceous and/or non-
proteinaceous biomolecules for cancer therapy, the reac-
tive ncAA AzK was incorporated to produce a “clickable”
rRDP215 20AzK. The functionality of AzK in rRDP215
20AzK was confirmed by labeling with the fluorophore
cyanin 3. Therefore, the present study introduces “click-
able” rRDP215 20AzK for future applications in imaging
cancers and cancer metastasis by bioorthogonal conjuga-
tion with fluorophores or radionuclides. The clickable
rRDP215 20AzK could also allow for site-specific biortho-
gonal conjugation of cytotoxic drugs. Future in vivo stud-
ies using the RDP215-Stx1B fusion can provide more
information on the selectivity, safety, and efficacy of this
new anti-cancer tool.

5 | MATERIALS AND METHODS

5.1 | Construction of expression
plasmids

Genes encoding target proteins were ordered as synthetic
gBlock gene fragments from Integrated DNA Technolo-
gies, Inc., IA, and are listed in the Additional file 2:
Table S3 Restriction enzymes (FastDigest) were pur-
chased from Thermo Fisher Scientific (Waltham, MA).
The in-house target vector pT7x33 (Figure S3a) harbors
genes to encode the orthogonal PleS/tRNACUAPyl pair
from Methanosarcina magzei for AzK incorporation. The
vector pT7x33 differs from pT7x32 (Pasupuleti
et al., 2023) in the orientation of the lacl gene. Target vec-
tor pT7x33 was used to subclone the genes. All the con-
structs have a C-terminal hexahistidine tag. Two
constructs were designed for the lectin-peptide fusion
proteins RDP215-Stx1B and Stx1B-RDP215, one with
RDP215 fused to the N-terminus and the other to the
C-terminus of Stx1B. The fusion partners RDP215
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and Stx1B were linked by the short linker GGGGS. The
gBlocks pBP2848 and pBP2849 were restriction
subcloned into pT7x33 using Ndel/Notl restriction
enzymes to construct pT7x33-RDP215-Stx1B-6xH and
pT7x33-Stx1B-RDP215-6xH, respectively (Additional file
1: Figure S3b,c). To produce the recombinant peptide as
a GST-fusion protein, two constructs were designed. The
gBlocks pBP2846 and pBP2847 were subcloned into
pT7x33 to produce pT7x33-rRDP215-TEV-GST-6xH and
pT7x33-GST-TEV-rRDP215-6xH, respectively (Additional
file 1: Figure S3d,e). The plasmid to incorporate AzK into
rRDP215 was constructed by subcloning the gBlock
pBP2860 with an amber codon (TAG) corresponding to
position 20 in rRDP215-GST into pT7x33 to generate
pT7x33-rRDP215 20 am-TEV-GST-6xH (Additional file 1:
Figure S3f). The position counting started with methio-
nine at position 1 although the N-terminal methionine
was most probably excised. Amino acid sequences of all
the proteins used in this study and the chemical structure
of AzK are given in Additional file 2: Table S4. Chemi-
cally competent E. coli BL21(DE3) cells (Merck KGaA,
Darmstadt, Germany) were transformed with the
sequence-verified plasmids and were stored in 30% glyc-
erol at —80°C.

5.2 | Protein production and purification
Recombinant protein expression and site-specific incor-
poration of AzK into proteins via genetic code expansion
in E. coli was carried out as described previously (Rosato
et al., 2022). Briefly, gene expression was induced with
0.3 mM IPTG at 20°C for 16-19 h, and 5 mM AzK were
added at induction. The cell pellets (from 1-liter culture)
harvested after expression of the lectin-peptide fusion
proteins RDP215-Stx1B and Stx1B-RDP215 were resus-
pended in 75 mL of Tris buffer, pH 8.0. Cells were lysed
using sonication (Branson Sonifier 250, Emerson Electric,
St. Louis, MO) for 3min on ice and centrifuged at
21000 rpm (JA-25.50 rotor, Beckman Coulter Life Sci-
ences, IN) for 30 min. The supernatant (clarified cell
lysate) was loaded onto the Gb3-agarose column for the
Stx1B in the fusion proteins to bind Gb3 and the flow-
through was collected. The non-specifically bound pro-
teins were washed off with 25 mL Tris buffer, pH 8.0.
Elution buffer (4 M MgCl, in Tris buffer, pH 8.0) was
used to elute the column-bound proteins in fractions of
0.75 mL. The protein concentration was determined by
measuring the absorbance at 280 nm using a spectropho-
tometer (Thermo Scientific Inc., Rockford, IL). Fractions
with the highest protein concentration were pooled and
the buffer was exchanged to PBS by dialysis using a
slide-A lyzer dialysis cassette with 3.5kDa MWCO
(Thermo Fisher Scientific). The GST fusion proteins
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rRDP215-GST, GST-rRDP215, and rRDP215-GST 20AzK
were purified in a similar way except that PBS was used
to resuspend the cell pellet and PureCube glutathione
agarose matrix (Cube Biotech GmbH, Monheim am
Rhein, Germany) to capture the proteins. Wash and elu-
tion steps were performed with PBS and 50 mM reduced
L-glutathione (Cube Biotech GmbH) in PBS, respectively.
The lectins Stx1B K9AzK and Stx1B wildtype (Stx1B wt)
were produced and purified according to the established
method (Rosato et al., 2022).

5.3 | Cell lines and culture

The HeLa (ACC 57) cell line purchased from DSMZ
GmbH (German Collection of Microorganisms and Cell
Cultures, Leibniz Institute, Braunschweig, Germany) was
cultured in Minimum Essential Media with GlutaMAX
(Gibco, Thermo Fisher Scientific) supplemented with 10%
FBS (fetal bovine serum, Gibco) and 0.1 mM non-essential
amino acids (NEAA, Gibco). Glioblastoma cell line LN-
229 from ATCC (American Type Culture Collection,
Manassas, VA) was cultured in Dulbecco's Modified Eagle
Medium DMEM with GlutaMAX (Gibco, Thermo Fisher
Scientific) supplemented with 10% FBS. All cells were cul-
tivated at 37°C in a humidified incubator with 5% CO,. At
90% confluence, cells were detached with accutase (Gibco,
Thermo Fisher Scientific) and were passaged.

5.4 | Calcein AM cell viability assay

Cells were seeded on 96-well transparent bottom plates at
a concentration of 1 x 10° cells/well in 100 pL respective
growth media. Cells were treated with 5 pM and 10 pM
final concentrations of Stx1B wt, RDP215-Stx1B, and
Stx1B-RDP215 and incubated for 24 h in 5% CO, at 37°C.
For RDP215, cells were incubated with 5, 10, 20, and
40 pM final concentrations. Controls contained cells with
culture media only. A 50 pM working solution was pre-
pared from 1 mM freshly prepared stock solution with
dimethyl sulfoxide. Calcein AM (2 pL from working solu-
tion) was added to each well after 24 h of treatment with
the respective peptides and proteins. Fluorescence was
recorded using GloMax® Explorer Multimode Microplate
Reader (Promega, Madison, WI). Viable cell percentage
was calculated by the following equation:

A 100 x (Px — P100)

% cell viability = ———~———~

v (Po — P100)

where P, is the arbitrary fluorescence units (AFU) from
cells in media alone, P, is AFU from cells treated with
peptides and proteins, and Pjo is AFU from cells after
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treating with 2% Triton-X-100. Each experiment has
duplicates and was repeated at least thrice.
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