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Protein venoms are effective cytotoxic molecules that when conveniently targeted to tumoral

markers can be exploited as promising anticancer drugs. Here, we have explored whether the
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structurally unrelated melittin, gomesin and CLIP71 could be functionally active when
engineered, in form of GFP fusions, as self-assembling multimeric nanoparticles.

Incorporated in modular constructs including a C-terminal polyhistidine tag and an N-terminal
peptidic ligand of the cytokine receptor CXCR4 (overexpressed in more than 20 human
neoplasias), these venoms are well produced in recombinant bacteria as proteolytically stable
regular nanoparticles ranging between 12 and 35 nm. Being highly fluorescent, these
materials selectively penetrate, label and kill CXCR4" tumor cells in a CXCR4-dependent
fashion. The obtained data support the concept of recombinant venoms as promising drugs,
though the precise formulation as tumor-targeted nanomaterials for selective theragnostic
applications in CXCR4" cancers.

Molecular therapies of cancer are based on cytotoxic drugs, most of them being small
molecular weight chemicals that are administered systemically devoid of cell and tissue
selectivity. ! However, cytotoxic proteins are especially promising as new generation
antitumoral agents. (4 This is in part since, as versatile macromolecules, polypeptides can be
extensively engineered. Genetic fusion allows gaining additional functions such as self-
assembling at the nanoscale, cell targeting and fluorescent emission, which might be useful
for imaging purposes. This can be achieved by the construction of modular proteins that
combine protein segments from different origins and with different biological activities. [°!
Among such functions, the oligomerization within nanoscale dimensions and the multivalent
display of cell surface peptidic ligands [ are highly desirable to favor the enhanced retention
and permeability (EPR) effect and a proper tumor biodistribution, and to estimulate the
intracellular delivery in target tissues through cooperative cell binding. The incorporation of
C-terminal polyhistidine peptides to modular proteins represents a simple strategy to promote
robust self-assembling, as divalent metal and non-metal cations in the media, acting as
molecular cross-linkers, promote protein clustering ®! and regular oligomerization in form of
stable nanoparticles. 1 An N-terminal cationic region in the building blocks is also required
for oligomerization. [6 7]

Among cytotoxic proteins, venoms developed for animal predation and defense are
particularly appealing as cytotoxic drugs, & 1% and the possibility to engineer venoms as
self-assembling tumor-targeted nanoparticles would open a wide spectrum of potential new
clinical applications. In this context, we have explored such approach by submitting two
structurally and functionally unrelated venoms and one venom-like synthetic protein (namely

melittin, gomesin and CLIP71) to modular protein engineering for the construction of
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CXCRA4-targeted nanoparticles (Figure 1A). The CXCR4 peptidic ligand T22 [ 11 has been

incorporated as a ligand in those modular proteins, in which the venom domains result fused
to GFP. Melittin is a pore-forming peptide from the Western honey bee Apis mellifera that
shows antitumoral and antimetastatic activities linked to induction of apoptosis, inhibition of
calmodulin binding activity and suppression of the Rac1-dependent pathway. [*%] Gomesin is
an antimicrobial peptide isolated from the Brazilian tarantula Acanthoscurria gomesiana.
Apart from its intrinsic antimicrobial activities gomesin shows potent cytotoxic effects on
cancer cells and a generic antitumoral activity.[?) The membrane-disrupting peptide CLIP71,
[131 also showing antitumoral activities, is currently in clinical trials as an anticancer drug
component (https://clinicaltrials.gov/ct2/show/NCT01485848).

These peptides are structurally divergent, and despite having been explored in recombinant
and synthetic forms [* 1 4 and with a recognized potential as anticancer drugs, % > 161 how
they would perform in supramolecular complexes as multifunctional proteins has been never
explored. For that, we constructed venom fusion proteins with GFP as a fluorescent marker
(Figure 1B) to enable potential theragnostic uses of the resulting materials. Furin cleavage
sites, previously shown as efficient in modular proteins, *"1 were incorporated in the intersect
of the functional modules to ensure the release of functional peptides once internalized in
target cells. T22, a cationic CXCR4-targeted peptide, has been also included to confer cancer
cell targeting. The cytokine receptor CXCR4 is overexpressed in more than 20 human
malignancies in which CXCR4 levels are associated with aggressiveness and poor prognosis,
[18] including the main health conditions colorectal cancer, pancreatic cancer, breast cancer,
ovarian cancer, prostatic cancer, lung adeno-carcinoma, leukemia, lymphoma and melanoma
[91 For some neoplasias, such as the diffuse large B-cell lymphoma, the levels of CXCR4
overexpression are 50-200 times the levels in normal lymphocytes of lymph nodes. 2% In
particular, T22 promotes an excellent biodistribution of associated proteins upon systemic
administration in mouse models of human (CXCR4") colorectal cancer, where injected
proteins accumulate in primary tumor and metastatic foci [ 2Y. The peptide also promotes an
excellent targeting in diffuse large B-cell lymphoma mouse models. (22 The fusion proteins
were all produced in Escherichia coli as full-length protein forms (Figure 1C), equally stable
than the related protein T22-GFP-H6 (previously used as nanoscale drug carrier in tumor-
targeted chemotherapy [). Interestingly, all these modular proteins, even containing very
short peptides as core elements, efficiently self-assembled as regular nanoparticles ranging
from 12 to 35 nm (Figure 2A), similar in morphology to those formed by T22-GFP-H6
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(Figure 2A, B). GFP-H6, devoid of any N-terminal cationic peptide able to assist in the
nanoparticle formation, is unable to form supramolecular structures (Figure 2A).

The participation of divalent cations in maintaining the oligomeric architecture of T22-GFP-
H6, through the coordination with the C-terminal His tail, is predicted to keep the CXCR4-
ligand T22 in a solvent-exposed accommodation. [ To confirm the surface-display of T22 on
the venom nanoparticles and its availability for molecular interactions, these materials were
studied regarding their potential internalization into cultured CXCR4" HeLa cells. Since the
generated nanoparticles were fluorescent (Figure 3A), monitoring the protein uptake by cells
was experimentally feasible, upon a harsh trypsin treatment specially designed to inactivate
any GFP material externally attached to cells. (2] For that, the total green fluorescent emission
of the materials was corrected by the specific emission of the proteins to render values
representative of protein amounts. As observed, CLIP71- and gomesin-based nanoparticles
penetrated into HeLa cells more efficiently than the parental T22-GFP-H6 nanoparticles
(Figure 3B). Melittin oligomers, in contrast, were engulfed by cells at levels similar to those
described for T22-GFP-H6 (Figure 3B). Despite the high cell penetrability shown by
nanostructured gomesin and CLIP71, such uptake was CXCR4-dependent. The pre-addition
of AMD3100, a CXCR4 antagonist that competes with T22 for CXCR4 binding, 2
dramatically blocked the increase of intracellular fluorescence linked to these materials
(Figure 3C). On the contrary, the penetrability of melittin was essentially unspecific, since it
was unaffected by the T22 competitor. Finally, HeLa cell death promoted by targeted
nanoparticles was confirmed by cell viability analyses at increasing exposure times. While
gomesin and CLIP71 were clearly cytotoxic, melittin did not show any significant deleterious
effects on cultured cells (Figure 3D).

To explore the dose-response toxicity of the nanoparticles up to higher concentrations we
exposed target cells to unusual forms of these proteins, namely bacterial inclusion bodies
(IBs). These are non-toxic functional amyloids formed by protein clusters in the recombinant
bacteria, accompanying the soluble protein versions %, Such protein complexes, when
formed by self-assembling proteins, are able to release assembled nanoparticles to the media,
for both local and systemic administration in different pathologies. %6 21 These released
nanoparticles fully keep the targeting properties conferred by fused homing peptides
displayed on such oligomers, as recently demonstrated. %! In this particular format, that
allows reaching high concentrations, toxins act already at 24 h of exposure (Figure 4), and
melittin, at such high doses, is highly functional. CLP71 is still, in this innovative format, the

most cytotoxic agent among those tested (Figure 4). Probably, venom-based IBs are able to
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execute their action through the protein in both packaged and released form, what might
account for the faster action compared to data in Figure 3.

In summary, short peptidic natural venoms such as gomesin, melittin and the synthetic
cytotoxic peptide CLIP71 can be engineered to constitute self-assembling building blocks of
tumor-targeted nanoparticles, thus expanding the spectrum of therapeutic utilities of venoms
and related peptides. Gaining nanostructure is expected to enhance the intrinsically
antitumoral properties of these peptides 8 and generically, the effectiveness of any drug
intended for targeted delivery [2° 3% This is because the nanoscale size allows the material
fully exploiting the EPR effect, while it also prevents renal filtration. X Apparently, this
combination of factors ensures reaching the proper biodistribution intrinsically defined by the
homing peptide, that is necessary but not sufficient for tumor accumulation. 3 The
nanoformulation, dimerization and other particular presentations of venom peptides have been
described as positive influencers of their therapeutic values. 31 However, the targeting effect
here provided by T22, namely CXCR4 binding, but also its multiple surface display on
oligomeric nanoparticles, are expected to offer additional values over the mere nanoscale size,
such as for instance the mimicking of the cooperative attachment of viral particles to target
cells. 3% On the other hand, we have proved here that these cytotoxic stretches can be
engineered as intricate modular proteins with complex functionalities to generate self-
assembled, self-delivered anti-cancer nano-drugs in absence of any external vehicle, % as
previously shown for full-length protein toxins. ! Interestingly, venom peptides can be
accompanied by fluorescent proteins, which might offer an interesting additional benefit
regarding theragnostic applications or for image-assisted surgery. ¥ Gomesin and CLIP71
fully keep their functionalities in their accommodation sites, namely the carboxy terminus of
the fusion proteins. However, the proximity of melittin to the amino terminus, even not
precluding nanoparticle formation, prevents the specific CXCR4-dependent cell penetration
mediated by T22 (Figure 3). This is probably caused by a disturbed capability and specificity
of the whole macromolecular complex in its interaction with the receptor, by the presence of
the foreign peptide placed in close vicinity to the cationic T22. In this particular construct, the
nanoparticle lacked the ability to specifically interact with CXCR4*. T22, in close vicinity of
highly structured protein domains might have its ability to interact with CXCR4 importantly
reduced, in agreement with previous data. ** The position of such venom in any modular
construct intended for targeted delivery should be then accurately explored, to keep the
intended selectivity. Cell penetration of the present construct might occur by a direct insertion

of melittin molecules into the cell membranes. Indeed, the melittin domain might have a
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residual cytotoxic activity against cells in the media due to its pore-forming action, that could
be executed externally irrespective of cell penetration (Figure 3D). Such membrane activity
would be not expected, by itself, to cause lack of CXCR4 selectivity in the penetration of the
materials, since the biological activity of the successful CLIP71 construct also relies on
membrane disruption [**l and the protein kills the cells via its precise binding to CXCR4
(Figure 3C).

All these data fully support the structural robustness of the self-assembling platform presented
here and they also point out the need of a proper design of the modular scheme when
preparing multifunctional proteins intended for molecular medicine and addressed to
precision therapies. Since the impact of the module distribution in fusion proteins appears to
be higher than previously expected, 71 the functionalities of functional domains might be
enhanced or diminished according to their position in the fusion. Irrespective of the modular
arrangement, that would require special attention during protein design, functional
recruitment is revealed here as a promising approach to organize protein venoms as stable and
highly efficient protein materials. The resulting supramolecular complexes show promise and
potential as protein-only nanomedicines for the precision treatment of cancer. Among other
cytotoxic proteins, venoms are of particular interest since they exhibit variate and multiple
anticancer activities. In addition to causing cell death by pore formation and cell
permeabilization, other cell alterations have been described. Melittin induces cell cycle
alterations, promotes cell proliferation and/or growth inhibition and triggers apoptotic and
necrotic cell death trough several mechanisms, including the activation of caspases and matrix
metalloproteinases. *®! Gomesin affects programmed cell death through the expression levels
of cell cycle proteins, by the generation of reactive oxygen species (ROS) and changes in the
intracellular levels of Ca?*. '? Regarding CLIP71, several mechanisms of action have been
suggested, namely induction of apoptosis via upregulation of death effectors, by
mitochondrial membrane permeabilization or changes in the mitochondrial membrane
potential. 8]

In a general context, the development of cytotoxic proteins (venoms and others, 1), that are
tumor-targeted through fused homing peptides and that self-organize as regular multimeric
nanoparticles, is a step further towards the emerging concept of self-delivered, vehicle-free
nanoscale drugs. B% In conventional nanoconjugates, nanocarriers, being therapeutically inert,
demand the major fraction of material and production resources % and pose severe concerns
regarding side toxicities linked to the used nanomaterials. ¥ In contrast, protein only-drugs

are intrinsically biocompatible, and the environmental release (being a matter of concern, for
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instance, in the case of metal and other type of nanoparticles %) would be strictly prevented
by cell or media proteases, expected to degrade the administered proteins upon the execution
of their biological activities over target cells. Note also that conventional untargeted cytotoxic
drugs, secreted by urine, are also a matter of environmental concern. [*31 Also, as in the case of
the engineered venoms presented here, protein-only drugs can be adapted through simple
genetic engineering to self-organize as nanoscale functional entities without chemical
conjugation, and to result in true self-delivered, self-targeted drugs [*°! for precision medicines
in absence of heterologous carrier materials. The presentation of these protein drugs as
secretory materials (Figure 4) would benefit from additional benefits, such as faster biological
effect and the possibility to increase protein doses, at least upon local administration.

Experimental Section

Protein design, production and purification

The engineered fusion proteins were named according to their modular organization. The
recombinant pET-22b plasmids encoding fusion proteins were designed in house and
produced by GeneArt (Invitrogen, Thermo Fisher Scientific). The proteins were produced in
plasmid-bearing Escherichia coli Origami B cells (BL21, Omp T-, Lon-, TrxB-, Gor-,
Novagen), cultured in 2 I-shaker flasks with 500 ml of LB medium with 100 pg/ml ampicillin,
15 ug/ml kanamycin and 12.5 ug/ml tetracycline at 37 °C. Recombinant gene expression was
induced at an ODsso around 0.5-0.7 upon the addition of 0.1 mM isopropyl-p-d-
thiogalactopyranoside (IPTG) and subsequent overnight culture at 20 °C. Then, cells were
harvested by centrifugation at 5,000 g for 15 min at 4 °C. All proteins were purified by His-
tag affinity chromatography using HisTrap HP 1 ml columns (GE Healthcare) by AKTA
purifier FPLC (GE Healthcare). For that, bacterial cells were resuspended in wash buffer (20
mM Tris-HCI, 500 mM NacCl, 10 mM imidazol, pH 8.0) in presence of EDTA-free protease
inhibitor (Complete EDTA-Free, Roche). Cell disruption was performed by French press
(Thermo FA-078A) at 1100 psi and lysates were centrifuged for 45 min (15,000 g at 4 °C) to
obtain the soluble cell fraction. Soluble samples were loaded onto the column and after a
washing step with 10 column volumes of Wash buffer, the proteins were eluted by a linear
gradient of 20 mM Tris-HCI, 500 mM NaCl, 500 mM imidazole, pH 8.0 buffer for T22-FCS-
MEL-FCS-GFP-H6 and T22-GFP-H6-FCS-CLIP71 and by 20 mM Tris-HCI, 500 mM NacCl,

1 M imidazole, pH 8.0 buffer for T22-GFP-H6-FCS-GOM. Purified fractions were collected
7
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and analyzed by TGX stain-free gels (Bio Rad) and Western Blotting with anti-His
monoclonal antibody (Santa Cruz Biotechnology Inc.) to observe the protein of interest.
Proteins were finally dialyzed against sodium bicarbonate buffer with salt (333 mM NaHCO3,
166 mM NaCl, pH 7.5) overnight at 4°C. Protein venom nanoparticles, in form of functional
IBs, were purified by a protocol for proteins with high tendency to become soluble. 2l The
amount of protein was quantified by Western Blotting using an anti-His monoclonal antibody
(Genscript). The amount of recombinant protein was finely estimated by comparison with a
GFP-H6 calibration curve. Protein integrity and purity were checked by mass spectrometry
(MALDI-TOF) and final protein amounts quantified by Bradford’s assay.

Nanoparticle characterization

The volume size distribution of nanoparticles and monomeric GFP was determined by
dynamic light scattering (Zetasizer Nano ZS, Malvern Instruments Limited), performed at 633
nm. 50 ul of each sample was used in the corresponding storage buffer. The ultrastructural
geometry (size and shape) of nanoparticles was observed with field emission scanning
electron microscopy (FESEM). Drops of 3 ul of each sample of nanoparticles were directly
deposited on silicon wafers (Ted Pella Inc.) for 1 min, excess of liquid was blotted with
Whatman filter paper number 1 (GE Healthcare), air dried for few min, and immediately
observed without coating in a FESEM Zeiss Merlin (Zeiss) operating at 1 kV equipped with a
high resolution in-lens secondary electron detector. For each sample, representative images of

different fields were captured at high magnifications (from 300,000 x to 500,000 x).

Fluorescence determination

The fluorescence emission spectrum of the fusion proteins was determined in a Varian Cary
Eclipse fluorescence spectrophotometer (Agilent Technologies) using an excitation
wavelength of 450 nm. Protein samples were diluted in the corresponding storage buffer to 1

mg/ml in a final volume of 100 pl.

Cell culture and internalization studies

Cultured CXCR4" HeLa cell line (ATCC-CCL-2) was used to explore the internalization and
specific uptake of nanoparticles. Cells were cultured in Minimum Essential Medium o
(Gibco) supplemented with 10 % fetal calf serum (Gibco), and incubated at 37 °C and 5 %
CO:2 in a humidified atmosphere. For internalization studies, cells were cultured on 24-well

plates at 6x10* cells/well for 24 h until reaching 70 % confluence and then, nanoparticles were
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added at different concentrations (0.025 uM, 1 uM, and 4 uM) to the cell culture in the
presence of Optipro medium (Gibco) during 2 h before the flow cytometry analysis. Cells
were detached from the plate with 1 mg/ml Trypsin (Gibco) for 15 min and then, analyzed on
a FACSCanto system (Becton Dickinson) using a 15 W air-cooled argon-ion laser at 488 nm
excitation. GFP fluorescence emission was measured with a detector D (530/30 nm band pass
filter). Additionally, specific internalization through CXCR4 receptor was proved using
AMD3100 (octahydrochloride hydrate, Sigma-Aldrich) which inhibits CXCR4-T22
interaction. For that, proteins were incubated at 0.025 uM for 2 h in presence of AMD3100 at
1:10 ratio and cell samples were analyzed on the FACSCanto system. Experiments were
performed in duplicates. 1 pM of protein is estimated to be equivalent to 1.16 10
nanoparticles/ul, considering 12 monomers per particle as revealed by a recent refining over

previous in silico models. [4°]

Cytotoxicity analyses

The CellTiter-Glo® Luminescent Cell Viability Assay (Promega) was used to determine the
cytotoxicity of protein nanoparticles. Cells were plated in opaque-walled 96-well plates at
3,500 cells/well in Minimum Essential Medium o (Gibco) supplemented with 10 % foetal calf
serum (Gibco) for 24 h at 37 °C until reaching 70 % confluence. Then, cells were incubated in
presence of protein during 24, 48 h and 72 h at 37 °C. For extended time experiments, namely
lasting 96 h and 144 h, only 1,000 cells were added per well. Subsequently, 100 ul of the
single reagent (CellTiter-Glo® Reagent) was added directly to cultured cells and the plates
were measured in the Multilabel Plater Reader VICTORS3 (PerkinElmer). Experimental using
IBs was done following this same protocol, adjusting times and doses. Experiments were
performed in triplicates.

Statistical analyses

Quantitative values were expressed as mean + standard error (SE) of the mean. Data were
transformed when necessary and checked for normality and homogeneity of variances with
Shapiro-Wilk and Levene tests, respectively. Pairwise divergences of internalization and cell
death were evaluated using Student's t-tests. Differences between groups were considered
significant at p < 0.01 and p < 0.05 are indicated as § or * respectively, in the figures.
Pairwise divergences of internalization and cell death were evaluated using Student's t-tests.
All statistical analyses were performed with SPSS (IBM SPSS Statistics 23.0).
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Figure™l. Pfotéin desigrand charactefization, 7. Origin;“sequéfice dnd dttighf of SeleCted
venom domains. B. Modular organization of venom-based protein building blocks of CXCRA4-
targeted nanoparticles. Functional venom segments (MEL, GOM and CLIP71) are intersected
by furin-cleavage sites (FCS, in red), to allow the intracellular release of cytotoxic domains
from building blocks. C. Mass spectrometry of protein fusions purified from E. coli cells,
indicating the experimentally determined molecular weight. Venom names (namely MEL,
GOM and CLIP71) are used to abbreviate the fusion proteins indicated in panel B. Protein
integrity is also demonstrated through TGX stain-free gels and by H6 immunodetection in
Western blot (WB) with anti-His monoclonal antibody.
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Figure 2. Nanostrutural characterization of venom-based proteins. A. Hydrodynamic size
distribution of venom-based nanoparticles (meantSE). The parental T22-GFP-H6 and the
unassembled GFP-H6 proteins are included here for size comparison. All proteins were in
solution in their respective storage buffers. B. FESEM images of randomly selected fields
showing the ultrastructural morphology of nanoparticles. Bars indicate 20 nm.
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Figure 4. Biological characterization of venom-based nanoparticles Dose-response cell

death of cultured CXCR4" HeLa cells 24 h (left) and 72 h (right) after exposure to protein

nanoparticles, presented in IB format, [* as insoluble, protein-releasing material. Non-

functional IBs formed by the related protein T22-GFP-H6 are used as a control. Untreated
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HeLa cells are represented by a red discontinuous line. The standard error is represented by a
black line. Mann-Whitney test revealed significant differences between untreated and treated
cultures. The level of significance difference is indicated by superscripts (*p<0.05).
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Protein venoms have been engineered to self-assemble as fluorescent, stable
nanoparticles targeted to the tumoral marker CXCR4. These materials, successfully
produced in bacteria in a recombinant form, selectively attach, penetrate, label and Kill
CXCR4" cancer cells, offering a proof of concept of nanostructured venoms as promising
anticancer tools useful in therapy and in theragnosis.
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