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ABSTRACT

Azulitox as a new cancer cell specific and phototoxic fusion polypeptide was generated and is
composed of a photosensitizer domain and the cell-penetrating peptide P28. The photosensitizer
domain (EcFbFP) was derived from a bacterial blue light receptor, which belongs to the family of
light-oxygen-voltage-proteins and produces reactive oxygen species (ROS) upon excitation. P28
is derived from the cupredoxin protein azurin that is known to specifically penetrate cancer cells
and bind to tumor suppressor protein p53. We show that the P28 domain specifically directs and
translocates the fused photosensitizer into cancer cells. Under blue-light illumination, Azulitox
significantly induced cytotoxicity. Compared to the extracellular application of ECFbFP, Azulitox
caused death of about 90 % of cells as monitored by flow cytometry, which also directly correlated
with the amount of ROS produced in the cells. Azulitox may pave new avenues towards targeted
polypeptide-photosensitizer based photodynamic therapies with reduced systemic toxicity

compared to conventional photosensitizers.

INTRODUCTION

Cancer led to 9.6 million deaths worldwide in the year 2018 and, globally, it is the cause of every
6" death.! Hence, cancer is one of the greatest burdens of our society. Classical available therapies
and medications still have a lot of off-target effects. Therefore, the demand for more specific
cancer therapies is increasingly important and represents a growing research field.>"'? In recent
years, a variety of minimal invasive therapeutic approaches involving a combination of specific
drugs and their light driven activation with selective cytotoxic activities towards cancer cells have
been developed.'* Some of these phototoxic drugs have been clinically approved for photodynamic

therapy (PDT) applications.'*!> PDT is based ideally on the local (i. e. tumor-associated)
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generation of reactive oxygen species (ROS) by a phototoxic agent resulting in excessive cell

damage and subsequent apoptosis upon irradiation.

In PDT, photosensitizers (PS), which are often non-toxic dye molecules, are activated by
absorption of visible light. Light absorption of the PS triggers a transition from the electronic
ground state to an excited singlet state and further via inter system crossing to its longer living
triplet state, from which ROS production can occur via two mechanistic routes. In the type-I-
reaction, the exited PS transfers an electron to molecular oxygen thereby generating a superoxide
radical anion (O2"). A cascade of redox reactions leads to the formation of other ROS species such
as hydrogen peroxide or hydroxyl radicals. The type-II-mechanism induces ROS generation by the
transfer of the energy of the triplet state directly to O yielding singlet oxygen.'*!®"!® In most cases,
both reactions can occur simultaneously. The ratio of the reactions depends on the photophysical
and photochemical properties the PS, its local environment as well as the surrounding oxygen
concentration in proximity to the PS.!” The most important promise of PDT is the opportunity to
focus therapeutic activity (i. e. toxicity) to specific areas at the site of irradiation, which requires
light of appropriate wavelength. The excitation wavelength directly determines the penetration
depth thus defining the tissue volume, in which toxic effects are induced, as reviewed by P.
Agostinis, et al'* and Dougherty T., et al”®. The selection of the “right” excitation light is currently
still under debate. While in Europe, red light is more often used, blue light appears to be preferred
in PDT in the United States.!” The arsenal of available combinations of PS with their unique
spectra properties has allowed broad applications targeting a variety of cancers. Clinical studies
on various cancers indicate that both red- and blue-light absorbing PS are equally efficient and
tolerable, whereas blue light seems to be more efficient for glioma cells.'*?° Blue light has also

been used in the therapy of melanoma in combination with photofrin as a photosensitizer and it
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has been found to be equally efficient as red or green light with the difference that it required lower
intensities?!?>. The PDT of basal cell carcinoma BCC with blue light has been described as less
painful compared to the use of red light!®>. A series of PS has already been approved by the food

and drug administrations (FDA) in Europe and in Japan.?®

Most prominent small molecule PS of the first and second generations (e. g. Photofrin®,
Visudyne® or Metvix®) are derivatives of porphyrins or chlorines and they share some major
therapeutic disadvantages, because they are administered systemically and possess no intrinsic
specificity towards tumors or cancer cells. Patients treated with these compounds had to strictly
avoid sunlight after application for 4-6 weeks to minimize potential skin damage.?* Derivatives of
5-aminolevulinic acid are in clinical use since they show a certain inherent cancer cell specificity,
but are characterized by unfavorable pharmacokinetics* and have been described to exhibit severe
adverse effects?2°. In contrast, modern PS of the third generation have been equipped with
additional specificity towards cancer cells or tumors by chemically conjugating tumor specific

)27—29

markers like antibody (-fragments cell surface receptor ligands®, functionalized liposomes®!'~

34, immunoliposomes®> and nanoparticles®®. In this way, specific targeting has been achieved,

which allowed reducing the effective concentrations.

Apart from the classical small molecule phototoxic drugs, a relatively new class of genetically
encoded PS has emerged derived from fluorescent proteins of different origin. Most of them like
KillerRed*’, KillerOrange*® and SuperNova*’ are based on the family of green fluorescent proteins
(GFP) like proteins from species DC-2005 of the Anthomedusae or on engineered LOV (light-
oxygen-voltage) photoreceptor domains including miniSOG*’ and SOPP*!. The class of LOV-
based PS also includes EcFbFP, which was developed from the LOV domain of the Bacillus

subtilis photoreceptor YtvA. ** All LOV-based PS non-covalently bind flavin-mononucleotide
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(FMN) as photosensitizing chromophore.*® In a recent study, it was demonstrated that this class of
genetically encoded PS is capable of efficiently producing singlet oxygen and hydrogen peroxide
to a certain extent via type-I and —II reactions.** This process leads to an excessive oxidation of
surrounding biomolecules upon excitation with blue light thus inducing phototoxicity of both
bacterial or cancer target cells.*>*~*® A promising approach in the field of PDT is the development
of fully genetically encoded immunophotosensitizers that can specifically be targeted to tumor
cells. Basically, these single polypeptide recombinant photosensitizers consist of synthetic fusions
generated by genetic engineering and containing two domains - a targeting (e.g. antibody) and an
effector (the genetically encoded PS) domain. This strategy ensures consistent PS composition and
characteristics and hence exact reproducibility of its functional properties.*® So far, different
genetically encoded immunophotosensitizers have been developed using the photosensitizing
proteins miniSOG and KillerRed as effector modules.*”>? Existing targeting entities are
commonly derived from single-chain variable fragment antibodies (scFvs) with a size of ~30 kDa
(e.g. 4D5scFv, a stable scFv of I[gG1 with specificity to HER2/neu receptors and a superior tissue

penetration).*’

A promising alternative to equip PS-polypeptides with specificity towards target cells while being
smaller but offering the same oppertiunities as entities of genetically engineered fusion proteins
are cell penetrating peptides (CPP). CPPs have been suggested as ideal tools for cancer therapy
because they may help to overcome emerging resistances against small molecules resulting from
decreased transport or increased efflux of the drug, which has been shown for CPP-conjugates

5

methotrexate>, taxol’*, doxorubicin® and bleomycin.’® However, most CPPs penetrate cells

unspecifically, which can lead to adverse side effects due to off-target distribution.®’
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In contrats, a selective CPP was derived from azurin, a member of a group of copper-containing
redox proteins called cupredoxins, which not only preferentially enters cancer cells, but also leads
to a stabilization of intracellular p53, resulting in higher induction of apoptosis in these cells.>® ¢
A subdomain consisting of amino acids 50-77 of azurin, designated as P28 showed the same cancer
cell specific penetration activity and p53 stabilization as azurin.’*3% As the preclinical

investigation revealed P28 is not immunogenic and showed no toxic effects in mice, thus it has the

potential to be an ideal cell penetrating transport peptide.®!

This study presents the first genetically engineered hybrid fusion of a short CPP with high cancer
cells specificity and a protein photosensitizer. This novel anti-cancer polypeptide uses P28 of
azurin as targeting entity and EcFbFP as a (photo-) toxic entity domain. Conventional small
molecule photosensitizers provide half-lives of around 6 weeks, which requires protection of PDT
patients from severe side-effects resulting from the photosensitivity.!* In contrast, the
pharmacokinetics of biologicals offer half-lives of 25 h® to 3-4 weeks® reported for small
polypeptides like insulin (~6 kDa) or large IgG antibodies (~150 kDa). Thus, Azulitox
(MW~19 kDa) has high potential as a new polypeptide drug for PDT as it promises a short half-
life compatible with convenient reduction of undesired long term photosensitivity but also can be
expected to deliver non-toxic peptide degradation products, if it is not excreted directly by renal
clearance.®” We believe that these features may be key advantages of polypeptide constructs of the
Azulitox type to expand the arsenal of photosensitizers towards drugs with high efficacy and
tolerability. This may pave new avenues for the development of not only efficient PDT
applications, but also in combination with an increase of convenience and thus improved patients

compliance.
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EXPERIMENTAL SECTION

Materials

Trypsin-Ethylenediaminetetraacetic acid (EDTA) (0.05% (w/v)) sodium deoxycholate, sodium
dodecyl sulfate, Tris-HCI, NaCl and 2-propanol were purchased from Sigma-Aldrich (St. Louis,
Missouri, USA), fetal bovine serum, Dulbecco modified eagle medium (DMEM), Phosphate
Buffered Saline (PBS), Penicillin-Streptomycin (1000U/mL), and non-essential amino acid
solution (MEM) were purchased from life technologies (Carlsbad, California, USA), phalloidin-
rhodamine B and propidium iodide were purchased from Thermo Fisher Scientific (Waltham,
Massachusetts, USA) and Ni-NTA beads were purchased from Qiagen (Venlo, Netherlands).
Statistical analysis was performed by two tailed unpaired student t-test. P values < 0.05 were

considered significant. * denotes P < 0.05, ** <0.01, *** P <0.001 and

Methods

Cell Culture

The human lung cancer cell line A549 (ATCC®CRM-CCL-185™), respectively, were grown in
DMEM supplemented with 10% FBS, 1 % minimum essential medium and 1 % penicillin
streptomycin and incubated at 37 °C in a 5% CO, humidified incubator. Cell lines SV-52%¢ and
Rev2% were grown in DMEM with 5% FCS and incubated at 37 °C in a 5% CO, humidified

incubator.

Plasmid constructs
The Azulitox gene was designed as a translational fusion of the P28 sequence to the carboxy-
terminus of EcFbFP and chemically synthesized (Eurofins MWG, Ebersberg, Germany) and

cloned into the Novagen T7 systems based on pET28a (Merck, Darmstadt, Germany. The pET28a-
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EcFbFP* and pET28a-Azulitox were expressed in E. coli BL21(DE3) and purified by affinity

chromatography.

Protein production and purification

A single colony was used to inoculate an overnight culture in 50 ml LB-medium containing
50 pg/ml kanamycin and 0.4 % glucose (200 rpm, 37°C). Expression cultures containing 50 pg/ml
kanamycin and 0.4 % glucose were inoculated at an OD of 0.1 (30°C, 200 rpm) and induced with
0.5 mM isopropyl-p-D-thiogalactoside (IPTG) at an OD of0.6. After induction expression cultures
were grown at 200 rpm at 30 °C for 24 h. Finally, cells were harvested and centrifuged at 3000 g
for 30 min at 4 °C. The resulting pellet was stored for 4 days at -80 °C. The pellet was resuspended
in 15 ml lysis buffer, pH 8 containing 50 mM NaH>POs, 300 mM NaCl and 15 mM imidazole
followed by addition of 1 mg/ml lysozyme and incubated for 30 min on ice. Afterwards cells were
mechanical disrupted by sonication for 12 min at (6 cycles, 40 %) with Bandelin SONOPULS
(Berlin,Germany sonificator. The disrupted cells were centrifuged twice for 30 min at 9000 xg,
4 °C. Finally, protein was purified with a Ni-NTA column following manufacturer’s instructions.
After elution imidazole was removed using a Vivaspin column (10 kDa cutoff). Protein

concentration and purity was determined via gel electrophoresis and BCA assay.

Fluorescence spectrum and protein activity

The fluorescence spectrum of EcFbFP and Azulitox was monitored using a Tecan fluorescence
plate reader (Tecan 2000, Zurich, Switzerland). Excitation wavelength was adjusted at 450 nm and
the emission was recorded between 460 and 600 nm, excitation spectra were recorded by adjusting

the emission wavelength at 520 nm and scanning the excitation wavelength between 300 and
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510 nm for 50 pl of 200 uM EcFbFP and Azulitox in a 96 well plate. The fluorescence of each
sample was measured at an excitation wavelength of 485 nm and an emission wavelength of

530 nm in a volume of 50 pl in a 96 well plate. The quantum yields were calculated according to:

. emission
quantum yield = f—
[ excitation

The ROS determination of EcFbFP and Azulitox was conducted with Amplex Red from Thermo
Fisher Scientific (Waltham, Massachusetts, USA), a horseradish peroxidase from Carl Roth
(Karlsruhe, Germany) and a superoxide dismutase from Sigma Aldrich Aldrich (St. Louis,
Missouri, USA). 50ul of each concentration of EcFbFP and Azulitox were mixed with 50ul
working solution (100 pM Amplex red and 0.2 U/ml horse radish peroxidase and 4 U/ml
superoxide dismutase). After an incubation of 30 min under blue light generated with a light
emitting diode (488nm, Philips Lumileds, San Jose, USA). The fluorescence of each sample was
measured at an excitation of 535 nm and an emission of 595 nm in a 96 well plate. The protein
fluorescence of the used EcFbFP and Azulitox concentrations were measured at an excitation of

488 nm and an emission of 535 nm.

Protein uptake

2 x 10* human alveolar basal epithelial cells A549 (ATCC® CCL-185™) were seeded in 50 pl
DMEM supplemented with 10 % FBS, 1 % minimum essential medium and 1 % penicillin
streptomycin and incubated at 37 °C in a 5 % CO, humidified incubator in a 96 well plate and
grown over night to a confluent layer. The next day, ECFbFP and Azulitox were added to reach a
final concentration of 200 uM and incubated for 7 h. The supernatant was removed and stored,
cells were trypsinized with 0.05% Trypsin-EDTA for 5 min at 37°C, removed from the plate and

resuspended in 200 pl RIPA buffer (25 mM Tris-HCI, 150 mM NaCl, 1% sodium deoxycholate,
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0.2% sodium dodecyl sulfate, pH 7.6). After 30 min, cells were centrifuged 250 xg for 5 min and
the supernatant containing intracellular proteins was collected. Three samples (pure protein
(200 uM), the collected supernatant and the intracellular proteins) with each 10 pl from both
EcFpFP and Azulitox uptake assay were loaded on a SDS gel following Laemmli (1970).%° After
electrophoresis, the gels were silver stained following M. Chevallet et al. (2006).”° The absence or
presence of the characteristic band for ECFbFP and Azulitox respectively, allowed us to conclude
whether the protein was taken up into the cells or remained in the supernatant. The integrated
density of fluorescence within the cell, the cell area and the mean background fluorescence was
determined with the program ImageJ (Bethesda, Maryland, USA). The mean corrected total cell
fluorescence was determined (CTCF) by the following formula with sample sets of n=44 (SV-52)

and n=54 (Rev2):
CTCF = fluorescence - (cell area * mean fluorescence background).

Confocal laser scanning microscopy

4 x 10* A549 cells were seeded in ibidi p-slides (ibidi®, Munic, Germany) and grown overnight
in 200 pl of DMEM supplemented with 10 % FBS, 1 % minimum essential medium and 1 %
penicillin streptomycin and incubated at 37 °C in a 5 % CO; humidified incubator. Protein was
added to the growth medium to reach a final concentration of 200 pl. The growth medium was
removed and the cells were washed twice with pre-warmed PBS followed by incubation of the
cells with 5 pl of phalloidin-rhodamine B in 195 pl PBS for 20 min in order to stain the actin
cytoskeleton. Cells were washed twice with PBS and visualized with an inverted laser scanning
microscope (LSM 710, Carl Zeiss Inc., Oberkochen, Germany) at a wavelength of 514 nm for

rhodamine-phalloidin (red) and 488 nm for EcFbFP and Azulitox respectively (green). Via the

10
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overlay of both images taken at 514 nm and 488 nm the internalized Azulitox fusion protein

(yellow) was determined.

Kinetics of protein uptake

4 x 10 A549 cells were seeded in ibidi p-slides (ibidi®, Munich, Germany) and grown overnight
in 200 ul of DMEM supplemented with 10% FBS, 1% minimum essential medium and 1%
penicillin streptomycin and incubated at 37 °C in a 5% CO> humidified incubator. The growth
medium was removed and the cells were washed twice with pre-warmed PBS followed by
incubation of the cells with 5 pl of phalloidin-rhodamine B in 195 pl PBS for 20 min in order to
stain the actin cytoskeleton. Cells are washed twice with PBS and covered with DMEM. Cells are
visualized with an inverted laser scanning microscope (LSM 710, Carl Zeiss Inc., Oberkochen,
Germany) at a wavelength of 514 nm for rhodamine-phalloidin (red) and 488 nm for EcFbFP and
Azulitox respectively (green). Directly after the first measurement, Azulitox is added to the
medium to a final concentration of 200 uM and the increase of Azulitox in the cells is observed
over a period of 7 h. Via the overlay of images taken at 514 nm and 488 nm for each time point

the internalized Azulitox fusion protein (yellow) was determined.

For the following experiments, cells were permanently incubated in complete darkness in a special

dark room except for the treatment with blue light.

Azulitox Uptake inhibition testing

4 x 10* A549 cells were seeded in ibidi p-slides (ibidi®, Munic, Germany) and grown overnight in
200 pl of DMEM supplemented with 10 % FBS, 1 % minimum essential medium and 1 %
penicillin streptomycin and incubated at 37 °C in a 5% CO> humidified incubator. The alveolar

epithelial cancer cells (A549) were treated with monensin (0,5 mmol/L, 60 min), methyl-p-

11
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cyclodextrin (10 mmol/L, 60min), or remained untreated, followed by incubation with Azulitox in
DMEM at 37 °C under 5% CO; in total darkness for 7 h. The growth medium was removed and
the cells were washed twice with pre-warmed PBS followed by incubation of the cells with 5 pl
of phalloidin-rhodamine B in 195 ul PBS for 20 min in order to stain the actin cytoskeleton. Cells
were washed twice with PBS and visualized with an inverted laser scanning microscope (LSM
710, Carl Zeiss Inc., Oberkochen, Germany) at a wavelength of 514 nm for rhodamine-phalloidin
(red) and 488 nm for Azulitox respectively (green). Via the overlay of both images taken at 514 nm

and 488 nm the internalized Azulitox fusion protein (yellow) was determined.

Cancer cell specific uptake of Azulitox

SV-52%8 and Rev2°® cell lines were seeded in ibidi p-slides (ibidi®, Munic, Germany) and grown
overnight in 200 pl of DMEM supplemented with 5% FCS and incubated at 37 °C in a 5% CO»
humidified incubator. Protein was added to the growth medium to reach a final concentration of
200 pl. The growth medium was removed and the cells were washed twice with pre-warmed PBS
followed by incubation of the cells with 5 pl of phalloidin-rhodamine B in 195 pl PBS for 20 min
in order to stain the actin cytoskeleton. Cells were washed twice with PBS and visualized with an
inverted laser scanning microscope (LSM 710, Carl Zeiss Inc., Oberkochen, Germany) at a
wavelength of 514 nm for rhodamine-phalloidin (red) and 488 nm for Azulitox respectively
(green). Via the overlay of both images taken at 514 nm and 488 nm the internalized Azulitox

fusion protein (yellow) was determined.

12
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Quantification of intracellular reactive oxygen species (ROS)

To investigate the generation of intracellular reactive oxygen species, 2*10* A549 cells were
seeded in 50 ul DMEM supplemented with 10% FBS, 1% minimum essential medium and 1%
penicillin streptomycin and incubated at 37 °C in a 5% CO; humidified incubator in a 96 well plate
and grown over night to a confluent layer. The medium was replaced with DMEM supplemented
with 25 uM, 50 uM, 100 pM, or 200 uM of either EcFbFP or Azulitox and incubated for 7h
followed by addition of 10 uM of non-fluorescent, cell penetrating 2',7'-
dichlorodihydrofluorescein-diacetat. 2',7'-dichlorodihydrofluorescein-diacetat is de-esterified
intracellularly and turns to highly fluorescent 2',7'-dichlorofluorescein upon oxidation via the
generated ROS. To determine the effect of blue light on the generation of ROS, half of the cells
were treated with a light emitting diode with 4x 83 mW (488nm, Philips Lumileds, San Jose, USA)
with 6 repetitive circles of 10 sec of exposure and 30 sec of darkness, while the other half were
kept in the dark. Afterwards the supernatant was removed from the cells followed by washing cells
twice with PBS. The intracellular fluorescence of the oxidized 2',7'-dichlorodihydrofluorescein-
diacetat was measured at an excitation wavelength of 485 nm and an emission wavelength of 535
nm at a Tecan fluorescence plate reader (Tecan 2000, Zurich, Switzerland) in 96 well plates. The

higher the fluorescence the more ROS were generated.

Cytotoxicity of ECFbFP and Azulitox

2 x 10* A549 cells were seeded in 50 ul DMEM supplemented with 10% FBS, 1% minimum
essential medium and 1% penicillin streptomycin and incubated at 37 °C in a 5% CO, humidified
incubator in a 96 well plate and grown over night to a confluent layer. The medium was replaced

with DMEM supplemented with 25 pM, 50 uM, 100 uM, or 200 uM of either EcFbFP or Azulitox

13
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and 200 pM of P28 and incubated for 7h. To determine the effect of blue light on the cytotoxicity
half of the cells were treated with a light emitting diode (488nm, Philips Lumileds, San Jose, USA)
with 6 repetitive circles of 10 sec of exposure and 30 sec of darkness, the other half of the cells
was left in darkness. The supernatant was removed and cells were incubated with 50 pl of 0.05%
trypsin for 5 min at 37°C. Cells were removed from the plate, transferred into Eppendorf tubes and
centrifuged for 3 min at 750 xg. The supernatant was removed and the cell pellet was resuspended
in 200 pl binding buffer (P3566, Thermo Fisher Scientific, Waltham, Massachusetts, USA) and
4 ul propidium iodide (final concentration of 3uM) and incubated for 5 min in order to stain the
dead cells. The supernatant was removed, cells were washed twice with pre-warmed PBS and
transferred into a FACS tube and analyzed with a BD LSR Fortessa™ cell analyzer (BD

Bioscience, Becton, 1 Becton Drive, New Jersey, USA).

RESULTS ANS DISCUSION

A synthetic gene consisting of the fused gene-sequences of ECFbFP and P28 was cloned into the
commercially available T7 expression vector pET28a and then competent cells of the expression
strain E.coli BL21(DE3) were transformed with the resulting Azulitox containing plasmid. The
Azulitox polypeptide was then produced in expression cultures by expression of the synthetic gene
construct for biosynthesis. After its biotechnological production, Azulitox is easily accessible to

standard protein purification procedures (Scheme 1).

14
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Scheme 1: Recombinant production of Azulitox. A synthetic gene encoding the sequences of EcFbFP (green) derived
from YtvA (PDB: 2MWG as referenced by Jurk, M. et al.)’! and P28 (red) derived from Azurin (PDB: 4AZU as
referenced by Nar, H. et al.)™> was cloned into a pET28a vector by enzymatic digestion with the restriction enzymes
Xhol and Ndel. The vector was transformed into E.coli BL21(DE3) and the fusion polypeptide was overexpressed

and purified by affinity chromatography.

Azulitox and EcFbFP as a control protein were expressed in E. coli BL21(DE3), purified by
affinity chromatography and contaminations with endotoxin were measured and found to be
0.28 EU/mL for Azulitox and 0.49 EU/mL for EcFbFP at the highest concentrations used in our

experiments and thus being below the current FDA limit of 0.5 EU/mL for medical devices and

15
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parenteral drugs. Emission and excitation spectra of ECFbFP and Azulitox were measured with a
fixed excitation wavelength of 450 nm for the emission spectra and a fixed emission wavelength
of 520 nm for the excitation spectrum. The Azulitox fusion-protein and EcFbFP show almost
identical fluorescence characteristics, similar quantum yields of 0,55 for EcFbFP and 0,5 for
Azulitox and a concentration dependency of the fluorescence for both proteins (Figure 1A, B, C
left) suggesting that the short P28 domain (28 aa residues) has no negative effects on EcFbFP
functionality. Next, the generation of reactive oxygen species (ROS) was studied in vitro for
Azulitox and EcFbFP by the Amplex red and peroxidase dependent assay. The generated radicals
were converted into hydrogen peroxide via superoxide dismutase in this assay. In the presence of
the peroxidase, Amplex red reacts with the hydrogen peroxide to the fluorescent molecule
resorufin. In comparison to ECFbFP as a control Azulitox showed an almost identical dependency
of the amount of ROS developed on increasing fluorescence intensities (Figure 1C right). Both
curves interestingly exhibited an exponential course. This suggests a different behavior of both
proteins at very high concentrations which preliminary maybe explained by a reduction of
bleaching of the FMN cofactor and/or oxidative destruction of the protein background due to an
increase of molecular shading in parallel to the increase of protein concentrations. To investigate
if P28 facilitates the specific uptake of the PS domain into the A549 cancer cells, we first
determined transport and localization of ECFbFP and Azulitox in these cells. Analysis of Azulitox
uptake by Confocal laser scanning microscopy (CLSM) using the intrinsic green fluorescence of
the PS domain revealed an efficient uptake of the fusion protein compared to the control ECFbFP
in the A549 cancer cell line (Figure 1D). Azulitox was efficiently uptaken into these cells after 7h
of incubation as depicted in the merged images of the stained cytoskeleton and the protein

fluorescence. CLSM analyses of Azulitox uptake into phalloidin-rhodamine B stained A549 cells

16
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in a 8-well p ibidi slide over a period of 7 hours reveled a fast internalization of Azulitox already
within the first hour after addition of the fusion protein as the Azulitox-specific fluorescence
increased within the cells (Figure 1E). Phalloidin-rhodamin B staining uses the affinity of the death
cap mushroom Amanita phalloides toxin phalloidin towards actin to fluorescently label the
cytoscelleton and thus the cytoplasm of the cell and thus delivers optical information of their shape
in CLSM. The rapid increase in fluorescence within the cells indicates a strong and efficient uptake

1. emphasizing

into A549 cells. These results are consistent with the work reported by Taylor, et a
the importance and the vital role of the amino acids 50-77 (P28) of azurin and their significance
for the cellular internalization. The cellular uptake of Azulitox was further confirmed
biochemically in comparison with ECFbFP as the non-penetrating negative control protein. Cells
were harvested and the cellular protein content was analyzed via SDS-PAGE and silver staining.
Supernatants and the cell lysate of EcFbFP and Azulitox treated cells were used (Figure 1F). In
contrast to ECFbFP, Azulitox treated cells showed that the majority of the protein was internalized

and only marginal amounts remained extracellular in the supernatant. This is in accordance with

previous studies, which proved that the P28 sequence is relevant for cell internalization.®?

17
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Figure 1: (A) and (B) Excitation (left) and emission (right) spectra of ECFbFP and Azulitox were measured with a
fixed excitation wavelength of 450 nm for the emission spectra and a fixed emission wavelength of 520 nm for the
excitation spectrum at a Tecan fluorescence reader in a 96 well plate. Quantum yields were calculated as 0,55 for
EcFbFP and 0,5 for Azulitox (C) Fluorescence intensity at an excitation wavelength of 485 nm and an emission
wavelength of 530 nm of EcFbFP and Azulitox in dependency of the protein concentration and Comparison of the
ROS production of Azulitox and EcFbFP in dependency of the fluorescence intensity. (D) Confocal scanning
microscopy of phalloidin-rhodamine B stained alveolar epithelial cancer cells (A549) after 7 h of ECFbFP and Azulitox
addition (200 pM) in DMEM at 37°C, 5% CO; in total darkness. For excitation, a 514 nm laser was used for
rhodamine B (red) and a 458 nm laser for EcFbFP and Azulitox (green) using a Zeiss Laser Scanning Microscope.
(E) Confocal analyzes of Azulitox uptake into phalloidin-rhodamine B stained A549 cells in a 8-well p ibidi slide
over a period of 7 hours. (F) EcFbFP and Azulitox uptake into A549 cells after 7 hours of incubating cells in DMEM
with 200 uM of EcFbFP and Azulitox, respectively. Cells were pelleted, resuspended in lysis buffer, centrifuged and
proteins in the supernatant were compared with the intracellular proteins.

The selectivity of P28 for cancer cells has been shown by systematic evaluation of uptake pathways
indicating caveolae uptake as the main pathway.®®% Very similar to the published P28 wild type
peptide, Azulitox uptake depends mainly on caveolae-mediated endocytosis. The exposure to
methyl-fB-cyclodextrin disrupts caveolae dependend uptake via cholesterol depletion and thus
reduced the Azulitox internalization as less protein fluorescence could be observed within the
treated cancer cells compared to the control (Figure 2A). As reported previously, exposure of the
late endosome/lysosome inhibitor monensin blocks the accumulation of the fusion protein in the
cancer cell, suggesting that clathrin-dependent endocytosis may be one entry mechanism of P28
into cancer cells. (Figure 2A).%> The successful inhibition of cell internalization with methyl-B-
cyclodextrin and monensin confirms that the fusion protein Azulitox consisting of EcFbFP and
P28 shares the same internalization pathways as P28 and hence the P28 transport domain appears
fully intact and functional in the fusion protein. In order to prove a cancer specific internalization
of the fusion peptide, Azulitox was tested on the SV-52 cancer fibroblast cell line and its revertant
cell line Rev2, which is in contrast to the SV-52 a cell line with non-cancer properties.’® Azulitox
fluorescence was almost exclusively visible in the CLSM analysis in SV-52 cancer cells whereas
in the Rev2 revertant as a control the fluorescence signal was only marginal (Figure 2B). This

proves that Azulitox like P28 alone still has a significant preference to enter SV-52 cells similar
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as P28 again indicating that P28 remained fully functional also in the presence of larger cargos

like the 15.7 kDa EcFbFP photosensitizer domain in Azulitox.
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Figure 2: : (A) Confocal scanning microscopy of phalloidin-rhodamine B stained alveolar epithelial cancer cells
(A549) treated with monensin (0.5 mmol/L, 60 min), methyl-B-cyclodextrin (10 mmol/L, 60min), or remained
untreated, followed by 7 h of Azulitox uptake in DMEM at 37°C, 5% CO: in total darkness. (B) Confocal scanning
microscopy of phalloidin-rhodamine B stained SV-52 and Rev2 cells after 7 h of Azulitox uptake in DMEM at 37°C,
5% COs in total darkness. For excitation, a 514 nm laser was used for thodamine B (red) and a 488 nm laser for
Azulitox (green) using a Zeiss Laser Scanning Microscope. The graph shows the mean corrected total cell fluorescence
of SV-52 and Rev2 cells (n= 44 SV-52 and n=54 Rev2) There is a high significant increase in uptake of Azulitox in
SV-52 cancer cells (p<0,001) compared to the Rev2 cell line. The significance was determined by a t-test (p> 0,05=
NS).
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In the next step, phototoxicity of Azulitox was investigated by adding EcFbFP and Azulitox in
increasing concentrations to the cells and incubation for 7 hours, followed by blue light irradiation
of half of the samples, while the other half was kept strictly in the dark, to evaluate the effect of
the additional blue-light treatment. The cytotoxicity was measured via flow cytometry, by
harvesting the cells and staining them with propidium iodide (Figure 3A). Propidium iodide is a
membrane impermanent and DNA intercalating reagent, which therefore only can stain permeated
dead cells, caused by intracellular ROS™ allowing fast and easy identification of live and dead
cells. The EcFbFP sample ensemble showed toxicity values of below 5 % for all protein
concentrations and blue-light irradiation only slightly increased the cytotoxic effect up to less than
10 % for the highest protein concentration of 200 pM. As EcFbFP alone is not internalized by the
cells, ROS are likely produced at the outside. In medium, ROS could react with components of the
fetal calf serum and they would not be available for the reaction with cellular membranes and even
an 8-fold increase in the protein concentration did not have an impact on cellular toxicity
suggesting that ROS likely reacted with medium components (Figure 3A). Azulitox on the other
hand induced a significant cytotoxic effect on A549 cells. Without irradiation Azulitox caused
only a low cytotoxic effect of maximum 23 %. This low dark toxicity further emphasizes the
applicability of Azulitox as PS with minimal adverse effects. After irradiation with blue light,
efficient cellular toxicity was observed after the application of 100 uM Azulitox and full toxicity
was found in a satisfactory range for a biological at concentrations of 200 uM These experiments
clearly demonstrate the superior features of Azulitox in contrast to EcFbFP providing strong
phototoxic effect due to the internalization mediated by P28 and subsequent ROS formation after

irradiation with blue light (Figure 3B). Additionally when Azulitox produces high concentrations
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of hydrogen peroxide in the cells, the peroxide can react with superoxide anions resulting in a

hydroxyl radical, which can, because of its high redox potential, oxidize molecules within a cell.'®
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Figure 3: : (A) Flow cytometry analyzes of a propidium iodide stained A549 cells after incubation cells over night
with 25, 50, 100 and 200 pM of EcFbFP and Azulitox respectively in total darkness. Half of the cells were treated
with blue-light pulses (10 sec exposure, 30 sec pause, 6 cycles, 100mA) (B) Measurement of intracellular reactive
oxygen species (ROS) in A549 cells after treatment of cells with 200 uM of EcFbFP and Azulitox, respectively, over
night in total darkness and blue-light treatment of half of the cells (10 sec exposure, 30 sec pause, 6 cycles, 100 mA).
Non-fluorescent, cell penetrating 2',7'-dichlordihydrofluorescein-diacetat is transformed into the fluorescent 2',7'-
dichlorfluorescein in the cell and intracellular fluorescence is measured at an excitation wavelength of 485 nm and an
emission wavelength of 535 nm. There is a high significant increase in ROS production (p< 0,001= ***) by comparing
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EcFbFP exposed to blue light and Azulitox with Azulitox exposed to blue light. The significance was determined by
a t-test (p> 0,05= NX).

In summary, bifunctional photosensitizers, where the photosensitizer module is combined with a
targeting domain, are promising tools for various targeted PDT approaches. The in vivo
applicability could be further improved by using enhanced versions of the FMN-binding PS, such
as DsFbFP M491, SOPP or SOPP3, exhibiting increased ROS generation which would elevate the
toxicity of next generation Azulitox. Although we currently have no dedicated immunologic data
for Azulitox, which will be generated as a crucial part of our follow-up study to determine its
immunogenic potential, we believe that it may inspire as a prototype continuative studies and it
may open new routes towards the development of novel protein-photosensitizer drugs of targeted

types of photodynamic therapies.

The flexibility of P28 mediated uptake in contrast to molecular recognition of dedicated cellular
(marker) proteins may significantly contribute to the potential of PS targeting and polypeptide
fusions with P28 as targeting entities represent an important amendment to the repertoire of new

PS available for targeted PDT.

CONCLUSION

In summary P28 as a targeting peptide is known to preferentially enter fast growing cancer cells
with high metabolic activity without the need for a specific receptor. Its ability in a fusion protein
to target a toxic domain to cancer cells will thus offer general opportunities to direct cargos into a

broader spectrum of different types of cancer cells.
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Phototoxicity and new specificity of Azulitox towards cancer-cells by translational fusion of the
genetically encoded PS EcFbFP (green) and the CPP p28 (red). The CPP P28 enables the PS to
preferentially enter cancer cells to then produce intracellular ROS upon irradiation with blue light,
which causes cell death. Due to the cancer cell specificity of Azulitox healthy human cells are not
affected by the local extracellular production of ROS and Azulitox is thus expected to possess

lowered off target-effects as compared to the potential use of the PS EcFbFP alone.
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