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ABSTRACT

Three BODIPY -peptide conjugates designed to target the epidermal growth factor receptor (EGFR) at the
extracellular domain were synthesized and their specificity for binding to EGFR was investigated. Peptide
sequences containing seven amino acids, GLARLLT (2) and KLARLLT (3), and 13 amino acids,
GYHWYGYTRPQNVI (4), were conjugated to carboxyl BODIPY dye (1) by amide bond formation in up
to 73% yields. The BODIPY-peptide conjugates and their “parent” peptides were determined to bind to
EGFR experimentally using SPR analysis, and were further investigated using computational methods
(AUTODOCK)==Results of SPR, competitive binding, and docking studies propose that conjugate 6
including the GYHWYGYTPQNVI sequence binds to EGFR more effectively than conjugates 5 and 7,
bearing the smaller peptide sequences. Findings in human carcinoma HEp2 cells overexpressing EGFR
showed nontoxic behavior in the presence of activated light (1.5 J/cm?) and in the absence of light for all
BODIPYs. [Eurthermore, conjugate 6 showed about 5-fold higher accumulation within HEp2 cells
compared with conjugates S and 7, localizing preferentially in the cell ER and lysosomes. Our findings
suggest that:BODIPY -peptide conjugate 6 is a promising contrast agent for detection of colorectal cancer

and potentiallysother EGFR over-expressing cancers.

INTRODUCTION

Cancer is one of the most devastating ailments to cure in the world due to its genetic irregularity,
effects, anddndicators. Colorectal cancer (CRC), also known individually as colon, rectal, or bowel
cancer, ranks,assthe third most common cancer diagnosed in both men and women when reviewed
separately ifi the United States.! Current studies suggest that CRC age specificity is now escalating as
previously'seen'with patients who were born around the 1890s.? Expected to cause nearly 51,020 fatalities
in the year:2019, it is vital that science uncovers new methods for earlier detection. Several methods
currently exist foridetecting CRC such as fecal blood test and colonoscopy, however, these methods tend
to have low sensitivity for detecting adenomas of less than 5 mm, typical of early stages of CRC.?
Adenomas™associated with CRC tend to lack outward patient symptoms making detection of CRC
challenging.? Confocal Laser Endomicroscopy (CLE) has become an enhanced method of detecting CRC
due to the high-resolution optical images obtained and the provided depth selectivity during ongoing
endoscopic procedures.> Common contrast agents typically used with CLE, including cresyl violet blue,

acrivlavin, and fluorescein, are not cancer cell-specific due to their untargeted nature.* To combat this
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issue targeting the cell surface receptors, epidermal growth factor receptor (EGFR) offers a method for
increased specificity. EGFR is a ligand-stimulated receptor that plays a crucial role in the regulation of
cellular functions, comprising cell proliferation and survival.>® Moreover, the single polypeptide
backbone chain of EGFR has proven to be an integral piece in investigating effective treatments for
cancers, such as CRC. About 98% of colon cancers have EGFR present and are adequately over-
expressed on other small cancers including, but not limited to, non-small cell lung cancer (NSCLC),
breast, head and neck (SCCHN), gastric colorectal, esophageal, prostate, bladder, renal, pancreatic, and
ovarian cancers.”!® While the overexpression of EGFR is considered a mutation,'' the alteration is
attributed to_the binding of EGFR to one of its endogenous ligands, EGF.!? Several different practices
have been advanced for targeting EGFR,® including FDA-approved anti-EGFR antibody cetuximab,'3-13
single-chainfanti-EGFR ScFvEGFR,!¢ anti-EGFR affibody,!”-'® accessible small peptides,’'% 1°-24 and non-

peptidic tyrosine Kkinase inhibitors.?

The detection of EGFR’s significance to CRC and other cancers has resulted in the detection of peptide
ligands, with=high specificity for the EGF receptor. Among these ligands, those containing smaller
sequences aresparticularly of interest for EGFR-targeting due to their adaptation and conjugation to a
wide variety of molecules. Screen phase display libraries and computer-based design were used to
identify two ‘peptides LARLLT (designated “D4” or EGFR-L1) and YHWYGYTPQNVI (designated
“GE11” orrEGFR-L2).%1° Song and Li were able to prove especially efficient binding to the extracellular
domain of EGFR overexpressed on the surface of cancer cells with these short peptide sequences. This
binding has been established in vitro using various cell lines, such as SKBR-3 and BT-474 cells, and in
vivo using A431 tumor-bearing nude mice.!% 19232627 Additionally, determination of successful binding
of these peptides to EGFR protein extracellular domain has been detected via computational
studies.”!%2327-29 While EGFR-L1 binds near domain I, EGFR-L2 binds within the EGF binding pocket
with strong binding affinity. However, the hydrophobic character of the EGFR-L2 sequence caused

aqueous solubility issues when compared to the cationic EGFR-L1.2328-31

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacenes (BODIPYs) have been extremely useful as
fluorescent labelsidue to their adaptability and solubility, as well as their exceptional photophysical
properties.’> BODIPYs maintain a highly spectroscopic tunable core structure that is stable under various
conditions:3>-¢ Developing efficient methods for conjugating BODIPY dyes to peptides requires that a
clear position for! attachment be present at each molecule. In peptide synthesis, the most evident
attachment point is the exposed free amino group at the N-terminus of the sequence that can experience a
variety of alterations, however, the most common method is amidation. The simplicity of formation for

peptide synthesis is also attractive, however, the required counterpart, carboxyl-substituted BODIPY dyes
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are often challenging. Carboxyl BODIPY's are not easily developed and are most often prepared via 2,6-
3738 or 3,5-functionalizations®*° on the BODIPY core. Past synthetic approaches to achieve carboxyl
BODIPY dyes involved protection/deprotection steps that caused potential issues*! since the BODIPY
core can be unstable under prolonged basic conditions.*>*> Consequently, carboxylic BODIPYs with
simpler and more expedient syntheses are significant for their practical applications. In 2009, a method
for carboxylic BODIPY formation that bypassed the need for mixed pyrrole condensations was reported
by Wang et al.* These efforts revealed a method to achieve the desired BODIPY core bearing a free
carboxylic acid, using a one-pot, two-step reaction under relatively mild conditions, albeit in low to
moderate yieldsgpup to 25%. More recently Ksenofontova et al.*’ reported the spectral benefits of the
conjugation‘ef activated carboxyl BODIPYs to amino acids under standard peptide synthesis conditions

(pH 11.0, 12/h 4£2,°C).

In this workgzwe report an optimized higher yielding synthesis of carboxyl BODIPY dye 1 bearing a free
carboxylic acid group, in a one-pot three-step reaction. The conjugation of this BODIPY to three different
peptides, GLARELT (2), KLARLLT (3), and GYHWYGYTPQNVI (4) afforded conjugates S, 6, and 7 in
yields up to:73%mafter purification by HPLC. SPR, competitive binding, and computational studies were
performed and indicated both specific and non-specific binding to EGFR extracellular domain (ECD),

while studies‘in‘the model human carcinoma (HEp2) cells showed low cytotoxicity for all conjugates.

MATERIALS"AND METHODS

SynthesistiCommercially available reagents were obtained from Sigma-Aldrich and VWR. Chemicals
purchased were used without any additional purifications for the reactions and refinements. To monitor
reactions, thin layer chromatography (TLC) was achieved with pre-coated silica gel plates (0.2 mm, 254
indicator, polyester backed, 60A, Sorbent Technologies). Preparative TLC plates (60G, VWR) and silica
gel (60A, 230-400 mesh, Sorbent Technologies) were used for purication by preparative thin layer and
flash column chromatography, respectively. 'H NMR spectra was collected on a Bruker AV-400 liquid
and 13C NMR"on'a’AV-500 spectrometer at 308K. All the chemical shifts (d) are expressed in parts per
million (ppm) in either CDCl; (7.27 ppm for 'H NMR and 77.0 ppm for 3C NMR) or DMSO (2.54 ppm
for 'TH NMR), andcoupling constants (J) are reported in Hz. Mass Spectra was obtained from the LSU
Mass Spectrometry Facility using high-resolution mass spectra (HRMS) and MALDI (TOF) spectra on a
6210 ESIETOF Mass Spectrometer (Agilent Technologies) under positive or negative mode. Additional
separations were performed using Reverse-phase HPLC analysis on a Waters 2485 Quaternary Gradient
Module, Waters Sample Injector, and 2489 UV/Visible Detector, which are controlled by Waters
Empower 2 software. Purifications were carried out using an X-Bridge BEH300 Prep C18 (5 um, 10 x

250 mm) complete with an X-Bridge BEH300 Prep Guard cartridge at 300 A (5 um, 10 x 10 mm) with a
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flow rate of 4 mL/min flow rate and UV detection at 220 nm for peptides, and 499 nm for BODIPY
conjugates. Fractions of the desired products with the expected mass and desired HPLC purity (> 95%)

were combined and lyophilized.

BODIPY I. In an oven-dried flask equipped with a stirrer, methyl magnesium chloride in 3M diethyl ether
(0.237g, 1.98"mmol)*was added to 2,4-dimethylpyrrole (0.171 g, 1.8 mmol) in THF (4ml) and stirred
under reflux, for 30 min. The resulting mixture was allowed to cool to room temperature followed by the
addition of glutaric anhydride (0.128 g, 1.12 mmol) dissolved in anhydrous THF (1 mL). To this mixture
BF;*OEt, (0.459 g, 3.24 mmol) was added slowly over 5 minutes, and allowed to stir at room temperature.
After 12 h, triethylamine (1.122 g, 12 mmol) and BF;°OEt, (1.27 g, 9 mmol) were added and allowed to
stir at 50 °Cufor4 h. The reaction was quenched with ammonium chloride. The remaining precipitate
dissolved in DCM, and added to the aqueous solution. The mixture was then washed with water (3 x 15
mL) and extracted with CH,Cl, (3 x 100 mL). The organic layer was dried over MgSO, and concentrated
under nitrogen gas overnight. The oil residue was purified through a short plug using CH,Cl, as the eluent.
After solvent evaporation, the  residue obtained was further purified by preparative TLC
(hexane/EtQOA¢/HOAC, 80:40:1) to give 151 mg of BODIPY 1 as a red solid. Yield: 50.1%. HPLC (50%
A for 5 min, 10% A to 0% A over 10 min, 0% A to 50% A over 2 min at a flow rate of 4 mL/min) and

tg = 13.66 min."As,expected, the NMR spectral data was consistent with reported data.*

Peptide Synthesis. The peptide sequences GLARLLT (2), GYHWYGYTPQNVI (3), and KLARLLT (4),
were prepated on a 0.2 mmol scale under standard Fmoc conditions and cleaved from the resin according
to our previously. reported procedure bearing an amide terminus.3! NMR spectral data was consistent with
our previously reported data.’%3!

General Procedure for Peptide Conjugation. To a solution of carboxylic BODIPY 1 (1.5 eq) in DMF,
were added, TSTU,(7.5 eq) and DIPEA (4 eq). The final mixture was allowed to stir for 1 h, and checked
by MS foractivated BODIPY. The solution was then added dropwise to a vessel containing deprotected
peptide in a'solution of 0.2 M NaHCO; pH 9.2 buffer previously cooled to 0 °C for 30 min. The combined
mixture was'then‘allowed to reach 4 °C in the refrigerator, and stirred at 4 °C for an additional 24 h. The
final mixture*was then immediately purified using reversed phase HPLC using varying gradients of

acetonitrile (solvent A) and water (solvent B) containing 0.1% TFA, as described below.

Conjugate 5 (BODIPY-GLARLLT). This conjugate was attained as a red orange solid (6.75 mg,
71%). HPLC (50% A for 1 min, 10% A to 0% A over 18 min, 10% A to 50% A over 2 min at a flow rate
of I mL/min) and tg = 12.82 min. 'H NMR (500 MHz, DMSO-ds) 6 8.03 (m, 4H), 7.84 (m, 3H), 7.41 (d, J
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= 8.6 Hz, 3H), 7.06 (d, J=19.2 Hz, 5H), 6.48 (s, 3H), 6.23 (s, 3H), 4.86 (d, J = 4.8 Hz, 2H), 4.28 (m, 4H),
4.07 (m, 3H), 3.75 (m, 2H), 3.67 (t, J = 6.4 Hz, 2H), 2.82 (s, 6H), 2.41 (s, 7H), 1.48 (m, 9H), 1.25 (m,
10H), 1.00 (d, J = 6.2 Hz, 4H), 0.86 (m, 18H). MS (MALDI-TOF): m/zcalcd for
C4H7sN1;101; [M]" 1058.649; found 1058.648.

Conjugate 6 (BODIPY-GYHWYGYTPQNVI). This conjugate was attained as a red orange solid (8.6 mg,
65 %). HPLIC (50% A for 1 min, 10% A to 0% A over 18 min, 10% A to 50% A over 2 min at a flow rate
of 1 mL/min) and tg = 12.79 min.'"H NMR (500 MHz, DMSO-d;) 6 8.09 (s, 5H), 7.64 (m, 4H), 7.21 (m,
14H), 6.98 (d, J = 34.8 Hz, 10H), 6.75 (s, 2H), 6.56 (d, J = 65.7 Hz, 6H), 6.24 (s, 4H), 4.48 (d, J = 86.2
Hz, 10H), 4.05 m, 7H), 3.67 (t, J = 6.4 Hz, 5H), 2.92 (d, J = 19.8 Hz, 10H), 2.74 (s, 9H), 2.40 (s, 8H),
1.75 (m, 9H), 1.44 (s, 3H), 1.25 (s, 8H), 1.12 (s, 7H), 0.83 (m, 18H). MS (MALDI-TOF): m/z calcd for
C4oH7sN1 1O [M]E 1911.908; found 1912.793.

Conjugate 7(BODIPY-KLARLLT). This conjugate was obtained as a dark red solid (6.5 mg, 73%). HPLC
(50% A for 1 min,510% A to 0% A over 18 min, 10% A to 50% A over 2 min at a flow rate of 1 mL/min)
and tg = 9.79 min. '"H NMR (500 MHz, DMSO-d;) 6 8.27 (t,J = 5.9 Hz, 2H), 7.93 (m, 10H), 7.42 (d, J =
8.8 Hz, 2H), 7.06 (s, 2H), 6.49 (s, 5H), 6.23 (s, 3H), 4.27 (m, 5H), 4.06 (m, 6H), 3.67 (t, J = 6.4 Hz, 4H),
3.52 (s, 4H), 2.80 (m, 6H), 2.41 (s, 7H), 1.75 (m, 5H), 1.42 (s, 6H), 1.25 (s, 5H), 1.00 (d, J = 6.3 Hz, 4H),
0.86 (m, 18H). MS(MALDI-TOF): m/z calcd for C4H7sN;,0y; [M]" 1129.723; found 1129.69.
SpectroscopysStudies. UV- Visible and emission spectroscopy studies were measured using a Varian Cary
spectrophotometemand a Perkin Elmer LS55 spectrophotometer at room temperature. Quartz cuvettes (1
cm path length)=were used for each study. To analyze the data, integrated absorbance against the
corresponding solution concentrations were plotted to conclude the extinction coefficients () at the

maximum abserption.

SPR Studies. Surface Plasmon Resonance analysis was conducted using extracellular domain of EGFR
protein (Leinco Technologies, St. Louis, MO) immobilized on a CM5 sensor chip via standard amine
coupling with a Biacore X100 (GE Healthcare Life Sciences, Marlborough MA). The running buffer used
was 4 % DMSO.in 1X HBS-EP+ (0.01 M HEPES, 0.15 M NaCl, 3 mM EDTA, 0.005 % Tween, pH 75)
(GE HealtheareBiosciences), at a flow rate of 5 pL/min. DMSO was added to the running buffer and
peptide solutiens:to enhance the solubility of the peptides studied. The solutions were prepared in running
buffer and_filtéred using a 0.45 um filter. All SPR sensorgrams relay the rates of association and

dissociation of analytes at concentrations of 0 to 250 uM performed at room temperature.
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Cell Studies. The cells used in cytotoxicity and uptake studies was the human carcinoma HEp2
with EGFR over-expression comparable to LIM2408 colon cancer cells that are known to over-
express EGFR, was purchased from the American Type Culture Collection (ATCC) (Manassas,
Virginia, USA). This cell line was maintained in a 50:50 DMEM/AMEM mixture and
supplementedswith 5% FBS and Primocin antibiotic. To perform competitive binding
experiments, the’human colon cancer cell lines SW480 (129% EGFR expression), HT-29 (78%
EGFR expression), DLD-1 (37% EGFR expression) and LOVO (6% EGFR expression) were
also purchasedfrom the ATCC. The HEp2 cells are often used as a model cell line in
investigations of peptide-fluorophore conjugates, while the SW480 cells are a positive control
for high EGFRsexpression (highest EGFR expression) and the LOVO cells are a negative control
(lowest EGER expression). Flow-cytometry methods using fluorescently labeled antibodies were
used in the laboratory to compare the EGFR expression in the different cancer cell lines. All
other reagents used in the cell studies were commercially available and purchased from Life

Technologies.

Dark Cytotoxicity.\The HEp2 cells were plated in a 96-well plate (Corning Costar) with 100 mL medium
and allowed to grow for 24 h. The stock (32 mM) solutions of the compound 1, 5, 6, and 7 were prepared
by using 100%:DMSO as the solvent. The working solutions were prepared at 0, 6.25, 12.5, 25, 50, and
100 uM cen€entrations by diluting the stock solution with culture medium. The HEp2 cells were exposed
to the compound by adding 100 mL/well of the different working solutions, five repetitions for each
concentration, and incubated overnight (5% CO,, 95% humidity, 37 °C). The cells were retrieved by
removal of thedeading medium solution, and washed with 1X PBS solution three times. The medium
with 20% CellTiter Blue (Promega) was added to the cells and allowed to incubate for another 4 h. The
viability of gellswere measured using a BMG FLUOstar Optima microplate reader by reading the
medium fluorescence at 570/615 nm. The fluorescence intensity was normalized to 100% for the

untreated ‘eells:
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Phototoxicity. To study phototoxicity, the HEp2 cells were exposed to each compound, 1, 5, 6, and 7, at
concentrations of 100, 50, 25, 12.5, 6.25, 3.125 and 0 pM, and incubated overnight (5% CO,, 95%
humidity, 37 °C). After exposed to the compound overnight, the cells were washed with 1X PBS for three
time. 100 mL of fresh medium was introduced to the cells, which were then exposed to light under a
halogen lamp (600 W) light source that included a beam turning mirror (200 nm to 30 um spectral range,
Newport) and a water filter (transmits radiation 250—950 nm) , for 20 min. The cells received a total light
dose of approximately 1.5 J/cm?. The cells were then incubated for another 24 h, and allowed to follow

the measurement of cell viability as described above.

Time-Dependent Cellular Uptake. The HEp2 cells were plated at 15000 cells per well in a Costar 96-well
plate (BD biosciences) and grown overnight. The cells were treated by adding 100 pL/well of a 10 pM
working solution at different time periods of 0, 1, 2, 4, 8, and 24 h. The loading medium was removed at
the end of thestreatments. The cells were washed with 1X PBS, and solubilized by adding 0.25% Triton
X-100 in 1X,PBS{ A compound standard curve, 10 uM, 5 uM, 2.5 uM, 1.25 uM, 0.625 uM, 0.3125 pM,
was obtained by diluting stock solution with 0.25% Triton X-100 (Sigma-Aldrich) in 1X PBS. A cell
standard curve'was prepared using 10000, 20000, 40000, 60000, 80000, and 100000 cells per well. The
cells were quantified by CyQuant Cell Proliferation Assay (Life Technologies). The compound and cell
numbers were determined using a FluoStar Optima micro-plate reader (BMG LRBTEH). Cellular uptake
was expressed,in terms of pM/cell. For the calculation of cellular uptake: micromoles/cell = (C x 100 x

1000-%)/cellaumber, where C is the concentration of the compound.

Microscopy. The HEp2 cells were placed in 6 well plates (celltreat.com), allowed to grow overnight, and
then exposed'tosl0: uM concentration of the compound for 6 h. After exposure to the compound, the
following organelle trackers (Invitrogen) and amounts were added to the cells: ER Tracker Blue/White
(100 nM), BODIPY FL C5 Ceramide (50 nM), MitoTracker Green (250 nM), LysoSensor Green (50 nM),
for 30 min in a 37 °C incubator. The cells were washed with 1X PBS three times, and then refilled with
1X PBS 5 mL/well. The distribution of the compounds was determined using an upright Leica DM6B
fluorescence microscope fitted with standard Texas Red, GFP, DAPI, filter sets. A water immersed

objective was used to determine the compound localizations.

CompetitivesBinding Studies. Different colon cancer cell lines were used based on their EGFR
expressions; SW480 (high), HT-29 and DLD-1 (moderate), and LOVO (low). Competitive binding
studies were carried out as described previously.?’ The cells were coated in a 96-well tissue culture black
plate at 10* cells/well and incubated overnight at 37 °C with 5% CO,. Next day, the medium was removed,
and cells were treated with various concentrations (0.25 to 100 uM) of cyclo(K(Nj3)larllt)3! peptide (in the
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case of conjugates 5 and 7) or YHWYGYTPQNVI peptide (in the case of conjugate 6) with a constant
concentration (50 uM) of conjugate, in triplicate. All the compounds were diluted in phosphate buffered
saline (PBS) at different concentrations. The plate was then incubated for 45 min at 37 °C with 5% CO..
After washing twice with 100 uL. of PBS, the fluorescence was measured with a microplate reader using
493 nm and 505 nm as excitation and emission wavelengths, respectively. Autofluorescence values were
subtracted from each well. The average fluorescence values from triplicates were taken, and a plot of
concentrations vs. relative fluorescence was plotted. For conjugate 5, studies were carried out using only

three cell linles, HT-29, DLD-1, and LOVO, because of the limited amount of the compound.

Molecular Modeling and docking. The structures of compounds and conjugates were created using
Insightll (BIOVIA, Sandiego CA) molecular modeling software on a Linux workstation. Molecular
dynamics and“docking studies were carried out as described previously we described previously.?3-?7-31
Three-dimensional structures of conjugates were subjected to molecular dynamics using simulated
annealing procedure. Docking studies were conducted using AUTODOCK* with Autodock tools. The
boron atom' in the BODIPY moiety was replaced with carbon as parameters for boron atom are not
validated in AUTODOCK 4. The EGFR protein structure (PDB ID 1nql)* was used as receptor and
conjugates were used as ligands. Conjugates 5 and 7 were docked to EGFR using Lamarckian genetic
algorithm andwl0 million energy evaluations were performed. PyMol software (Schrodinger LLC,

Portland ORY) was used to represent final docked structures.

RESULTS AND DISCUSSION

Synthesis

The synthesis of desired starting carboxyl BODIPY 1 was designed based on the previously reported
condensation of pyrroles and carboxylic anhydrides to form the corresponding carboxyl dipyrromethene,
followed by coordination with BF;.OEt, under basic conditions.*® This two step one-pot reaction was
reported to yield carboxyl BODIPY dyes in 21-25% yields. Following this procedure the desired carboxyl
BODIPY 1 was_prepared from glutaric anhydride and 2,4-dimethylpyrrole. This condensation was
performed-.in the presence of BF;.0OEt, in tetrahydrofuran (THF) over the course of 8 h to promote the
formation of the dipyrromethene by coordinating to the anhydride inserting a partial positive charge and
ensuring the pyrrole’s nucleophilic behavior. The resulting dipyrromethene was then deprotonated under
basic conditions using triethylamine (TEA) and then complexed with BF;.OEt, to form carboxylic

BODIPY 1, as shown in Scheme 1. However, the purification of 1 from the reaction mixture was
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challenging as multiple impurities were observed by thin layer chromatography (TLC) and as a
consequence the desired product was only obtained in trace amounts (1-5%). As an effort to increase the
yield of the carboxylic BODIPY 1, microwave-assisted irradiation was applied to provide a cleaner
reaction mixture at a fraction of the time, compared with conventional bench-top heating. TLC analysis

did show fewer impurities, however after purification only a slight increase in yield (<10%) was obtained.
O
io
0]

1. BF3*OEt,, THF, 8 h reflux

2. BF3‘OEt2, Et3N, 4 h, 50 OC

a
N
H

1. CH3MgCl, THF, 30 min reflux

(e} 1

&

2. BF3°OEty, THF, 12 h at rt
3. BF3*OFEty, Et3N, 4 h, 50 °C

Scheme 1. Synthesis of carboxylic BODIPY 1 using the traditional and Grignard methodologies.

The condensation of glutaric anhydride with 2,4-dimethylpyrrole provides a short alkyl chain flanked
between the core of the BODIPY dye and the point of attachment at the meso-position, suitable for
conjugation to amino acids and proteins.**4” Ultimately, the low yields observed using glutaric anhydride
are due to the low reactivity of the anhydride toward the addition of 2,4-dimethylpyrrole during the
formation of the dipyrromethene, requiring an increased nucleophilicity of the pyrrole. Therefore, a
Grignard of,2.,4-dimethylpyrrole was created to increase its reactivity and push the reaction toward
BODIPY formation.>® 2,4-Dimethylpyrrole was allowed to react with methyl magnesium chloride in
diethyl ethersforslrh before condensation with glutaric anhydride in THF at room temperature for 12 h, in
the presencesofdsewis acid BF;.0OEt, to provide the optimal conditions for condensation of the two entities.
The consequential dipyrromethene was then coordinated as before using BF;.OEt, and triethylamine
(TEA) to yield BODIPY 1 in 50% yield after purification (Scheme 1). BODIPY 1 was characterized
using '"H NMR, 3C NMR, "B NMR and HRMS (ESI-TOF) spectroscopy techniques.

Studies have shown that peptide ligands EGFR-L1 and EGFR-L2 specifically target EGFR over-

expressing tumor cells both in vitro and in vivo.%!° In our previous studies, we reported the conjugation of
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EGFR-L1 or EGFR-L2 to a porphyrin,*® phthalocyanine,>* and a BODIPY,?%2° using either short (up to 5-
atom) or long (up to 20-atom) linkers. The use of linkers such as PEG groups are desired in the case or
porphyrin and phthalocyanine macrocycles to increase their aqueous solubility, and potentially also for
increasing their specificity for cell surface sites.’! Furthermore, the use of low molecular weight PEG
linkers decrease steric properties between the N-terminus of the peptide sequences and the photosensitizer,
leading to greater yields of the desired conjugates. In the synthesis of BODIPY 1, a short alkyl chain is
released creating the “short linker effect” for conjugating to the desired peptide sequences. To further
increase thel distance between the BODIPY core and peptides, modified sequences of EGFR-L1 and
EGFR-L2 bearing an additional glycine or lysine residue were used. Our previous findings suggest that
EGFR-L1 sequence modified with a glycine or lysine spacer, as in sequences GLARLLT (2) and
KLARLLT g4)5 does not alter the binding affinity for EGFR when compared to the parent peptide
LARLLT.3!""¥A Fglycine was also introduced in the amino acid sequence of EGFR-L2,
GYHWYGYTPQNVI (3), as previously reported.”® Each peptide sequence was synthesized using Fmoc
solid phase peptide synthesis (SPPS) chemistry on a Fmoc-Pal-PEG-PS using N,N,N’,N -tetramethyl-O-
tetramethyluronium tetrafluoroborate (TBTU), 1-hydroxybenzotriazole hydrate (HOBt), and
diisopropylethylamine (DIPEA) as the coupling reagents, as previously reported.?*%52 During the final
step, each peptide sequences Fmoc group was removed using a 20% piperidine solution in DMF and the
entire peptidessequence was then cleaved from the resin. Peptides were then collected and purified by

reverse phase HPEC yielding the corresponding peptides in 37-44% yields.

Conjugation of BODIPY 1 with peptides 2, 3, and 4 was performed in anhydrous DMF where BODIPY 1
was activated wusing the coupling reagent N,N,N’,N’-tetramethyl-O-(N-succinimidyl)uronium
tetrafluoroborate (TSTU) in the presence of 1M DIPEA, at room temperature for 1 h, followed by slow
addition of'each peptide sequence in a 0.2 M sodium bicarbonate solution at pH 9.2 (Scheme 2). The
consequential reaction mixture was stirred for 24 hours at 0°C to deliver the resultant conjugates 2, 3 and
4 in yields of 65-73%. Reactions carried out at room temperature and/or at a higher pH provided lower
conjugation'yields) The BODIPY -peptide conjugates were fullycharacterized by 'H NMR, HSQC, ''B-
NMR and MAEDI=TOF.
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Scheme 2. Coupling of BODIPY 1 in solution phase to peptides 2, 3 and 4 at pH 9.2.

Spectroscopic Properties

The maximum absorption (A,s) and emission (A.,) wavelengths, Stokes’ shifts, and molar extinction
coefficients of BODIPY conjugates 5, 6, and 7 were investigated in dimethylsulfoxide (DMSO) solutions
at room temperature, and compared to those of carboxylic BODIPY 1 precursor. The results from these

studies are summarized in the Supporting Information Table S1 and Figure S1.

Carboxyl BOBRIRY 1 showed a characteristic strong absorption (log € = 3.97 M-lcm'') at 500 nm and
emission at'509 am in DMSO, in agreement with previously reported values.*® All BODIPY -peptide
conjugates exhibited similar bands (absorption and emission) due to their analogous BODIPY cores, only
1 nm blue=shifteds«from the parent BODIPY 1, and with slightly enhanced molar extinction coefficients.
The Stokes’ shifts for all BODIPY dyes, precursor and conjugates, were found to be 9 nm. These results
show that conjugation of peptides to the carboxyl BODIPY does not significantly affect the characteristic
spectroscopic properties of the BODIPY.

SPR studies

The specificity of peptides 2 and 4 for EGFR was investigated in our earlier studies and determined to
have a fast association and dissociation for the EGFR protein extracellular domain (ECD) through SPR
studies.’! To examine the binding affinity of the BODIPY-peptide conjugates to EGFR in comparison to
the unconjugated BODIPY and peptide sequences, SPR3* analysis were carried out. All BODIPY-
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peptide conjugates and precursors were tested at concentrations up to 250 uM, and the results found are
shown in Figure la-d and in Figures S13-S15 of the Supporting Information. BODIPY 1 and conjugates
5, 6, and 7 were diluted to desired concentrations with a solution of running buffer HBS-EP+ containing 4%

of DMSO.

BODIPY 1 showed a linear increase in response units from concentrations 50 to 200 uM, however at 250
UM the response<begins to decrease. Furthermore, there was a sharp increase in response units in the
sensorgram "atall=concentrations studied at 100 sec indicating the possibility of non-specific binding.
Even at therlowest concentration studied (0.5 uM) there was a sharp increase in RU suggesting non-
specific binding (Kigure 1a). The SPR sensorgrams for all conjugates showed a higher binding affinity for
EGFR compared with that of BODIPY 1. For conjugate 5, saturation of binding was achieved around 100
pM and further addition of conjugate did not increase the sensorgram stepwise (Figure 1b). Similar
results wereobtained for conjugate 6 (Figure 1¢). However, the maximum change in RU was higher for
conjugate 6=(50=RU) compared to conjugate 5 (40 RU). Conjugate 7 exhibited stepwise increase in
binding from 0.5 to 250 pM concentration with maximum increase in RU (60 RU) at 250 uM (Figure 1d).
Moreover, the sensorgram had a smooth slow increase in RU from 100 to 180 sec suggesting specific
binding of conjugate to EGFR extracellular domain protein. Among the conjugates studied, 6 and 7
exhibited relatively high and specific binding to EGFR protein. Among the free peptides synthesized,
GLARLLT (2):GYHWYGYTPQNVI (3), and KLARLLT (4), peptide 4 exhibited specific and high
affinity binding to EGFR extracellular domain as indicated by a stepwise increase in binding with smooth

increase in RU rather than rapid increase in RU at 100 sec (see Supporting Information).

<Insert Figuresl=here>

Cell Studies

Cellular studies were conducted using human carcinoma HEp2 cells with EGFR over-expression
comparable to LIM2408 colon cancer cells® to investigate the cellular uptake, dark and phototoxicity,
and subcellular distribution of BODIPY 1 and BODIPY -peptide conjugates 5, 6, and 7. Colon cancer cell
lines with high EGFR expression (SW480), moderate EGFR expression (HT-29 and DLD-1), and low
EGFR expression (LOVO) were used in the competitive binding studies for the competitive binding

experiments.>¢
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Cytotoxicity. The dark and phototoxic effects of BODIPY 1 and its peptide conjugates 5, 6, and 7 were
evaluated in HEp2 cells using a Cell Titer Blue (CTB) assay and low light dose of 1.5 J/cm?. The results
attained are shown in Table 1 and in Figures S2 and S3 of the Supporting Information. No dark nor
phototoxicity were observed for BODIPY 1 and its conjugates 5, 6, and 7 with ICs, values greater than
200 uM (dark)and 100 uM (light, 1.5 J/cm?). These results are not surprising, as the BODIPY core is
intrinsically non-phototoxic, unless substituted with heavy atoms and/or certain moieties that can

modulate its toxic effects.’’

<Insert Tableslhere>

Time-dependent cellular uptake. The evaluation of BODIPY 1 and its peptide conjugates 5, 6, and 7 were
time-dependent cellular uptake studies performed at 10 uM concentration in HEp2 cells over a 24 h
period, and the results are shown in Figure 2. Conjugate 6 bearing the EGFR-L2 peptide sequence
GYHWYGYITPQNVI accumulated the most within cells of all other BODIPY's at all time points
investigated.yAt 24 h the amount of conjugate 6 taken up by cells was approximately 5-fold that of
BODIPY 1 (seeTable S2 in the Supporting Information). On the other hand, BODIPY 1 and its
conjugates tosthe.modified EGFR-L1 sequences, 5 and 7, showed similar uptake into the HEp2 cells. This
result was surprising as we anticipated that the peptide conjugates would show enhanced cellular uptake
relative to the carboxyl BODIPY 1, as previously observed.?>*! This might be a result of the much smaller
size of BODIPY 1 which favors passive diffusion across the cellular membrane, increasing its cellular
uptake. On the other hand, the smaller size of the BODIPY core in conjugate 6 may enhance its binding
ability to the EGF binding pocket on the EGFR ECD (see below).

<Insert Figure 2 here>
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Subcellular Localization. The preferential sited of localization were determined using fluorescence
microscopy on BODIPY conjugates 5-7 in HEp2 cells, and the findings are displayed in Table 1 and in
Figures 3, 4 and 5. The images obtained with the carboxyl BODIPY 1 are shown in Figure S5 of the
Supporting Information. Co-localization studies using fluorescent trackers specific to organelles including
ERTracker Blue/White (endoplasmic reticulum), LysoSensor Green (lysosomes), MitoTracker Green
(mitochondria), and BODIPY FL C5 Ceramide (Golgi) were performed. All conjugates were found to
preferably localize in the cell lysosomes, as seen by the orange/yellow color in Figures 3j, 4j and 5j.
Additionally, the EGFR-L1 containing conjugates 5 and 6, as well as BODIPY 1 were also found to also

localize in the cell mitochondria, while the EGFR-L2 containing conjugate 6 was also found in the ER.
<Insert Figure 3 here>
<Insert Figure'4 here>

<Insert Figure 5 here>
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Competitive Binding Studies. To investigate the specificity of the BODIPY -peptide conjugates for binding
to the EGFR over-expressed on cancer cells, competitive binding studies were conducted using unlabeled
cyclo(K(N3)larllt)}! peptide. These studies were carried out using four cell lines with differential EGFR
expression: SW480, HT-29, DLD-1 and LOVO (high to low EGFR expression).>® For the competitive
binding studies of'conjugates 5 and 7 bearing the EGFR-L1 peptide, a cyclic version was used,
cyclo(K(N3)larlit)y previously shown to bind to EGFR with high affinity.>' For conjugate 6 unlabeled
EGFR-L2 peptideswas used for the competitive binding studies. The results obtained are shown in Figures
6 and 7, and in Figure S4 of the Supporting Information. For all conjugates the addition of unlabeled
peptide resulted in a decrease of the fluorescence intensity, suggesting that the unlabeled peptide can
displace the conjugate bound to EGFR on the cells’ surface. When conjugate 6 was incubated with
unlabeled EGER=I-2 peptide at concentrations up to 100 uM, a clear dose-dependent decrease in
fluorescence. was.observed in all cell lines, particularly those with high and moderate EGFR expression
(SW480, HT-29"and DLD-1) as seen in Figure 6. In the case of conjugates 5 and 7 bearing the EGFR-L1
peptide, thefluorescence intensity did not decreased as significantly upon addition of unlabeled
cyclo(K(N3)larllt) peptide (Figures 7 and S4 in the Supporting Information). Particularly in the case of §
the fluorescence intensity appears to level off upon addition of 0.5 uM of unlabeled peptide, which
suggests some;non-specific binding of this conjugate. For LOVO with low EGF expression, when
unlabeled peptide was added, labeled peptide was displaced and there was no concentration dependence
of competitive binding indicating non-specific binding of conjugate to the cell surface. These results
indicate thaticonjugate 6 bearing the GYHWYGYTPQNVI (3) peptide binds to EGFR with greater
specificity among all the conjugates. On the other hand, the SPR results suggested that conjugates 6 and 7
bound to the EGFR extracellular domain with specificity compared to that of conjugate 5. Since the SPR
studies were.earried out with purified EGFR protein immobilized on a CM5 chip, we believe that the
condition.of immobilized protein and protein on the cell surface in the native environment are slightly
different and-hence there is a difference in the results obtained from the SPR and competitive binding

studies.

<Insert Figure 6 here>
<Insert Figures7 here>
Modeling and Docking

To envision the interactions of the BODIPY-peptide conjugates with EGFR ECD, the 3D structures of 5,
6 and 7 were generated and docked to the EGFR closed conformation using AUTODOCK. The EGFR-L1
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peptide is known to bind to domain I of the EGFR ECD??*3! and hence conjugates 5 and 7 were docked
on this domain. On the other hand EGFR-L2 peptide is known to bind close to the EGF binding pocket
between domains I and 1T of the EGFR ECD'%23 and hence conjugate 6 was docked near the EGF binding
pocket. The docking studies suggest that conjugate S bearing the GLARLLT peptide binds to domain I of
EGFR with a docking energy of -9.68 kcal/mol (Figure 8A). In the docked position, extended from the
peptide, the BODIPY moiety also binds to the EGFR protein near Leu225, Val226, GIn81 and GIn59.
The peptide part of the conjugate has interactions with Thr217, Arg200, Leul86, GIn184, Glul80 of
EGFR. Conjugate 7 also bearing the KLARLLT peptide also binds to EGFR domain 1 with a docking
energy of -6.61 kcal/mol. In the case of this conjugate the BODIPY moiety is near the hydrophobic
binding pocket formed by Prol71 and alkyl side chains of Lys201 and Leul86. The peptide part of
conjugate 7gformsihydrogen bonds as well as hydrophobic interactions with the EGFR protein and it is
surrounded by amino acid residues Arg200, Lys201, Lys185, Leu 186 and Leu225 (Figure 8B). On the
other hand, conjugate 6 bearing the GYHWYGYTPQNVI peptide binds near the EGF binding pocket
between domains I and III of EGFR ECD with a docking energy of -9.97 kca/mol (Figure 8C). The
BODIPY moiety faces the helical structure of EGFR and forms hydrophobic interactions with I1e370 of
EGFR. These_results are consistent with the SPR binding and the competitive binding studies which
suggest that in addition to the peptide interactions in conjugates S, 6 and 7, the BODIPY moiety also
binds to fEGFR=nen-specifically, by forming multiple hydrophobic interactions with the EGFR ECD.
Furthermore, conjugate 6 bearing the GYHWYGYTPQNVI peptide was found to bind with the lowest
docking lenergy=of all conjugates near the EGF binding pocket, suggesting high specificity for this

conjugate.

<Insert Figufe § here>

CONCLUSIONS

In this work we have optimized the synthesis of a carboxyl BODIPY dye, which can be readily
conjugated toramino acids, peptides and proteins via amide bond formation. This BODIPY was
conjugated sunder’ mild conditions in yields up to 75% to EGFR-targeting peptides GLARLLT,
KLARLLT, and GYHWYGYTPQNVI. All BODIPY conjugates were characterized using 'H NMR, ''B
NMR, HSQE:NMR, mass spectrometry (MALDI-TOF), UV-Vis and fluorescence spectroscopies. Using
AUTODOCK, all conjugates were found to bind to EGFR ECD with negative docking energies. While
peptides GLARLLT and KLARLLT bind to domain I of EGFR protein away from the EGF binding
pocket, the GYHWYGYTPQNVI peptide binds between domains I and III, close to the EGF binding
pocket. The BODIPY moiety also binds non-specifically to EFGR, forming hydrophobic interactions with
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several residues. SPR studies indicated that the conjugates exhibited both specific and non-specific
binding to EGFR. Competitive binding studies revealed a dose-dependent decrease in fluorescence in four
cell lines with different EGFR expression, particularly for conjugate 6 bearing the GYHWYGYTPQNVI
peptide. Cytotoxicity studies using human carcinoma HEp2 cells revealed no dark (ICso > 200 uM) nor
phototoxicity (ICs, > 100 uM, 1.5 J/cm?) for all the BODIPYs. Conjugate 6 bearing the
GYHWYGYTPQNVI peptide accumulated the most within HEp2 cells at all time points investigated up
to 24 h, showing ~ 5-fold higher accumulation than the other conjugates and unconjugated BODIPY. All
conjugates localized intracellularly preferentially in the lysosomes, and in addition conjugate 6 was also
observed ingthe ®ER while conjugates 5 and 7 were also found in the cell mitochondria. Our results
indicate that:\BODIPY-peptide conjugate 6 is the most efficient at targeting the EGFR ECD and it is a

promising fluorescence imaging agent for EGFR-overexpressing tumors such as CRC.
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Tables

Table 1 Cytotoxicity for BODIPYs 1, 5, 6 and 7 using a Cell Titer Blue assay (1.5 J/cm? light dose),

and their major localization sites in human carcinoma HEp2 cells.

Compound Dark toxicity Phototoxicity Major sites of localization
(ICsp, M) (ICsp, M)
1 >200 >100 ER, Mito
5 >200 >100 ER, Mito, Lyso
6 >200 >100 ER, Lyso
7 >200 >100 ER, Mito, Lyso
Figures
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Figure 1. SPR sensorgrams for BODIPY 1 (a) and its peptide conjugates 5 (b), 6 (c), and 7 (d) at
concentrations up to 250 uM. Blank (mint), 0.5 uM (purple), 1 uM (navy blue), 10 uM (royal blue), 25
uM (green), 50 uM (orange), 100 uM (yellow), 200 uM (lime), and 250 uM (burgundy).

Figure 2. Cellular Uptake of BODIPY 1 (black) and its peptide conjugates 5 (green), 6 (pink), 7 (purple)
in human HEp2 cells.

Figure 3. Fluorescence microscopy of BODIPY-peptide conjugate 5 in human carcinoma HEp2 cells at
10 uM for 6sh.4(a) Phase contrast; (b) overlay of phase contrast and fluorescence of 5. Fluorescence of
organelle tracersi(c) ER Tracker Blue/White, (¢) BODIPY Ceramide, (g) MitoTracker Green, and (i)

LysoSensor Green: (d,f,h,j) Overlay of organelle tracer and 5 fluorescence. Scale bar: 10 yum.

Figure 4. Fluorescence microscopy of BODIPY-peptide conjugate 6 in human carcinoma HEp2 cells at
10 uM for 6 h. (a) Phase contrast; (b) overlay of phase contrast and fluorescence of 6. Fluorescence of
organelle tracers (c) ER Tracker Blue/White, (¢) BODIPY Ceramide, (g) MitoTracker Green, and (i)

LysoSensor Green. (d,f,h,j) Overlay of organelle tracer and 6 fluorescence. Scale bar: 10 ym.

Figure 5. Fluorescence microscopy of BODIPY-peptide conjugate 7 in human carcinoma HEp2 cells at
10 uM for 6_hs.(a) Phase contrast; (b) overlay of phase contrast and 7 fluorescence. Fluorescence of
organelle tracers (c) ER Tracker Blue/White, (¢) BODIPY Ceramide, (g) MitoTracker Green, and (i)

LysoSensor Green: (d,f,h,j) Overlay of organelle tracer and 7 fluorescence. Scale bar: 10 ym.

Figure 6. Competitive binding of BODIPY -peptide conjugate 6 with unlabeled EGFR-L2 peptide.
Binding of 6:te=A) SW480 cells (high EGFR expression), B) and C) HT-29, DLD-1 (moderate EGFR
expression), D) LOVO (low EGFR expression).

Figure 7. Competitive binding of BODIPY -peptide conjugate 7 with cyclo(K(N3)larllt). Binding of 7 to
A) SW480 cells (high EGFR expression), B) and C) HT-29, DLD-1 (moderate EGFR expression), D)
LOVO (low EGFR expression).
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Figure 8. Model of interaction of BODIPY -peptide conjugates 5 (A), 7 (B) and 6 (C) with EGFR protein
using Autodock. The lowest energy docked structures are represented. The extracellular domains I and II
of EGFR (PDB ID,1NQL) are shown as surface representation, the conjugates are shown as sticks and the
BODIPY moiety,is highlighted with a rectangle. Hydrophobic interactions are shown in blue and polar
interactions‘are shown in red. Amino acids of EGFR are represented by three letters, and those on the

peptide are indicated by a single letter.
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