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ABSTRACT: Despite continuous advances, anticancer therapy still faces several technical hurdles
such as selectivity on cellular and subcellular targets of therapeutics. Toward addressing these
limitations, we have combined the use of proapoptotic peptides, cyanine dyes and folate to target the
mitochondria of tumor cells. Hence, a series of proapoptotic peptides and their conjugates with a
cyanine dye and/or a folate were prepared via solid-phase peptide synthesis (SPPS) and their activity
tested in different mammalian cell lines. Compounds bearing either a cyanine dye or folate were
found to be more cytotoxic than the parent peptides or more selective towards cells overexpressing
the folate receptor a, which is commonly found on the surface of tumor cells. Nevertheless, constructs

containing both components showed diminished potency and selectivity.
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INTRODUCTION
Cancer is a leading cause of death worldwide. It is estimated that more than 50% of the people in
the UK who are currently under the age of 65 will be diagnosed with cancer during their lifetime.?

While significant research has been carried out in therapeutic development, treatment of many



different cancers still remains as an unmet clinical need.> * Thus, there is a necessity for new
therapeutic approaches.

One way to overcome some limitations of conventional cancer therapy is via the selective delivery
of anticancer drugs to specific organelles within the target cancer cells. This strategy can maximize
potency and minimize off-target side effects of the drugs.> ® Amongst the cellular organelles, the
mitochondrion hosts several putative drug targets of cancer therapy as the organelle plays key
functions in different physiological and pathological cellular processes, such as programmed cell
death.” Hence, mitochondria are an appealing target for cancer therapies.® Many heptamethine
cyanine dyes have been demonstrated to preferentially localize in mitochondria and employed as
imaging probes.”!> The mitochondrial targeting ability is believed to be associated with the
delocalized lipophilic cationic nature of the molecules. Indeed, we and others have demonstrated
depolarization of mitochondrial membrane prevents accumulation of cyanine dyes in mitochondria.'*
14 Moreover, we recently showed that tri- and pentamethine cyanine dyes can function as delivery
vectors selectively targeting mitochondria with moderate preference toward tumor cells.'® It was
therefore intriguing to us to investigate whether the addition of a cell-targeting component could
further improve the cell selectivity of the conjugates.

Receptor-mediated uptake has been utilized for cell-specific delivery. This system takes advantage
of the overexpression of a specific receptor on the surface of tumor cells for the selective uptake of
anticancer cargoes. One of the most exploited receptors for this strategy is the folate receptor a. To
date, many anti-cancer therapeutics have been preferentially delivered to tumor cells upon
conjugation to folate.!>!” Some of the most successful examples reported in the literature are the
conjugation of folate to a desacetyl vinblastine monohydrazine®® and to taxol derivatives.?! In both
cases, the drug and the folate component were separated by a peptidyl spacer and a self-cleaving
linker. Besides, folate conjugation was also proven to be effective in the delivery of antibodies,
nanoparticles, and imaging agents.!%"!8 Specifically, folate conjugates were found to have enhanced

selectivity towards cancer cells overexpressing folate receptor a.



Here, we combined selective subcellular and receptor-mediated drug delivery strategies with the
view of improving the potency and the selectivity of a series of proapoptotic peptides towards
mammalian cells (Figure la). Cyanine dyes 1 and 2 (Figure 1b) and folate were chemically
conjugated to the N-terminus of three proapoptotic peptides (3—5) to yield conjugates 615 (Table 1).
The cytotoxicity of these constructs was evaluated in cancer (i.e., KB, MCF7) and non-cancer (i.e.,

HEK293) cell lines.
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Figure 1. (a) Folate receptor-mediated endocytosis mechanism and cyanine dye-mediated

mitochondria-targeting in mammalian cells; (b) Chemical structure of cyanine dyes 1 and 2.

Table 1. Chemical structure of 3—15 and cytotoxicity values for compounds 1-15. The ECso values

on different cell lines of different molecules and their cyanine dye conjugates were quantified using



cell viability assays. The values in brackets represent the standard error of the curve fitted using

Origin 2019b.
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Compound R! R? R3 | * | ** KB MCF7 HEK
1 - - - -1 - 136536 | 110013.2) | 221(53.8)
2 - - - - - | 56.9@.1) | 59.9(12.2) | 98.8(21.3)
3 H isopropyl | - | (S) | (5 | 454 (353) | 679 (132) | 2888 (169)
4 H isopropyl | - [ ® | ® | 331(152) | 394 (102) | 659 (56.3)
5 H cyclohexyl [ - | (®) | (S)| 6.5(0.5) [ 50.93.0) | 15.6(2.6)
6 Cy3 | isopropyl | - | ) || 6702 | 7370.2) | 443 7.0
7 Cy3 | isopropyl | - [@® | ® | 350.1) | 57(0.7) 53(0.2)
8 Cy3 | cyclohexyl | - |[®) | (S| 5505 | 11.6(1.5) | 8.2(0.5)
9 Cy5 | isopropyl | - [ ) [ | 11.901.2) | 15734) | 21.3(6.4)
10 K(Fol) | isopropyl Ac | (8 | (S) | 242 (33.2) > 400 > 400




11 K(Fol) | isopropyl | Ac | (R) [ (R) | 151(38.7) [ >400 | 463 (23.8)
12 K(Fol) | cyclohexyl | Ac | R) | () | 9.8(0.6) | 269(72) | 20.4(5.7)
13 K(Fol) | isopropyl | Cy3 | (5) | (5) | 38.8(6.6) | 49.4(43) | 35.6(3.4)
14 K(Fol) | isopropyl | Cy3 |®) | ®) | 224 (14) | 132(5.6) | 6.9(1.8)
15 K(Fol) | cyclohexyl | Cy3 | R) | () | 34(0.7) | 69(0.9) | 6.8(1.4)

* and ** refer to the absolute configuration of the chiral center; Ac = acetyl; pairing anion for
compounds 69 and 13—15 is assumed to be trifluoroacetate.

Results

Synthesis of peptides and peptide conjugates 3—15

The chemical synthesis of 3—15 was achieved on a polystyrene-based Rink amide resin. Peptides
3-5 were synthesized on an automated microwave peptide synthesizer. Initial attempts using N,N'-
diisopropylcarbodiimide (DIC)/oxyma coupling strategy and 10% (w/v) piperazine in ethanol:NMP
(1:9) as the deprotection cocktail yielded both the desired peptide and a truncated side product that
lacks an N-terminal lysine residue (Supplementary Figure S1). This issue was addressed by extending
the incubation time of the N-terminal lysine coupling (see Experimental section). After the synthesis
on the solid support, the peptide was cleaved by treatment with trifluoroacetic acid, precipitated in
cold diethyl ether, purified by reversed-phase HPLC (RP-HPLC) and lyophilized.

Peptidyl backbones of conjugates 6-9 were synthesized following the optimized protocol for the
synthesis of peptides 3—5. After coupling and deprotection of the last amino acid residue, the peptidyl
resin was manually coupled to three equivalents of cyanine dye 1 (for compounds 6-8) or 2 (for
compound 9) in a polypropylene tube at 40 °C for overnight incubation. The desired conjugates were
obtained after global deprotection, purification, and lyophilization.

For the synthesis of folate-containing conjugates 10—15, an extra lysine was added at the N-terminal
of the peptidyl backbone, and cyanine dye 1 and folate were coupled to its a- and g-amine groups,
respectively. A literature procedure was first attempted.”> However, this strategy led to folate

conjugation at both its a- and y-carboxylate groups, giving an inseparable mixture of labeled isomers



(Supplementary Figure S2). To overcome this issue, a protected glutamic acid residue, Fmoc-
Glu(OtBu)-OH, was first coupled to the peptide, followed by coupling with pteroic acid. Since no
difference was found in the endocytosis efficiency of conjugates where the folate is labelled through
either its o- or y-carboxylic group,?® we opted for the reaction of the a-carboxylate due to the ready
availability of the reagent. As a protecting group for the extra lysine side chain to be conjugated with
folate, 4-methyltrityl (Mtt) was chosen for conjugates 10—14. In this way, the protecting group on the
N-terminal lysine could be selectively cleaved with conditions orthogonal to the other protecting
groups on the peptidyl resin. However, the synthesis of compound 15 proved to be more challenging.
In fact, upon glutamic acid coupling and Fmoc deprotection, the Mtt strategy led to the presence of a
peak in the LC-MS chromatogram with a difference of +129 m/z compared to the desired
intermediate, attributable to an extra glutamic acid residue (Supplementary Figure S3). This is likely
due to Boc deprotection during the Mtt cleavage conditions (1% TFA in DCM). Finally, conjugate
15 was obtained using 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-3-methylbutyl (ivDde) as a
protecting group, which could be cleaved in 4% (v/v) hydrazine hydrate in DMF, leading to selective

labelling of one folate molecule to the peptide.

Cytotoxicity of 1-15

Cytotoxicity of 1-15 was evaluated via CellTiter-Blue assay on KB, MCF7 and HEK293 cells. KB
cells are derived from cervical cancer®* with high-levels of folate receptor a on the cell surface.!” This
feature is of particular relevance in anticancer applications, as it can be exploited for selective
targeting and delivery. MCF7 is a cell line derived from human breast cancer with low-levels of folate
receptor a.2® Therefore, these cells can serve as the negative control for folate receptor o mediated
tumor-targeted drug delivery systems. HEK293 is a non-cancer cell line and was chosen to evaluate
the specificity of the tested compounds towards cancer cells. Cell viability assay results are

summarized in Table 1.



Peptides 3 and 4 were found to be the least potent amongst the tested compounds, whereas peptide
5 showed good potency in all tested cell lines. In fact, peptide 5 was designed by engineering the
sequence of compound 3 and 4 via replacement of the leucine with cyclohexylalanine residues, which
led to an increased cytotoxicity.?® Cyanine dye-labelled constructs 6-9 were found to be significantly
more potent (p < 0.0001) than the peptides alone (3—5) in the tested cell lines - the only exception
being the cytotoxicity of compound 8 in KB cells, which was not found to be significantly different
(» = 0.11) to that of its native sequence. Conjugates 10 and 11 bearing a folate component showed
enhanced toxicity in KB cells when compared to MCF7 and HEK293 cells. Likewise, cytotoxicity of
compound 12 in KB cells was found to be significantly higher (p < 0.0001) than in the other tested
cell lines. Nevertheless, potency of 10-11 in cells not overexpressing folate receptor a is comparable
to that of their native peptides. Lastly, dual labelled conjugates 13—15 showed enhanced potency
compared to the parent sequences and to compounds 10-12 (p < 0.05), although no selectivity was

observed toward KB cells.

Discussion and conclusions

Both organelle-specific and receptor-mediated drug delivery systems have proven to be promising
tools in anticancer therapy. We have previously shown the efficacy of tri- and pentamethine cyanine
dyes in selectively delivering different cargos to the mitochondria of human cancer cell lines.!* Many
cancer cells overexpress the folate receptor 0,'!” enabling the use of folate for targeting cancer cells,
especially those derived from ovarian, breast and lung carcinomas.'® With these premises, we sought
to improve the efficacy of existing proapoptotic peptides via conjugation with either cyanine dyes
(compounds 6-9) or folate (10-12). We also attempted to combine the subcellular and receptor
mediated delivery strategies by labelling those sequences with both cyanine dye 1 and folate (13—15).
The syntheses were accomplished with as little as two equivalents of Fmoc-protected amino acid per

coupling, whereas literature procedures for preparing peptides 3 and 4 employed four or more



equivalents.?> 2’ This is of great relevance when using more expensive D-amino acid or unnatural
amino acid (e.g., cyclohexylalanine) building blocks.

Cytotoxicity results, obtained by the CellTiter-Blue assay, are shown in Table 1. The low activity
of peptides 3 and 4 in the tested cell lines (ECso> 300 uM) is likely due to their low cell
permeability.?’-*3 In contrast, peptide 5 was engineered to be more hydrophobic than compounds 3
and 4 via a leucine to cyclohexylalanine mutation; this modification likely led to an increased
membrane permeability.?® Indeed, the cytotoxicity data of 5 obtained here is comparable to the
reported values,?® reinforcing the idea that increased hydrophobicity may lead to a better
mitochondrial targeting peptide.?® 3% 3°

Delocalized lipophilic cations, such as triphenylphosphonium group and the cyanine dyes used
here, preferentially localize within mitochondria. While triphenylphosphonium group is widely used
to generate mitochondrial-targeting entities,?? conjugation of peptide 3 triphenylphosphonium group
showed negligible toxicity in mammalian cells. In contrast, cyanine dye-labelled constructs 6—9 were
all found to be more potent than the peptides alone (3—5) in the tested cell lines. The enhanced potency
of these constructs may be due to the increased mitochondrial targeting ability and membrane
permeability upon conjugation with cyanine dyes 1 and 2.

Compounds 10-12, which bear a folate component on the side chain of the N-terminal lysine, show
a potency comparable to the parent sequences 3—5 towards MCF7 and HEK293 cells. Nevertheless,
those constructs all show increased selectivity for KB cells, as envisioned.

Intrigued by the positive effect in terms of potency displayed by cyanine dye conjugation and of
selectivity showed by folate labelling, we sought to combine both strategies and generate dual labelled
constructs 13—15, where the a-amine of the N-terminal lysine is conjugated to cyanine dye 1 and the
side chain of the same lysine is conjugated to the folate. Notwithstanding the enhanced potency
compared to the parent sequences and to compounds 10-12, dual labelled constructs did not display
the expected selectivity towards KB cells. The observed lack of selectivity may be due to a failed

interaction between the folate component and the folate receptor a because of the presence of the



cyanine dye on the same residue. In fact, the steric environment around the folate fragment is known
to be an important factor for the interaction of the conjugate with the receptor.®> Therefore, future
work will vary folate and cyanine dye position in the construct to obtain dual labelled compounds
with the best cytotoxicity and selectivity.

In conclusion, cyanine dyes and folate are promising tools to further improve potency and
selectivity of drugs in anticancer therapy. Nevertheless, further effort must be made to optimize the

design of constructs bearing both components.

Experimental section

General Information

SPPS was performed on a CEM Liberty Blue™ Automated Microwave Peptide Synthesizer and in
TELOS Filtration Columns comprise equipped with 20 um polyethylene frits. Reaction temperatures
are stated as heating device temperature of the synthesizer, if not otherwise stated. Deionized water
was obtained by an Elga PURELAB 8 Option system (15 MQ-cm). Reagents obtained from
commercial suppliers were used without further purification unless otherwise stated. Protected amino
acids and triisopropylsilane (TIS) were purchased from Cambridge Reagents. Rink Amide 4-
methylbenzhydrylamine (MBHA) resin, DIC, oxyma pure, piperazine and trifluoroacetic acid were
purchased from Fluorochem. DMF was purchased from Fisher Scientific. Pteroic acid was purchased
from Alfa Aesar. For HPLC mobile phase, HPLC grade CH3CN from Fisher Scientific and
trifluoroacetic acid from Fluorochem were used. All were laboratory reagent grade and were used
without further purification unless otherwise noted. LC-MS was performed on a 1260 Infinity II from
Agilent Technologies. Semi-preparative RP-HPLC was performed on a 1206 Infinity from Agilent
Technologies equipped with a Phenomenex Gemini C18, 10.0 x 250 mm, particle size 10 pm, pore
size 110 A or with an ACE C18, 10.0 x 250 mm, particle size 5 um, pore size 100 A. Determination

of Rink Amide MBHA resin loading was conducted using a ThermoFisher NanoDrop ND-ONE-W



spectrophotometer. Absorbance values were measured in 10 mm path-length cuvettes (Fisher
Scientific, #11847832).

Determination of Rink Amide resin loading

10 mg of resin was weighed into an Eppendorf tube, to which 800 uL. of DMF was added. After
allowing the resin to swell for 15 min, 200 pL of piperidine was added to the suspension; at this point
the tube was vortexed and allowed to stand for 15 min at room temperature. Afterwards, the tube was
centrifuged and 100 pL of the supernatant transferred to a 1 cm path-length cuvette and diluted with
900 uL of DMF. The absorbance at 301 nm was measured versus a blank, which was prepared with
the same procedure but without the use of the resin. The concentration, ¢, of dibenzofulvene-
piperidine adduct released from the resin was determined by applying the Lambert-Beer law [ A= ¢
c L ], where A is the absorbance value, [ is the path length (1 cm) and ¢ is the extinction coefficient of
the dibenzofulvene-piperidine adduct (7800 mL/mmol*cm, A = 301 nm).>® Average values resulted
from three independent experiments. Finally, the loading, L, was calculated using the formula:

L=cxVxd/m
Where V is the volume of solution in the cuvette, d is the dilution coefficient, and m is the mass of
the weighted resin. In the described procedure, V=1 mL, d =10 and m = 10 mg.

Chemical Synthesis

Synthesis of cyanine dye scaffolds 1 and 2

Compounds 1 and 2 were prepared using the literature procedure.’’

SPPS of compounds 3-5

The peptide chain was synthesized by SPPS on Rink Amide MBHA resin. Each amino acid
coupling step was carried out with Fmoc-protected amino acid (2 eq), DIC (4 eq), ethyl
cyanohydroxyiminoacetate (2 eq) in DMF at 75 °C (155 W) for 0.25 min and at 90 °C (30 W) for
further 2 min. For the last lysine, the coupling was carried out at 75 °C (155 W) for 0.5 min and at 90
°C (30 W) for further 4 min. After each coupling step, the respective Fmoc protecting group was

removed by 10% Piperazine (w/v) in ethanol:NMP (1:9). After the final Fmoc deprotection, cleavage



was performed in TFA/H,O/TIS 95:2.5:2.5 solution for 2 h. The resin was removed by filtration and
the filtrate was concentrated by N> flow. The crude product was precipitated with cold diethyl ether,
centrifuged (4,000 g for 10 min) and the supernatant was discarded. The precipitate was dissolved in
water, filtrated through a 0.22 um syringe filter and purified by RP-HPLC. Lyophilization of the pure
product fractions afforded the desired compound as white powder, which was characterized by LC-
MS (Supplementary Figure S3-S5).

SPPS of compounds 6-9

The peptide chain was synthesized by SPPS on Rink Amide MBHA resin. Each amino acid
coupling step was carried out with Fmoc-protected amino acid (2 eq), DIC (4 eq), ethyl
cyanohydroxyiminoacetate (2 eq) in DMF at 75 °C (155 W) for 0.25 min and at 90 °C (30 W) for
further 2 min. For the last lysine, the coupling was carried out at 75 °C (155 W) for 0.5 min and at 90
°C (30 W) for a further 4 min. After each coupling step, the respective Fmoc protecting group was
removed by 10% Piperazine (w/v) in ethanol:NMP (1:9). After the final Fmoc deprotection, the
cyanine dye scaffold was manually coupled using 3 eq of compound 1 or 2, 6 eq of DIC, 3 eq of ethyl
cyanohydroxyiminoacetate for 16 h at room temperature. Cleavage was performed in TFA/H>O/TIS
95:2.5:2.5 solution for 2 h. The resin was removed by filtration and the filtrate was concentrated by
N> flow. The crude product was precipitated with cold diethyl ether, centrifuged (4,000 g for 10 min)
and the supernatant was discarded. The precipitate was dissolved in water, filtrated through a 0.22
um syringe filter and purified by RP-HPLC. Lyophilization of the pure product fractions afforded the
desired compound as red powder in case of labelling with compound 1, or blue powder in case of
labelling with compound 2, which were characterized by LC-MS (Supplementary Figure S6-S9).

SPPS of compounds 10-12

The peptide chain was synthesized by SPPS on Rink Amide MBHA resin. Each amino acid
coupling step was carried out with Fmoc-protected amino acid (2 eq), DIC (4 eq), ethyl
cyanohydroxyiminoacetate (2 eq) in DMF at 75 °C (155 W) for 0.25 min and at 90 °C (30 W) for

further 2 min. For the penultimate lysine, the coupling was carried out using Fmoc-Lys(Boc)-OH (2



eq), DIC (4 eq), ethyl cyanohydroxyiminoacetate (2 eq) at 75 °C (155 W) for 0.5 min and at 90 °C
(30 W) for further 4 min. For the last lysine, the coupling was carried out using Fmoc-Lys(Mtt)-OH
(3 eq), DIC (6 eq), ethyl cyanohydroxyiminoacetate (3 eq) at 75 °C (155 W) for 1 min and at 90 °C
(30 W) for further 7 min. After each coupling step, the respective Fmoc protecting group was removed
by 10% Piperazine (w/v) in ethanol:NMP (1:9). After the final Fmoc deprotection, the peptidyl-resin
was removed from the automated synthesizer and the N-terminal amine capped using acetic anhydride
(50 eq) and pyridine (50 eq) in 8 mL of DMF, for 30 min for 2 times. For the Mtt group cleavage, the
resin was treated with 1% TFA (v/v) in DCM for 2 min and then the solution filtrated off; this
procedure was repeated 12 times. Then, glutamic acid was coupled using 4 eq of Fmoc-Glu(OtBu)-
OH, 4 eq of (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), 4
eq of hydroxybenzotriazole (HOBt) and 8 eq of N,N-diisopropylethylamine (DIPEA). Deprotection
of the Fmoc protecting group was achieved by treatment with 5 mL of 20% (v/v) piperidine in DMF,
for 10 min for 2 times. For the pteroic acid coupling, 2 eq of pteroic acid were suspended in 10 mL
of DMSO and heated at 50 °C for 1 h. 8 eq of DIPEA and 2 eq of benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) were added to the suspension which
was then reacted with the peptidyl-resin for 16 h, at 40 °C. The pteroic acid coupling was then
repeated for a further 16 h, at 40 °C. Cleavage from the resin was performed in TFA/H>O/TIS
95:2.5:2.5 solution for 2 h. The resin was removed by filtration and the filtrate concentrated by N»
flow. The crude product was precipitated with cold diethyl ether, centrifuged (4,000 g for 10 min)
and the supernatant discarded. The precipitate was dissolved in 2 mL of CH3CN + 0.1% TFA, diluted
with 13 mL of H2O + 0.1% TFA, filtrated through a 0.22 pm syringe filter and purified by RP-HPLC.
Lyophilization of the pure product fractions afforded the desired compound as a pale-yellow powder,
which was characterized by LC-MS (Supplementary Figure S10-S12).

SPPS of compounds 13 and 14

The peptide chain was synthesized by SPPS on Rink Amide MBHA resin. Each amino acid

coupling step was carried out with Fmoc-protected amino acid (2 eq), DIC (4 eq), ethyl



cyanohydroxyiminoacetate (2 eq) in DMF at 75 °C (155 W) for 0.25 min and at 90 °C (30 W) for
further 2 min. For the penultimate lysine, the coupling was carried out using Fmoc-Lys(Boc)-OH (2
eq), DIC (4 eq), ethyl cyanohydroxyiminoacetate (2 eq) at 75 °C (155 W) for 0.5 min and at 90 °C
(30 W) for further 4 min. For the last lysine, the coupling was carried out using Fmoc-Lys(Mtt)-OH
(3 eq), DIC (6 eq), ethyl cyanohydroxyiminoacetate (3 eq) at 75 °C (155 W) for 1 min and at 90 °C
(30 W) for further 7 min. After each coupling step, the respective Fmoc protecting group was removed
by 10% piperazine (w/v) in ethanol:NMP (1:9). After the final Fmoc deprotection, the peptidyl resin
was removed from the automated synthesizer and the trimethine cyanine dye was manually coupled
using 3 eq of compound 1, 6 eq of DIC, 3 eq of ethyl cyanohydroxyiminoacetate, 16 h. For the Mtt
group cleavage, the resin was treated with 1% TFA (v/v) in DCM for 2 min and then the solution
filtrated off. The procedure was repeated 12 times. Then, glutamic acid was coupled using 4 eq of
Fmoc-Glu(OtBu)-OH, 4 eq of HBTU, 4 eq of HOBt and 8 eq of DIPEA. Deprotection of the Fmoc
protecting group was achieved by treatment with 5 mL of 20% (v/v) piperidine in DMF, for 10 min
for 2 times. For the pteroic acid coupling, 2 eq of pteroic acid were suspended in 10 mL of DMSO
and were heated at 50 °C for 1 h. 8 eq of DIPEA and 2 eq of Pybop were added to the suspension
which was then reacted with the peptidyl-resin for 16 h at 40 °C. The pteroic acid coupling was then
repeated for further 16 h at 40 °C. Cleavage from the resin was performed in TFA/H>O/TIS 95:2.5:2.5
solution for 2 h. The resin was removed by filtration and the filtrate concentrated by N> flow. The
crude product was precipitated with cold diethyl ether, centrifuged (4,000 g for 10 min) and the
supernatant discarded. The precipitate was dissolved in 2 mL of CH3CN + 0.1% TFA, diluted with
13 mL of H2O + 0.1% TFA, filtrated through a 0.22 um syringe filter and purified by RP-HPLC.
Lyophilization of the pure product fractions afforded the desired compound as a red powder, which
was characterized by LC-MS (Supplementary Figure S13-S14).

SPPS of compound 15

The peptide chain was synthesized by SPPS on Rink Amide MBHA resin. Each amino acid

coupling step was carried out with Fmoc-protected amino acid (2 eq), DIC (4 eq), ethyl



cyanohydroxyiminoacetate (2 eq) in DMF at 75 °C (155 W) for 0.25 min and at 90 °C (30 W) for
further 2 min. For the penultimate lysine, the coupling was carried out using Fmoc-Lys(Boc)-OH (2
eq), DIC (4 eq), ethyl cyanohydroxyiminoacetate (2 eq) at 75 °C (155 W) for 0.5 min and at 90 °C
(30 W) for further 4 min. For the last lysine, the coupling was carried out using Fmoc-Lys(ivDde)-
OH (3 eq), DIC (6 eq), ethyl cyanohydroxyiminoacetate (3 eq) at 75 °C (155 W) for 1 min and at 90
°C (30 W) for further 7 min. After each coupling step, the respective Fmoc protecting group was
removed by 10% piperazine (w/v) in ethanol:NMP (1:9). After the final Fmoc deprotection, the
peptidyl resin was removed from the automated synthesizer and the trimethine cyanine dye was
manually coupled using 3 eq of compound 1, 6 eq of DIC, 3 eq of ethyl cyanohydroxyiminoacetate,
16 h. For the ivDde group cleavage, the resin was treated with 4% hydrazine hydrate (v/v) in DMF
for 45 min and then the solution filtrated off. The procedure was repeated twice. Then, glutamic acid
was coupled using 4 eq of Fmoc-Glu(OtBu)-OH, 4 eq of HBTU, 4 eq of HOBt and 8 eq of DIPEA.
Deprotection of the Fmoc protecting group was achieved by treatment with 5 mL of 20% (v/v)
piperidine in DMF, for 10 min for 2 times. For the pteroic acid coupling, 2 eq of pteroic acid were
suspended in 10 mL of DMSO and heated at 50 °C for 1 h. 8 eq of DIPEA and 2 eq of Pybop were
added to the suspension, which was then reacted with the peptidyl-resin for 16 h at 40 °C. The pteroic
acid coupling was then repeated for further 16 h at 40 °C. Cleavage from the resin was performed in
TFA/H>O/TIS 95:2.5:2.5 solution for 2 h. The resin was removed by filtration and the filtrate
concentrated by N> flow. The crude product was precipitated with cold diethyl ether, centrifuged
(4,000 g for 10 min) and the supernatant was discarded. The precipitate was dissolved in 2 mL of
CH3CN + 0.1% TFA, diluted with 13 mL of H2O + 0.1% TFA, filtrated through a 0.22 pm syringe
filter and purified by RP-HPLC. Lyophilization of the pure product fractions afforded the desired
compound as a red powder, which was characterized by LC-MS (Supplementary Figure S15).

Cell Culture

KB and MCF7 were kindly gifted by Prof. Arwyn T. Jones (Cardiff University), and HEK293 cells

were purchased from Public Health England. Cells were routinely tested for mycoplasma infection.



KB cells were maintained in T75 flasks at 37 °C in a 5% CO; atmosphere in folic acid-depleted
Roswell Park Memorial Institute (RPMI)-1640 medium (Fisher Scientific, #11554416) supplemented
with 10% (v/v) fetal bovine serum (FBS) (Fisher Scientific, #11573397). MCF7 and HEK293 cells
were maintained in T75 flasks at 37 °C in a 5% CO2 atmosphere in Dulbecco's Modified Eagle's
medium (DMEM) (Fisher Scientific, #10566016) supplemented with 10% (v/v) FBS. Cells were
maintained at a sub-confluent monolayer and split at 80-85% confluency. For splitting, cells were
washed with PBS, trypsinised in 1 mL of trypsin (Fisher Scientific, #11560626) and 200 uL of the
1000 pL trypsin cell suspension was re-suspended in 12 mL fresh DMEM containing 10% (v/v) FBS
in a new T75 flask. KB cells were used for biological experiments after being maintained for at least
10 days in folic acid-depleted RPMI-1640 medium.

Cell viability assay

MCF7 and HEK293 cells were seeded at a density of 2x10* cells per well in a Nunc™ MicroWell™
96-well plate (Thermo Scientific, #10174221) and grown at 37 °C in a 5% CO; atmosphere in DMEM
supplemented with 10% (v/v) FBS for 24 h. KB cells were seeded at a density of 7x10° cells per well
in a 96-well plate and grown at 37 °C in a 5% CO; atmosphere in folic acid-depleted RPMI-1640
medium supplemented with 10% (v/v) FBS for 24 h. Stock solutions of compounds 3—7 and 9-11
were obtained by dissolving the compounds in sterile deionized water. Compounds 1, 2, 8, 12-15
were dissolved in pure DMSO. The stock solutions were diluted into the proper medium (according
to the cell line tested) supplemented with 10% FBS to the appropriate concentration, and cells in each
well were incubated with 100 pL of the solution. The solutions in each well were then adjusted to a
concentration of 1% (v/v) DMSO. After 24 h at 37 °C, 20 uL of CellTiter-Blue™ (Promega, #G8080)
was added to each well. The plate was incubated for another 4 h at 37 °C before analysis on a Perkin
Elmer Victor X plate reader (excitation 531 nm; emission 595 nm). Each data point was calculated
from a minimum of nine values resulting from three biological replicates (i.e., cells split from three
different passages); each biological replicate is calculated from three technical replicates (i.e., cells

split from the same passage). Value from media-only with CellTiter-Blue™ was set as 0% viability.



This value was then subtracted from the values from cell-only (i.e., non-treated) wells with CellTiter-
Blue™ in each biological replicate and set as 100% viability. For treatments containing compound 1,
2 and cyanine dye-labeled constructs, blanks were generated with cell-free wells containing the
compounds incubated for 24 h before addition of CellTiter-Blue™. The fluorescent reading for these
wells was deducted from the treatment readings.
Statistical analysis
Comparison of cytotoxicity fitting curves was achieved by applying the extra sum-of-squares F
test, performed with GraphPad Prism 6. Statistical difference between cytotoxicity values was
assumed when p-value, as output of the extra sum-of-squares F test, was found to be below 0.05.
Supporting Information
e SPPS procedures for compounds 3-15; TIC chromatograms of the crude of compound 3
synthesis before and after optimizing the SPPS protocol (Figure S1); TIC chromatogram of
the crude for the synthesis of compound 10 after coupling folate to the e-amino group of the
N-terminal lysine. (Figure S2); TIC chromatogram of the crude of synthesis for compound
15 after coupling and deprotection of glutamic acid to the g-amino group of the N-terminal
lysine (Figure S3); characterization data for compounds 3—15 (Table S1 + Figure S4-S16);
cytotoxicity data (Figure S17-S19). (PDF)
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