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Cube-octameric silsesquioxane-mediated cargo peptide
delivery into living cancer cellst

Sebastian Horner,+? Sebastian Fabritz,+2 Henry D. Herce,**< Olga Avrutina,?
Christian Dietz, Robert W. Stark,4 M. Cristina Cardoso® and Harald Kolmar*®

Cube octameric silsesquioxanes (COSS) are among the smallest nanoparticles known to date with a dia-
meter of only 0.7 nm. We describe a COSS-based delivery system which allows for the drug targeting in
human cells. It comprises a siloxane core with seven pendant aminopropyl groups and a fluorescently
labeled peptidic ligand attached to one cage corner via a reversible disulfide bond to ensure its intra-
cellular release. Bimodal amplitude-modulated atomic force microscopy (AFM) experiments revealed
the formation of dendritic COSS structures by a self-assembly of single particles on negatively charged
surfaces. Nuclear targeting was demonstrated in HeLa cells by selective binding of released p21<P1/Wafl.
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Introduction

Nanomaterials and nanoparticles with tailor-made functional-
ities attract growing interest in the fields of gene therapy,’
DNA protection,” or cancer targeting.'™ In molecular onco-
logy, they enable cell penetration acting as modules for drug
delivery into tumor cells. In vivo, the enhanced permeability
and retention effect® as well as the leaky vasculature of
cancer cells result in a passive targeting of nanoparticle-deliv-
ered drugs.®” Size, shape, surface charge, and the functional
groups of a nanoparticle control its interaction with biological
systems.®® Thus, the functionality but also the toxicity of
nanoparticle-based delivery units strongly depends on their
design.'®'! Therefore, it is essential to ensure a balance
between the desired biological function and cytotoxicity due
to e.g. reactive oxygen species'® or vasculature obstruction
resulting in organ-associated toxicity."' Considering these
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derived cargo peptide to PCNA, a protein involved in DNA replication and repair.

requirements, a wide range of cell membrane-permeable
nanoparticles has been developed, among them core-shell
fluorescent,’”> mesoporous dye-doped,'*'* TAT"-peptide-
conjugated'®'” silica nanoparticles (SNP) and nanovalves."®°

Cube-octameric silsesquioxanes (COSS)*! can be considered
as special members of the SNP family. They are highly sym-
metric molecules of pico dimension comprising a 500 pm
silica core that is decorated with organic ligands.>* COSS with
pendant azide,”*>* aminooxy,”* vinyl,>® thiol®’ or amine®®
functionalities allow for the presentation of biomolecules such
as carbohydrates,'®*>?*%?° peptides,”*** and miniproteins®*
using the respective conjugation chemistry. Thus, up to eight
ligands can be covalently attached to the silsesquioxane
scaffold (Scheme 1a).

Comparing the size of COSS nanoparticles with the dimen-
sions of other nanomaterials (e.g. silica and gold nanoparticles
or biocompatible polymers), it is evident that a COSS cage is
significantly smaller. This feature could be advantageous e.g.
for enhanced vascular distribution or deeper tissue pen-
etration. The cubic structure of the inorganic core allows for
extremely dense presentation of functional ligands within an
exactly defined architecture. Hydrolytic degradation of the
inorganic COSS core into well-known primary silsesquioxanes
at physiological pH'**° makes these molecules biodegradable
scaffolds with potentially reduced risk of renal accumulation.
However, the aspect of biodistribution and biostability of
modified cube-octameric silsesquioxanes is largely unexplored
and requires further systematic studies.

Among others, COSS carrying either lysine dendrimers®! or
poly(2-dimethylamino)ethyl methacrylate chains,** respect-
ively, have been reported as DNA delivery systems into cells.

This journal is © The Royal Society of Chemistry 2013
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Scheme 1

(a) Synthesis of a biodegradable COSS—peptide conjugate 4. The sequence of a p21<P'"Wafl_pased peptide cargo is shown using a one-letter code; SPPS

- solid phase peptide synthesis; (b) studies in Hela cells using 4 are depicted as cartoon. 4 was applied to the extracellular medium (ECM) and penetrated the cell
outer membrane. In the intracellular medium (ICM) the nanoparticle was accumulated in the nucleoli allowing for the targeting of the nucleus abundant protein
PCNA; (c) HPLC traces (220 nm, 25% — 50% aq. CH3CN in 20 min) recorded upon synthesis of 4; (d) high-resolution mass spectrometric isotopic pattern; calc. for 4

Cy58H246N3504555Sig (5+): 734.7065, meas. 734.7077.

Nanodots composed of a COSS cage surrounded by cationic-
conjugated electrolyte arms could be targeted to the cell
nucleus upon folic acid functionalization.*?

In addition to nanoparticles that contain large and
branched side chains extending from the inorganic silica core,
cell-penetrating COSS derivatives have been described that
bear relatively short arms, ie. an isobutyl®® or aminopropyl
side chain.®” Interestingly, McCusker et al. have demonstrated
that fluorescently labeled water-soluble ammonium-functiona-
lized COSS penetrated the outer membrane of Cos-1 cells®®
while exhibiting very low toxicity.>® Based on these findings,
the general applicability of octaamino COSS as a very small
nanoparticle drug carrier was postulated, albeit an experimen-
tal proof is still missing.*

Herein, we investigated the applicability of octaamino COSS
nanoparticles as a delivery system for targeting a peptidic
cargo molecule to the nucleus of human HeLa®” cancer cells.

As a model peptide for cargo delivery a 16-mer peptide
SAVLQKKITDYFHPKK?® was chosen that is known to bind an
abundant nuclear protein, the proliferating cell nuclear
antigen (PCNA).*® PCNA is an essential component of the DNA

This journal is © The Royal Society of Chemistry 2013

replication and repair machinery and plays a fundamental role
in cell proliferation and genome stability.***° Tumor thera-
nostic-related research in this field is concentrated on the
development of a cancer biomarker based on the immuno-
staining of cancer-associated PCNA isoforms*' and the inhi-
bition of DNA replication via binding of peptidic ligands to
PCNA.*® The peptide mentioned above is derived from protein
p21CPYWal that is known to bind PCNA,** thus playing a
crucial role in regulating its activity.*> An oligopeptide com-
prising the PCNA binding sequence of p21“P"Wafl was deliv-
ered into C2C12** mouse myoblast cells via TAT-mediated
transduction. It caused cell cycle arrest indicating direct inter-
ference with protein—protein interaction that is crucial for DNA
replication and repair.*’

Results and discussion

For initial experiments, a single corner of the octaamino COSS
particle was modified with a C-terminally fluorescein-labeled
Cys-pAla dipeptide (Fig. 1a) and human HeLa cells were
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Fig. 1 Cellular uptake of fluorescein-labeled octaamino COSS 5 (a). The nanoparticle was added to the extracellular medium (final concentration of 20 pM) and
after 30 min incubation the cells were washed with phosphate buffered saline and imaged. (b) Fluorescence image, (c) contrast image, (d) overlay. The location of

the nucleus is indicated by a dotted circle.

incubated with the resulting conjugate (20 pM) for 30 min.
Confocal microscopy studies revealed the distinct accumu-
lation of silsesquioxanes in the multiple nucleoli of HeLa cells
and also, to a lower extent, throughout the nucleoplasm and
cytoplasm (Fig. 1b-d). This is in accordance with previous
findings for nuclear localization of gold nanoparticles having
the size of 2400 pm.*® Due to their small size, the transit of
COSS derivatives (700-800 pm) through the nuclear pore
complex with an internal diameter of about 30 to 50 nm*"™*°
might be achieved by passive diffusion. The observed accumu-
lation in the nucleoli could be enhanced via electrostatic inter-
actions of positively charged SNPs and phosphate-rich RNA.
Providing clear evidence that amino silsesquioxanes are
accumulated in the nucleoli of HeLa cells, our data differ
from the reported lack of nuclear uptake of octaammonium
COSS in a Cos-1 cell assay.®® This discrepancy might be
caused by the distinct nature of the used cell lines. Indeed,
Cos-1 is a monkey-derived immortalized fibroblast-like cell
line,”® whereas HeLa is a human-derived cervical cancer cell
line.”*

After having confirmed intracellular and nuclear accumu-
lation of COSS, the p21-derived peptide was covalently attached
to a single-corner cysteine-modified octaamino COSS through
a reversible disulfide bond (Scheme 1). Being sensitive to
reducing conditions inside living cells,”* the disulfide bond is
well known to dissociate after cell penetration thereby releas-
ing the attached cargo molecule from the carrier.>?
An additional fluorescein moiety was introduced into this
hybrid construct allowing for live-cell confocal®® microscopy
studies.

As cell penetration, toxicity and nuclear targeting depend
on the size and shape of the applied SNPs, bimodal ampli-
tude-modulated atomic force microscopy (AFM)**>® was used
to further characterize particle 4. Depending on the particle
concentration in the initial solution, we observed two types of
particle arrangements on a mica surface: globular particle
assembly (Fig. 2a and 2b) and dendritic structures (Fig. 2c-
2h). Fig. 2a shows an amplitude-modulated AFM topography
image of solitary and assembled COSS particle 4. The cross-
section analysis (Fig. 2a and 2b) reveals three distinctive
heights: 700 pm, 1400 pm and 2100 pm, suggesting a single
particle size of 700 pm and multiples of it. At higher
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Fig. 2 (a) AFM topography image of singular and globular COSS-peptide par-
ticles 4; (b) three particle profile from a section along the red line in (a); (c) and
(d) AFM topography image of self-assembled SNP 4; (e) second eigenmode
phase image corresponding to (d). The image allows for the detection of single
particles within the dendritic structure; (g) high-resolution frequency modulated
AFM image of self-assembled 4; (h) corresponding particle profile.

concentrations dendritic structures of 4 can be seen in the
topographical image of Fig. 2c. Here, bimodal AFM was
applied to enhance the lateral resolution of the phase images,

This journal is © The Royal Society of Chemistry 2013
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giving the height of the ordered structures as =700-800 pm
(Fig. 2d). The corresponding second eigenmode phase image
(Fig. 2e) clearly depicts the arrangement of single particles
within one chain. Particles appear as dark dots (phase shift
~102-104°), whereas the mica substrate shows a phase shift of
~108°. In the profile (Fig. 2f) these particles are well separated.
This leads to the conclusion that the dendritic structures are
formed by a self-assembly of single SNPs 4 arranged next to
each other. Frequency-modulated AFM topography images
(Fig. 2g and 2h) corroborated these findings. Because this tech-
nique is extremely sensitive to topographical variations, even
single particles were distinguished in the height profile.
A similar self-assembly of silsesquioxane monomers may
occur on a cell surface as well. However, the issue remains
open whether the monomeric octaammonium COSS or self-
assembled polymers are preferably involved in uptake and cell
penetration. We suppose that the difference between hepta-
lysine which lacks membrane permeability’” and cell-penetrat-
ing octaaminosilsesquioxanes could be explained by the
higher charge density within COSS and its shape-dependent
self-assembly.”®*° It might allow these cube-octameric SNPs to
act as polycationic polymers (e.g. polylysine or polyethylene-
imine) which are known to penetrate cell membranes.®® It will
be interesting to see, whether variation of the spatial arrange-
ment and nature of the cationic groups have an influence on
cellular uptake of COSS and on the uptake mechanism, which
has to be elucidated yet.

It remained to be investigated, whether the COSS-bound
cargo peptide displays biological activity which, in this experi-
mental setting, is binding to PCNA. To address this question,
co-localization experiments were performed involving fluor-
escein-labeled peptide 3 and PCNA, which was expressed as a
fusion protein with red fluorescent protein (mRFP)®” via transi-
ent transfection of HeLa cells with a mammalian expression
plasmid coding for mRFP-tagged PCNA. PCNA is known to
accumulate at sites of DNA damage that can be induced locally
via UV microbeam irradiation (Fig. 3 and $181).%® To this end,

View Article Online

a spot in a nucleus of a HeLa cell treated with a 20 uM solution
of 4 was micro-irradiated for 1.2 seconds. Within 20 min RFP-
labeled PCNA could be visualized at the site of DNA damage.®
Co-localization of the fluorescent signal of 3 provided evidence
of its accumulation at the DNA repair site (Fig. 3b and 3d).
This clearly demonstrates that a significant portion of the
cargo is able to freely address a target site in a HeLa cell
nucleus.

Release of a peptide from a disulfide-bound cell-penetrating
peptide carrier in the reducing milieu of a cell is a process
that occurs relatively fast.’>®* This is corroborated by our
finding that the fluorescently labeled nanoparticle 5 is pre-
dominantly found in the nucleus while the COSS-bound labeled
peptide 3 is also detected in the cytoplasm 30 min after
incubation (Fig. S187), which indicates a release from the
carrier. Hence, it is most likely the liberated peptide 3
that interacts with PCNA rather than the COSS-peptide
complex 4.

For drug delivery, interactions of the carrier with a biologi-
cal system that may eventually result in cell toxic effects are
not desired, except those important for directed transit.
Indeed, non-porous SNPs presenting primary amines at their
surface have been reported to exhibit low toxicity'*® and
degrade®®® under physiological conditions.'®*° Here we corro-
borate these findings for amino-functionalized COSS with a
cell viability assay based on the enzymatic reduction of the
tetrazole XTT® using a single-corner cysteine-modified octa-
amino COSS. Within 12 hours, an SNP solution with a
concentration of ~70 pM was needed to kill half of the cell
population. Considering the reported lack of toxicity for non-
functionalized octaaminopropyl COSS,'>?> concentration-

dependent reduced cell viability may be caused by the pres-
ence of the Fmoc-1-cysteine moiety attached to one of the cage
corners rather than the COSS itself. Nevertheless, the concen-
tration of SNP, which was used for the targeted delivery into
the cell, is significantly lower than the concentration at which
toxicity was observed (Fig. 4).

Fig. 3

(a) Micro-irradiation at the circle position (1.2 s) of a Hela cell using a 405 nm laser; (b)-(d) co-localization of 3 and PCNA after cell incubation with 4 for

30 minutes at 37 °C. PCNA is recruited to repair micro-irradiated damaged DNA; (b) fluorescence signal of 3 (green); (c) fluorescence signal of red fluorescent

protein labeled PCNA; (d) overlay of (b) and (c).

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 The cell viability test using a single-corner cysteine-modified octaamino
COSS. At a nanoparticle concentration of ~70 uM half of the observed cell popu-
lation died, whereas a concentration of ~120 pM killed all cells within 12 hours.

Conclusion

In conclusion, a COSS derivative was synthesized which com-
prised a siloxane core with seven pendant aminopropyl groups
and a peptidic ligand attached to one cage corner through a
reversible disulfide bond. This architecture allowed for the
penetration of human cells and peptide accumulation in the
cell nucleus. Nuclear drug targeting was demonstrated in
HeLa cells using a fluorescently labeled p21°P"Wa! derived
peptide as a COSS cargo, which selectively bound PCNA, a
protein involved in DNA replication and repair. In perspective,
it might be interesting to study the octaamino COSS uptake
mechanism in further detail by AFM and fluorescence
microscopy studies on artificial lipid membranes®®®® and
cells. Finally, it remains to be elucidated whether silsesqui-
oxane-based cargo delivery allows for the targeting of other
proteins both in the nucleus and cytoplasm.

Experimental
HPLC analysis and purification

For RP-HPLC analysis a Varian 940-30 LC equipped with a Pheno-
menex Luna C;g column (5u, 100 A, 250 x 4.60 mm, 5 pm)
was used at a flow rate of 1 mL min~". For isolation of pro-
ducts by RP-HPLC a C;g column (250 x 20 mm; S-4 pm, 8 nm)
was employed at a flow rate of 18 mL min~'. Eluent A:
0.1% aq. trifluoroacetic acid (TFA), eluent B: 90% aq. MeCN in
0.1% aq. TFA. 5 min of isocratic flow (starting concentration of
eluent B) was followed by 20 min of gradient flow.

Compound 1

Synthesis of octaammonium COSS. According to a modified
procedure reported by Feher and Wyndham,”® 25 mL (23.7 g,
0.107 mol) 3-(triethoxysilyl)-1-propanamine were dissolved in
600 mL methanol. 34.0 mL concentrated hydrochloric acid
(HCl1) were added and the reaction mixture was stirred at room
temperature. After 4 weeks, a white precipitate was formed.
The suspension was stirred for additional two weeks. The
precipitate was separated by filtration, washed 2 times with
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ice-cold acetone and dried in a desiccator. 3.08 g of white solid
were obtained (23.0%).

'H NMR [300.0 MHz, DMSO-ds,, room temp.] § 8.25
(s, NH;3', 24 H), 2.79 (t, CH,NH;", 16 H), 1.74 (m, SiCH,CH,,
16 H), 0.74 (t, SiCH,, 16 H). *C NMR [75.4 MHz, DMSO-d,,
room temp.] § 40.95 (s, CH,NH;"), 20.55 (s, SiCH,CH,), 8.37
(s, SiCH,). *°Si NMR [59.6 MHz, DMSO-d,, room temp.]
6 —66.41. ESI-MS calc. for 1 C,,Hg,;NgO;,Sig m/z: 881.5, meas.
881.5 [M + HJ['; calc. 441.8, meas. 441.8 [M + 2H]*".

Compound 2

Synthesis of Fmoc-(S-trityl)-.-cysteine heptaammonium-
COSS (2a). To a mixture of 10.5 mg (0.018 mmol, 2.1 equiv.)
of Fmoc-(S-trityl)-.-cysteine and 8.9 pL dry DIEA (6.6 mg,
0.051 mmol, 6.0 equiv.) in 1 mL dry dimethylsulfoxide
(DMSO), 8.9 mg (0.017 mmol, 2.0 equiv.) of (benzotriazol-
1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP)
in 1 mL dry DMSO were added dropwise. The mixture was
incubated for 10 min at room temperature and afterwards
diluted with dry DMSO to a volume of 12 mL.

10 mg (0.0085 mmol, 1.0 equiv.) of 1 were dissolved in
0.5 mL dry DMSO and vigorously stirred. The previously
described mixture was added slowly using a peristaltic pump
(flow: 0.05 mL min™"). After complete addition, the mixture
was stirred for 1 hour at room temperature. The solvent was
removed by lyophilization. The resulting oil was suspended in
5 mL of 0.01 M HCI and again lyophilized. The white powder
was suspended in dry acetonitrile and the insoluble part was
washed two times with dry acetonitrile. The precipitate was
dried in vacuo and purified by semipreparative RP-HPLC. After
lyophilization, 3.0 mg of white solid were obtained (24.4%).

RP-HPLC, 10 — 80% B, tg = 20.1 min. HR-MS calc. for 2a
C4H,9NoO15SSis m/z: 724.7406, meas. 724.7409 [M + 2H]*"
(see Fig. S2 and S37).

Deprotection of Fmoc-(S-trityl)-L-cysteine heptaammonium-
COSS. 3.0 mg of Fmoc-(S-trityl)-L-cysteine heptaammonium-
COSS were dissolved in 500 pL TFA and 5 pL (1 vol%) triethyl-
silane (TES) were added. The mixture was shaken for 30 min at
room temperature and the solvent was removed in vacuo. The
colorless residue was dissolved in deionized water and the
solvent was removed by lyophilization. The product was used
without further purification.

RP-HPLC 10 — 80% B, tg = 16.7 min. ESI-MS calc. for 2
Ci4H,oNoO15SSig m/z: 1206.9, meas. 1206.6 (M + H]");
calc. 604.4, meas. 604.4 [M + 2H]"; calc. 403.3, meas. 403.3
[M + 3H]** (see Fig. S47).

Compound 3

Synthesis of fluorescein-labeled PCNA binding peptide.
Microwave-assisted Fmoc-SPPS of PCNA binding peptide 3
was performed on 2-chlorotrityl resin (Iris Biotech GmbH)
(0.25 mmol) using a CEM Liberty® peptide synthesizer
equipped with a CEM Discover® SPS microwave (CEM GmbH).
All amino acids were attached by triple coupling using
4.0 equiv. of the amino acid, 3.9 equiv. of O-(benzotriazol-1-yl)-
N,N,N',N'-tetramethyluroniumhexafluorophosphate (HBTU)

This journal is © The Royal Society of Chemistry 2013
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(Iris Biotech GmbH), and 8 equiv. of base (DIEA for all amino
acids except cysteine; for coupling of Fmoc-(S-trityl)-L-cysteine,
collidine (Sigma-Aldrich) was used) in N,N'-dimethylformamide
(DMF). Triple coupling (30 W, 50 °C, 15 min) and double
deprotection (30 W, 50 °C, 5 min) of the amino acids were per-
formed upon microwave assistance. Fluorescein isothiocyanate
(FITC) was coupled manually to the resin-bound peptide.
194.7 mg (0.50 mmol, 2 equiv.) FITC and 87.2 pL (64.7 mg, 4.0
equiv.) dry DIEA were dissolved in 5 mL dry DMF and the solu-
tion was added to the resin-bound peptide. The mixture was
heated 3 times in a microwave (30 W, 50 °C, 30 min). After-
wards, the mixture was shaken at room temperature overnight.
The peptide was cleaved from the resin and purified by semi-
preparative RP-HPLC yielding 37.0 mg of a yellow solid after
lyophilization (6.0%).

RP-HPLC, 30 — 40% B, tg = 20.0 min. ESI-MS calc. for 3
C116H164N26030S, m/z: 1234.4, meas. 1234.5 [M + 2H]*"; calc. 823.3,
meas. 823.3 [M + 3H]*'; calc. 617.7, meas. 617.8 [M + 4H]*";
calc. 494.4, meas. 494.5 [M + 5H]’" (see Fig. S6 and S71).

Compound 4

Coupling of PCNA binding peptide to 2. 1.6 mg
(0.0014 mmol, 1 equiv.) of 2 and 10.0 mg (0.0040 mmol,
3 equiv.) of compound 3 were dissolved in 200 pL dry DMSO.
10 pL 30 vol% aqueous hydrogen peroxide were mixed with
100 pL dry DMSO and quickly added to the mixture resulting
in a 1 vol% solution of hydrogen peroxide. The probe was vigo-
rously shaken for 5 min at room temperature. Immediately,
1 mL of deionized water was added and the probe was frozen
in liquid nitrogen. The solvent was removed by lyophilization
and the resulting solid was purified by RP-HPLC. After lyophi-
lization, 1.4 mg of yellow solid was obtained (23.0%).

RP-HPLC, 27 — 40% B, tg = 17.8 min. HR-MS calc. for 4
C158H241N35045S5Sis m/z: 734.7065, meas. 734.7077 [M + 5H]™".
IR: 2912, 1629, 1530, 1104 cm™ (see Fig. S9, $10, and S117).

Compound 5

Synthesis of Cys-(S-trityl)-f-Ala-fluorescein (5a). Microwave-
assisted Fmoc-SPPS of dipeptide Cys-(S-trityl)-f-alanine-fluore-
scein was performed at 0.10 mmol scale on 2-chlorotrityl
resin (Iris Biotech GmbH). 58.6 mg (0.10 mmol, 1 equiv.) Fmoc-
(S-trityl)-L-cysteine (IRIS Biotech GmbH) and 52.9 pL (48.5 mg,
0.40 mmol, 4 equiv.) collidine (Sigma-Aldrich) were dissolved in
3 mL dry DCM and the solution was added to the resin and
shaken for 2 hours at room temperature. The Fmoc protecting
group was removed by double deprotection using a CEM Dis-
cover® SPS microwave (CEM GmbH) (30 W, 50 °C, 5 min).
Coupling of Fmoc-f-alanine (IRIS Biotech GmbH) was per-
formed as a triple coupling using 4.0 equiv. Fmoc-#-alanine,
3.9 equiv. HBTU, and 8 equiv. DIEA in DMF in a microwave
(30 W, 50 °C, 15 min). 78.0 mg (0.20 mmol, 2 equiv.) FITC and
69.5 pL (51.6 mg, 4.0 equiv.) dry DIEA were dissolved in 2 mL
dry DMF and the solution was added to the resin-bound dipep-
tide. The mixture was heated 3 times (30 W, 50 °C, 30 min) in
a microwave. Afterwards, the mixture was shaken at room
temperature overnight. For cleavage of the peptide, 5.0 mL of a

This journal is © The Royal Society of Chemistry 2013
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mixture of acetic acid, methanol, and DCM (5:1:4, v:v:v)
were added. The mixture was shaken for 3 hours at room temp-
erature. Afterwards the solution was added dropwise to
45.0 mL of ice-cold methyl tert-butyl ether (MTBE). The yellow
precipitate was purified by semi-preparative RP-HPLC. Lyophi-
lization gave 52.4 mg of a yellow solid (63.6%).

RP-HPLC, 10 — 100% B, tg = 23.7 min. ESI-MS calculated
for 5a C,H3,N3;05S, m/z: 823.9, meas. 824.4 [M + H]
(see Fig. S13 and S14f7).

Synthesis of Cys-(S-trityl)-f-Ala-fluorescein heptaammo-
nium-COSS (5b). 7.7 mg (0.0094 mmol, 1.1 equiv.) of
the dipeptide Cys-(S-trityl)-f-alanine-fluorescein, 1.6 mg
(0.0085 mmol, 1 equiv.) of 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (DIC) and 6 pL (4.4 mg, 0.034 mmol, 4 equiv.) of
dry DIEA were dissolved in 500 pL dry DMSO. The mixture was
shaken for 10 min at room temperature and 10.0 mg
(0.0085 mmol, 1 equiv.) of compound 1 dissolved in 500 pL
dry DMSO were added. The mixture was shaken for 4 days in
the dark and poured into 12 mL of dry acetonitrile. The yellow
precipitate was washed two times with dry acetonitrile. It was
purified by semi-preparative RP-HPLC. After lyophilization,
4.4 mg of yellow solid were obtained (27.8%).

RP-HPLC, 10 — 100% B, tg = 16.0 min. ESI-MS calc. for 5b
C70HooN1101S,Sig m/z: 844.7, meas. 844.8 [M + 2HJ"; calc.
563.5, meas. 563.5 [M + 3H]3+; calc. 422.9, meas. 422.9
[M + 4H]"" (see Fig. S167).

Deprotection of Cys-(S-trityl)-f-Ala-fluorescein heptaam-
monium-COSS. 4.4 mg of Cys-(S-trityl)-p-Ala-fluorescein hepta-
ammonium-COSS were dissolved in 0.5 mL TFA and 5 pL
(1 vol%) of triethylsilane (TES) (Alfa Aesar) were added. The
mixture was shaken for 30 min at room temperature and the
solvent was removed in vacuo. The yellow residue was purified
by semi-preparative RP-HPLC. After lyophilization, 2.0 mg of
yellow solid were obtained (53.0%).

RP-HPLC, 10 — 100% B, tg = 14.0 min. ESI-MS calc. for 5
Cs51HgsN1;044S,Sig m/z: 723.6, meas. 723.5 [M + 2HJ*"; calc.
482.7, meas. 482.7 [M + 3HJ*" (see Fig. $177).

Atomic force microscopy. We conducted atomic force
microscopy experiments on air using a Cypher AFM (Asylum
Research, Santa Barbara, CA, USA) and PPP-ZEIHR cantilevers
(NanoandMore GmbH, Wetzlar, Germany). Bimodal AFM was
done with the first two eigenfrequencies at f; ~ 130 kHz and f, ~
820 kHz. The free oscillation amplitudes were driven to Ay; =
10 nm and Ay, ~ 1 nm, respectively. A high amplitude setpoint
ratio Asp/Agy & 0.9 was chosen ensuring that the AFM is operated
in the net attractive regime where mechanical repulsion is mini-
mized and hence, the impact of the tip on the sample is small.

High-resolution frequency-modulated AFM measurements
were accomplished using the same type of cantilever. For
tracking the frequency, an external phase-locked-loop PLLPro2
(RHK Technology, Troy, MI, USA) was integrated into the feed-
back loop of the AFM. We kept the cantilever vibrating at a
constant frequency shift of Af = 50 Hz with respect to the free
oscillation and the amplitude was maintained at A, ~ 10 nm.
Images (512 x 512 pixel) were obtained with a scan speed of

500 nm s~ .
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Cell culture and fluorescein-labeled COSS cellular uptake.
HeLa cells were seeded at 80% confluency into 24-well micro-
scope observation chambers (Ibidi, Munich, Germany) and the
growth medium (Dulbecco’s modified Eagle medium; PAA)
DMEM supplemented with 10% fetal calf serum (Life Techno-
logies) and gentamycin was exchanged against the COSS solu-
tions. COSS were diluted to 20 pM final concentration in
400 pL DMEM and incubated with the HeLa cells for 30 min at
37 °C prior to imaging.

Cell viability assay. HeLa cells were seeded at 70% con-
fluency in 24-well plates and incubated for one hour at
different COSS concentrations. The media were subsequently
exchanged for DMEM without COSS and the cells were incu-
bated for 12 hours. Then the media were exchanged with
serum-free DMEM and 0.3 mg mL™' of XTT (2,3-bis-
(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carbox-
anilide) and incubated for three hours. The XTT enzymatic
reduction was measured by reading the absorbance at 490 nm,
with a reference wavelength of 630 nm. This procedure was
repeated four times for each concentration.

HeLa cells expressing RFP labeled PCNA. HeLa cells were
plated on 24 well optical dishes (Ibidi, Munich, Germany) and
transfected with a mammalian expression plasmid coding for
mRFP-tagged PCNA®®> using polyethylenimine (PEI). Time
lapse microscopy was performed on an UltraView spinning
disc confocal microscopy system (PerkinElmer, UK) equipped
with temperature, humidity and CO, incubation controller
(Olympus) and a 63%/1.4 Plan-Fluor oil immersion lens (Nikon).

Microirradiation and confocal microscopy. COSS compound
4 was added at 20 pM concentration to the HeLa cells expres-
sing RFP-labeled PCNA. After 30 min of incubation, a cell was
first imaged and then irradiated at the micrometer spot within
the nucleus for 1.2 s using a 405 nm laser. The same cell was
imaged after 5 min using a laser excitation of 488 nm to detect
the fluorescein-labeled peptide and 561 nm to detect the RFP
labeled PCNA.
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Compound 2 (Fmoc-L-cysteine heptaamino-COSS) and 2a (Fmoc-(S-trityl)-L-cysteine heptaamino-
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Fig. S1: Chemical structure of Fmoc-(S-trityl)-L-cysteine heptaamino-COSS 2a (left) and unprotected Fmoc-L-cysteine heptaamino-

COSS 2 (right).
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Fig. S2: Analytical RP-HPLC traces of trityl-protected (2a) and deprotected Fmoc-L-cysteine heptaamino-COSS 2. (Varian 940-

3 LC equipped with a Phenomenex Luna C;g column (5u, 100 A, 250x4.60 mm, 5 pm). Eluent A: 0.1% ag. trifluoroacetic acid
(TFA), eluent B: 90 % ag. acetonitrile in 0.1% ag. TFA; 10 = 80% B in 20 min preceded by 5 min isocratic 10 % B at a flow rate
of 1 mL min™).
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Fig. S5: Amino acid sequence and chemical structure of fluorescein-labeled PCNA binding peptide 3.
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Fig. S6: Analytical RP-HPLC traces of FITC-labeled PCNA binding peptide 3 (Varian 940-LC equipped with a Phenomenex Luna Cg
column (5u, 100 A, 250x4.60 mm, 5 um). Eluent A: 0.1% ag. trifluoroacetic acid (TFA), eluent B: 90 % aq. acetonitrile in 0.1% ag.
1 TFA; 25 > 50% B in 20 min preceded by 5 min isocratic 25 % B at a flow rate of 1 mL min™).
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Fig. S8: Chemical structure of compound 4.
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Fig. S9: Analytical RP-HPLC traces of compound 4 (Varian 940-LC equipped with a Phenomenex Luna C,g column (5u, 100 A,
250%4.60 mm, 5 um). Eluent A: 0.1% ag. trifluoroacetic acid (TFA), eluent B: 90 % aq. acetonitrile in 0.1% aq. TFA; 25 - 50%
B in 20 min preceded by 5 min isocratic 10 % B at a flow rate of 1 mL min™).
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Fig. S10: HR-MS measurement of compound 4; left: calculated isotopic pattern [M+5H]>"= 734.7065; right: measured isotopic
pattern [M+5H]%"= 734.7077.
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Fig. S11: FT-IR spectrum of compound 4.
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Compound 5 (cysteine-B-alanine-fluorescein hepataamino-COSS), 5a (cysteine-(S-trityl)-B-alanine-
fluorescein), and 5b (cysteine-(S-trityl)-pB-alanine-fluorescein hepataamino-COSS)
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5 Fig. S12: Chemical structure of compound 5a.
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Fig. S13: Analytical RP-HPLC traces of compound 5a. (Varian 940-LC equipped with a Phenomenex Luna C;g column (5u, 100 A,
30 250%x4.60 mm, 5 um). Eluent A: 0.1% aq. trifluoroacetic acid (TFA), eluent B: 90 % ag. acetonitrile in 0.1% aq. TFA; 10 - 100% B in
20 min preceded by 5 min isocratic 10 % B at a flow rate of 1 mL min™).
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Fig. S14: LC-MS (ESI) measurement of compound 5a.
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Fig. S15: Chemical structures of trityl protected 5b (left) and unprotected cysteine-p-alanine-fluorescein hepataamino-COSS 5 (right).
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Fig. S16: LC-MS (ESI) measurement of cysteine-(S-trityl)-p-alanine-fluorescein hepataamino-COSS 5b.

10



Electronic Supplementary Material (ESI) for Organic & Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2012

Gujw 220 nm
3
i
w0
0
1o
D—\,—n\“,“‘ R [min
001 2 3 4 5 6 78 890 R oB # B BT B O DA DB A B BT B DN DD U3
203 mU 280 nm
18
18
1
12
10
3
5
4
2
mn;
001 23 4 5 6 78 8910 0B # B BT B O DA DD NDB BT B AN DD M3

Mass Spectrum
Averaged, 7,000 - 7,533, +

A

Sa%

2000001

1000000

bl ol
RS L B IO O D P S ) T

T e ] o N ) W R R S T SR N
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
m'z

Fig. S17: Analytical RP-HPLC traces (Varian 940-LC equipped with a Phenomenex Luna Cg column (5u, 100 A, 250%4.60 mm, 5 pum).
Eluent A: 0.1% ag. trifluoroacetic acid (TFA), eluent B: 90 % aqg. acetonitrile in 0.1% aq. TFA,; 10 - 100% B in 20 min preceded by 5
min isocratic 10 % B at a flow rate of 1 mL min™) and MS analysis of cysteine-B-alanine-fluorescein hepataamino-COSS 5.

Microirradiation experiment and subsequent co-localization of fluorescently labeled PCNA binding
peptide and RFP labeled PCNA after the addition of compound 4

10

Fig. S18: Fluorescence microscopic analysis of irradiated HeLa cells 30 minutes after the addition of compound 4. (a) PCNA (red); (b)
cleaved fluorescein-labeled peptide 3 (green); (c) contrast image ; (d) overlay.
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