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Amber Light Control of Peptide Secondary Structure by a
Perfluoroaromatic Azobenzene Photoswitch

Eleonora Cataldi*,” Martina Raschig®,” Marcus Gutmann,” Patrick T. Geppert,"
Matthias Ruopp,” Marvin Schock,™ Hubert Gerwe,” Riidiger Bertermann,
Lorenz Meinel,”"® Maik Finze, Agnieszka Nowak-Krol, Michael Decker,” and

Tessa Lihmann*®

The incorporation of photoswitches into the molecular structure
of peptides and proteins enables their dynamic photocontrol in
complex biological systems. Here, a perfluorinated azobenzene
derivative triggered by amber light was site-specifically con-
jugated to cysteines in a helical peptide by perfluoroarylation

Introduction

Photoswitches can modulate molecular geometry in response
to light, enabling the design of light-controllable
(bio)molecules.” Azobenzene derivatives respond to the energy
of light illumination with trans<cis isomerization. Previous
studies of the unmodified azobenzene backbone showed that,
due to the change in the geometry of the cis isomer, which is
evidenced by the change in the spacing of the carbon atoms in
the 4,4’ positions, the dipole moment is increased from 0 to 3
D, whereas intermolecular interactions, including van der Waals
interactions, m-m stacking and lattice energy are weakened.”
Thus, altered steric molecular structure leads to changes in the
geometrical and thus physical properties of photoswitches.
However, cis isomers spontaneously revert in the dark or via
visible light-assisted processes into trans isomers, which are
more stable in agreement with their lower free enthalpy.”
Azobenzenes have been successfully employed to photo-
control biomacromolecule functions, pharmaceutical ligands,
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chemistry. In response to the photoisomerization (trans—cis) of
the conjugated azobenzene with amber light, the secondary
structure of the peptide was modulated from a disorganized
into an amphiphilic helical structure.

biopolymers and materials including lipids, gold nanoparticles
and ionic crystals."*® Their response to light and rate of
reaching thermal equilibrium are related to the electronic and
steric nature of the azobenzene core. Chemical substitutions on
azobenzene aromatic rings tune the absorption spectra.**
Accordingly, structural modification of azobenzene derivatives
can produce compounds with the absorption spectra bath-
ochromically shifted to the red spectral ranges. These photo-
switches are responsive to light, which penetrates tissues better
than the light of lower wavelengths, which could in the future
allow isomerization in deeper tissue layers, reduce scattering,
and have safety advantages as compared to the use of
ultraviolet light (UV).*™

Previous studies detailed the optical properties of azoben-
zene derivatives as photoswitches responsive to long wave-
lengths and their ability to photocontrol the secondary
structure of peptides and proteins.” Woolley’s group has
extensively described the strategic introduction of electron-
donating groups (EDGs), such as alkoxy (—OR) and thioether
(—SEt), at the ortho- or asymmetrical ortho- and meta-azoben-
zene positions. This increased sensitivity to red light irradiation
(>600 nm).“"7 They successfully incorporated a tetra-ortho-
alkoxy substituted azobenzene in EAAAR-based peptides,
controlling the peptide helical content through irradiation at
A>600 nm, and having an increased half-life of hours/days. The
limitation was found on its instability in reducing environment,
which was addressed by a tetra-ortho chloride azobenzene
derivative but with less efficiency on photoisomerization."”
Moreover, ortho-fluoroazobenzene-based photoswitches
showed effective isomerization with visible light and long
thermal half-lives.**® Fluorinated azobenzenes functionalized
with a piperazine-2,5-dione derivative successfully controlled
self-assemblies of a cyclic dipeptide.” Modified azobenzenes
can also be used to control the a-helix conformation of cell-
penetrating peptides (CPPs).!"”

CPPs (<30 amino acids long) might facilitate cellular uptake
of drugs, including proteins and oligonucleotides (siRNA, DNA,

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH


http://orcid.org/0000-0001-7552-6435
https://doi.org/10.1002/cbic.202200570
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcbic.202200570&domain=pdf&date_stamp=2023-01-26

Research Article
ChemBioChem

doi.org/10.1002/cbic.202200570

Chemistry
Europe

European Chemical
Societies Publishing

etc.), small molecules and nanoparticles."" Leucine-lysine (LK)

peptides, mainly containing basic lysine and nonpolar leucine
residues, belong to the a-helical secondary amphipathic class of
CPPs. The amino acid orientation through the helix forms two
faces: hydrophobic and hydrophilic."*'? Stabilization of the a-
helix conformation is essential for transmembrane transport.
These LK CPPs were previously modified with an azobenzene
external brace to control LK secondary structure by UV light."”
Compared to other methods for stapled peptides, the use of
azobenzenes has the advantage that a reversible stabilization of
the helix and thus, a control of the cellular uptake can be
achieved.!*"?

In this work, we report the synthesis and photochemical
properties of a perfluorinated azobenzene derivative and
modification of a synthetic CPP deploying perfluoroarylation
chemistry. We aimed to control the helical content of long-lived
cis-azobenzenes through amber-light triggering for an efficient
ex vivo ON/OFF switch. The nucleophilic aromatic substitution
(S\Ar) reaction between the perfluoroaromatic azobenzene
photoswitch and model thiolates was chemoselective and
regiospecific. Moreover, it could be carried out under mild

conditions affording the target compounds in high yields.
Finally, we conjugated the perfluorinated azobenzene to an
amphiphilic helical peptide and proved successful trans<cis
isomerization after irradiation with amber light.

Results and Discussion

Synthesis and performance of a perfluoroaromatic
azobenzene photoswitch

Decafluoroazobenzene (DFAB) was synthesized by symmetrical
oxidative homocoupling of pentafluoroaniline in an overall yield
of 40%. Product identity was confirmed by '°F NMR and purity
by HPLC (Figure 1A and Figures S1, S4A, C in the Supporting
Information).

Trans-DFAB in ACN showed two absorption bands, one at
Amax= 305 nm and a weaker one at 4,,, =455 nm, correspond-
ing to the m-mt* and n-m* electronic transitions, respectively
(Figure 1B, C).B9 We further tested the optical properties of the
perfluorinated azobenzene photoswitch in response to light of
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Figure 1. A) Synthesis of a) DFAB and b) 2Cys-OFAB. B) UV-Vis spectra overview and C) zoom of DFAB. D) UV-Vis spectra overview and E) zoom of 2Cys-OFAB.

Electronic transition between the two isomers after irradiation: n—-x* and m—mt*.
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various wavelengths ranging from 365 to 590 nm (15 minutes’
irradiation; Figure S5A). Upon its irradiation at 530 nm (green
light) the photostationary state PSSs;, ., Was reached with the
thermodynamically less stable cis isomer as the main species.
The increase of the cis isomer concentration was accompanied
by a reduction of the intensity of the m—m* absorption band at
305 nm (trans isomer) and an increase in intensity of the blue-
shifted n-mt* band at 415 nm (cis isomer). The n-m* band
separation of 2170 cm™' (40 nm) between the two isomers
increased the n-m* bidirectional conversion rate with two
different wavelengths cis—transsgs ., and trans—cissyo . (Fig-
ure 1Q).

To gain further insight into the cis—trans and trans—cis
photoisomerization process, we performed in-situ illumination
NMR experiments. To this end, we used an optical fiber-based
NMR illumination setup, reported by Gschwind, which allows
the monitoring of the processes in real time through irradiation
of the DFAB samples followed by the instantaneous acquisition
of FNMR spectra.™ The molar fractions of cis and trans
isomers are derived from the ratio of the integrals of all fluorine
signals corresponding to the cis and trans isomers (see the
assignment of the signals and their chemical shifts in the
Experimental Section). Noteworthy, the estimated values of
photoconversion rate constants depend on the geometry of the
measurement system and optical power. Accordingly, they are
derived for our NMR setup for a relative comparison of
photoisomerization processes and do not represent the
absolute reaction rate constants. The details regarding the
geometry of our NMR setup and the measurements are given in
the Experimental Section. By these means, we determined the
conversion rate constants for the bulk samples k> . =0.62%
107 57" (87 % cis isomer at PSSsyg o) @and ko™ =2.63x107% 5™
(93% trans isomer at PSS;gs ) for the trans—cis and cis—trans
isomerization processes, respectively (Figures 2 and S12). Thus,
the isomerization of the cis to the more stable trans form is
significantly faster than the trans—cis isomerization’, but still
less than four times as fast’ when optical power and the
irradiation wavelengths are taken into account.
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Perfluoroaryls have been used for SyAr reactions with
unprotected cysteine residues in synthetically and recombi-
nantly produced peptides and proteins.” To probe DFAB
reactivity toward unprotected cysteines, and therefore its
reactivity toward peptides containing cysteines, DFAB was
treated with two equivalents of N-Boc-cysteine in a basic
environment at room temperature (Figure 1A). The formation of
the resulting 4,4'-(Cys),octafluorobenzene (2Cys-OFAB) com-
pound was confirmed by 'H and '°F NMR, purity was confirmed
by HPLC (Figures S2, S3 and S4B, D). '°F NMR showed two major
multiplet signals at —132.9 and —149.2 ppm, corresponding to
the fluorine atoms at ortho and meta positions of the trans
isomer. The electron-donating sulfide groups induced a bath-
ochromic shift of the m—m* band versus DFAB and a reduced
splitting (1450 cm™' (30 nm)) of two n-m* bands opposing the
inductive effect of fluorine substitutions (Figure 1D, E). In these
molecules, cis—trans isomerization was observed at 450 nm
and trans—cis isomerization at 590 nm (Figure S5B). Two major
signals were found in '"FNMR spectrum at —130.4 and
—147.0 ppm, which were assigned to the two corresponding
fluorine atoms in the cis form after irradiation at 590 nm
(Figure S3).

Design and synthesis of helical peptides

The known amphiphilic cell-penetrating a-helical peptide LK,
was selected for modification with the perfluoroaromatic photo-
switch (Figure 3A).012276

After successful synthesis of the peptide LK, by Fmoc-based
solid-phase peptide synthesis (SPPS), LK,_;; was synthesized as a
prerequisite for perfluoroaromatic stapling. Therefore, two
cysteine residues were introduced in the LK, peptide at i (7) and
i+4 (11) (LK,_;;) instead of lysine to maintain the hydrophobic
interface of the amphiphilic helix. The formation of both
peptides was confirmed by LC-MS (Figure S6A, B). These
entities were isolated in high purity (over 95 %; Figure 3B). Two
negative bands at ~222 and ~208 nm and a positive band at
~190 nm in the circular dichroism (CD) spectra confirmed a
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Figure 2. A) Trans (black) to cis (red) isomerization under green light irradiation (528 nm) and B) cis (red) to trans (black) isomerization of DFAB under UV light
irradiation (385 nm) measured by using an in-situ-illumination NMR setup ("°F, 565 MHz, 298 K, [D;]acetonitrile).
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Figure 3. A) Wheel diagram and conceptual scheme of the a-helical structure of the LK peptide; green: hydrophobic, blue: hydrophilic, yellow: cysteine.
Adapted with changes from refs. [12a, 16]. B) RP-HPLC analysis of LK, (blue) and LK;_,, (black). C) CD spectra of LK, (blue) and LK;_,, (black).

helical structure (Figure 3C). Therefore, the exchange of the
lysines by cysteines did not change the peptides’ secondary
structures. LK, showed an ellipticity of 50.3% and LK, ;; an
ellipticity of 38.5% in 50 mM phosphate buffer (pH 7.4) with
trifluoroethanol (TFE; 50% v/v), respectively (Table S2).

Stapling of the LK;_;, peptide with DFAB and performance

As the length of 5.4 A for the consecutive a-helix turn in the
peptide LK,,; and thus the distance between the cysteine
residues at position i and i+4 within the peptide backbone
corresponds the 4,4’ carbons’ end-to-end distance of an AB core
in cis form, DFAB was exposed to 530 nm (green light) for
15 minutes before the stapling reaction (Figure 4A).2 The
peptide stapling reaction was conducted in TFE and ACN with
DIPEA as a mild base for cysteine arylation.'” Successful
stapling was confirmed by LC-MS and trans—cis isomerization
at 590 nm (15 min) and cis—trans isomerization at 450 nm
(15 min) was analyzed by RP-HPLC (Figures 4B and S6C).

The stapled LKST,.,,; peptide exhibited differences in
physical properties between the trans/cis isomeric mixtures at
the two photostationary states (PSS)s, which were separated by
RP-HPLC (Figure 4B). The first isomer, eluting at 8.7 min, was the
trans isomer, in which the local distortion of the alpha helix
makes the peptides more hydrophilic. The more hydrophobic
cis isomer of the stapled peptide eluted at 10.2 min.

Longer irradiation up to 20 minutes with light at 590 nm
further decreased the mt—nt* band electronic transition intensity,
indicating that more cis isomer was generated. In order to
define the optical properties of the stapled peptide LKST,_;,, its

ChemBioChem 2023, 24, €202200570 (4 of 10)

response was tested between 365 nm and 590 nm for 15 min
(Figure S7). In terms of irradiation time and the highest content
reachable for each isomer, we chose two wavelengths for the
bidirectional isomerization to identify the time needed for
efficient conformational change. The cis—trans isomerization at
450 nm reached the PSS, in 5 minutes with a maximal trans
content of 86% in our measurement setup (mirrored box, see
details in the Experimental Section). Trans—cis isomerization at
590 nm was slower with an overall cis content of 89% after
22 minutes (Figures 4C and S8, Table S1). As it is known, that
light in the red spectral ranges can penetrate tissue better than
UV light, we also tested the response of LKST,_;; to light with a
dominant wavelength of 617 nm (Figure $11).*™ To exclude the
possibility that the isomerization is due to the spectral power
distribution of the lamp at wavelengths below 600 nm, a
600 nm long-pass filter was used. Compared to isomerization at
590 nm, a significantly slower isomerization at 617 nm was
observed. Despite this promising bathochromic shift, further
modifications of these molecules are necessary to enable
isomerization in the NIR range and thus biological
application."®

Next, we investigated reversible switching stability of the
perfluorinated  photoswitch. The bidirectional switching
trans s nm<Cissqo nm Was performed for 10 cycles (Figure 4D).

Phenyl substituents stabilize the cis isomer and affect the
spontaneous thermal relaxation to the trans-enriched PSS.H°&
Short-lived cis azobenzene derivatives might be instrumental to
steer fast biochemical processes, for example, ionic pumps.
However, they are ineffective for longer lasting action, in which
continuous exposure to light is challenging. For this reason, the
spontaneous reversion from cis- to the more thermodynamically

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 4. A) Scheme of the a-helical transition after irradiation. B) RP-HPLC analysis of LKST;,_;, irradiated at a) 590 nm and b) 450 nm for 15 min. C) a) Optical
properties of LKST,_;; after irradiation at 450 and 590 nm for 15 min with maximal difference in absorbance between the trans and cis isomer at 4,,,,=373 nm.
b) LKST,_,; absorbance at 373 nm over 40 min under 450 and 590 nm irradiation. D) Reversible switching of the perfluorinated photoswitch evaluated by
inducing bidirectional isomerization for 10 cycles at 450-590 nm light (450 nm: 5 min irradiation, 590 nm: 22 min irradiation).

stable trans state of LKST,_;; was carried out both in water/ACN
(50% v/v; Figure 5A) and pure water (Figure 5B), keeping the
stapled peptide in the dark. As expected, the fluorine atoms in
DFAB stabilizes the cis-enriched PSS of LKST,.,; and conse-
quently, its half-life. The cis isomer of the stapled peptide had a
t, of 21 days in water/ACN (50% v/v) (Figure S9). For pure
water, on the other hand, no half-life could be determined,
since band broadening can be observed in the UV/Vis spectra
as well as an increase in absorption over time in the region
between 420 nm and beyond 500 nm, presumably due to the
formation of aggregates (Figure 5). However, based on the UV/
Vis spectrum, it can be assumed that the half-life in water is
significantly shorter than in ACN, but longer than 4 days,
enabling promising stabilization of the alpha helix in water
(Figure 5).1#<™

Next, we exposed the stapled peptide to 590 nm light
irradiation for 22 minutes and studied the secondary structure

ChemBioChem 2023, 24, 202200570 (5 of 10)

by circular dichroism (Figure 6A) to verify whether this period of
exposure by the two wavelengths leads to a significant differ-
ence in the helical content. The peptide in the trans-enriched
PSS had about 13% helical content (based on the decrease in
intensity of the band at A,.,=222nm). The band at A,.,=
208 nm slightly shifted to a shorter wavelength (,,,,=206 nm)
indicating a random coil peptide conformation. Exposure to
590 nm resulted in 32% helical content.

The bidirectional switching trans,synm<CiSsqonm Was per-
formed for three cycles (Figure 6B). The reduced end-to-end
distance within the fluorinated linker of the peptide in the cis-
enriched PSS facilitated the a-helix arrangement of the stapled
peptide (Table S2).

Cytotoxicity of the stapled helical peptide was analyzed in
immortalized human cervical cancer (HeLa) and murine embry-
otic fibroblast (NIH 3T3) cells (Figure S10). The results indicated
a half maximal inhibitory concentration (ICs,) being lower for

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 5. UV/Vis spectra of LKST,_;; (150 uM) A) in ACN/water (50% v/v) and B) in water in the dark and after irradiation of the sample with A =590 nm for
22 min. Spectra were collected every 30 min over 4 days. For clarity, only the data after 0, 24, 48, 72 and 96 h are shown. The lower (b) spectra are

magnifications.

A

2.0x10*
T 1.5¢10*
o
£ 1.0x10*
° 3,
E 5.0x10
> 0
5,-5.0x10°
® .1.0x10%

1.5x10*

— 450 nm
590 nm

200 220 240 260 280 300
Wavelength [nm]

B
40 © 450 nm
- Trans
é 30+ © 590 nm
5 Cis
o
T 204
L
©
T 10
X

0 1 2 3
Cycles

Figure 6. A) CD analysis and change of secondary structure of the stapled LKST,_,; peptide after irradiation with 590 nm for 22 min. B) Photoswitching as
analyzed by helical content of stapled LKST,_,, peptide by inducing bidirectional isomerization for 3 cycles at 450-590 nm light (450 nm: 5 min irradiation,

590 nm: 22 min irradiation).

Hela cells, with trans-IC5,=2.6 uM (95% confidence interval
(C): 2.32 to 2.95 uM) and cis-ICsp=2.7 uM (95% Cl: 2.44 to
3.08 uM), and being higher for NIH 3T3 cells with trans-1Cs,=
8.9 uM (95% Cl: 7.41 to 10.68 pM) and mostly cis-ICs,=9.6 uM
(95% Cl: 7.79 to 11.73 uM). The conformational state did not
impact the cytotoxicity of the photoswitch. Even though
cytotoxicity experiments are only one aspect of assessing
general safety challenges, these data sets are encouraging
-photoswitching can control CPPs secondary structure and
therefore its properties without changing its toxicological
profile.

ChemBioChem 2023, 24, €202200570 (6 of 10)

Perspective

The principle shown here represents a promising approach to
the control of secondary structures due to the simple coupling
of DFAB to cysteines and the wavelengths required for isomer-
ization. We expanded this principle to be able to control the
activity of drugs. Therefore, pilot experiments were conducted
with one helix of interleukin-4 (IL-4), a cytokine controlling
macrophage polarization to anti-inflammatory states (desired)
and B-cell maturation with a potential risk of sensitizing for
atopic reactions (undesired).”® One potential application could
be an initially inactive IL-4 (to prevent B cell maturation and
responses) which in response to light isomerizes into its active
form (to unfold IL-4 activity at inflammatory sites). For this
purpose, we synthesized the parts of the A-helix of IL-4 and

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemBioChem doi.org/10.1002/cbic.202200570

stapled it to DFAB. The secondary structure of the resulting IL-4
fragment responded to light (Figures S13 and S14).

Conclusions

Although the (relatively young) field of photocontrolling
isomerization has had fascinating successes, clinical translation
is still pending."* This reflects the central challenge of many of
these molecules responding to light at wavelengths that are
also effectively absorbed by tissue, such as UV light. Con-
sequently, insufficient intensities reach the photoswitches and
prevent their performance. This drives the need for photo-
switches that respond to light of longer wavelengths.'®'*
Therefore, we developed stapled peptides that respond to
amber light with cis«trans isomerization and changes in
secondary structure. Future studies should aim at shifting the
absorption wavelengths of photoswitches into the NIR range to
further expand their in-vivo applications, including use in
deeper tissue layers."™

Experimental Section

Materials: The following chemicals were purchased from Sigma-
Aldrich: N,N-diisopropylcarbodiimide (DIC), ethyl cyanohydroxyimi-
noacetate (Oxyma), hydroxybenzotriazole (HOBt), trifluoroacetic
acid (TFA), triisopropylsilane (TIS), N-(tert-butoxycarbonyl)-L-cysteine
methyl ester, 2,2'-(ethylenedioxy)diethanethiol (DODT), acetic anhy-
dride, Fmoc-protected (L)-amino acids, RPIM 1640 medium-high
glucose, fetal calf serum (FCS), penicillin-streptomycin, 2,3,4,5,6-
pentafluoroaniline, 1,5-diazabiciclo(5.4.0)undec-7-ene (1,8-
diazabicyclo[5.4.0lundec-7-ene) (DBU), N-chlorosuccinimide (NCS),
tetrabutylammonium hydrogen sulfate, potassium tert-butoxide,
dithiothreitol (DTT), trifluoroethanol (TFE), trisodium phosphate
(NasPO,), Rink Amide MBHA resins, cell proliferation reagent WST-1
and HPLC-grade acetonitrile (ACN). N,N-Diisopropylethylamine
(DIPEA) was purchased from Carl Roth (Karlsruhe, Germany). The
lamps were assembled in our laboratory and the LED modules, with
different wavelength of irradiation, were purchase from LED-TECH
optoelectronics GmbH (Moers, Germany). Deionized water was
obtained from our in-house Merck Millipore water purification
system. All other chemicals used were at least of pharmaceutical
grade.

Synthesis of decafluoroazobenzene (DFAB): Pentafluoroaniline
(39, 16.4 mmol) was dissolved in DCM (100 mL), DBU (2 equiv.,
4.9 mL, 32.8 mmol) was added and the solution was stirred for
5 min. Afterwards the reaction mixture was cooled down to —78°C
in a dry ice/acetone bath and NCS (2 equiv., 4.4 g, 32.8 mmol) was
added. After 30 min, the reaction was quenched with saturated
sodium hydrogen carbonate solution and the dry ice/acetone bath
was removed. The aqueous phase was separated, the organic phase
was washed sequentially with water (300 mL) and 1 N HCI (300 mL),
dried over anhydrous magnesium sulfate and the solvent was
removed under reduced pressure. The crude compound was
purified by column chromatography (silica, cyclohexane/DCM
9:1).2" This afforded light orange crystals of DFAB (2.4 g, 40%). "°F
NMR (377 MHz, CDCl;): 6=—146.5 to 146.6 (o/m, 4F, cis isomer),
—148.1 to —148.3 (o/m, 4F, trans isomer), —148.4 (tt, *Je ¢, “Jr =
31.4, 3.8 Hz, 2F-para, trans isomer), —150.4 (tt, *J.;, “Ji =210,
1.7 Hz, 2F-para, cis isomer), —158.4 to —158.6 (o/m, 4F, cis isomer),
—161.0 to —161.3 ppm (o/m, 4F, trans isomer).
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Synthesis of 2Cys-OFAB: DFAB (250 mg, 0.69 mmol) and Na;PO,
(215 mg, 1.59 mmol, 2.3 equiv.) were dissolved in 40 mL ACN under
argon. N-(tert-Butoxycarbonyl)-L-cysteine methyl ester (1.42 mmol,
284 ulL, 2 equiv.) was added at once and the reaction mixture was
stirred at room temperature. The reaction progress was monitored
by TLC. After 1 h, the mixture was filtered through a celite pad, and
the crude product was purified by column chromatography (silica,
EtOAc) to afford 2Cys-OFAB (107 mg, 20%) as orange crystals. 'H
NMR (400 MHz, CDCl,): 6=5.35 (d, J=6.6 Hz, 2H, NHBoc) 4.61 (s,
2H, —CH), 3.75 (s, 6H, —CH,), 3.63 (dd, J=3.9, 14.1 Hz, 2H, —CH,),
3.39 (dd, /=5.0, 14.3 Hz, 2H, —CH,) 1.38 (s, 18H, —COOC(CH,),) ppm.
YF NMR (377 MHz, CDCl;): 6 = —132.9 (m, 4F-ortho), —149.2 (m, 4F-
meta) ppm.

NMR analysis: NMR measurements were performed with an Avance
Il 400 MHz spectrometer (Karlsruhe, Germany) and the data were
processed with TopSpin 4.0.7 software (Bruker, Germany). The
residual solvent signals were used for spectra calibration. The
coupling constants J are given in Hz and the chemical shifts in
ppm. Multiplets were specified as s (singlet), m (multiplet), dd
(doublet of doublets) and d (doublet) tt (triplet of triplets).

Peptide synthesis: Peptides LK; (Ac-Leu-Lys-Lys-Leu-Leu-Lys-Leu-
Leu-Lys-Lys-Leu-Leu-Lys-Leu-Ala-Gly-NH,) and LK, ,; (Ac-Leu-Lys-
Lys-Leu-Leu-Lys-Cys-Leu-Lys-Lys-Cys-Leu-Lys-Leu-Ala-Gly-NH,) were
synthesized following a Fmoc-based solid-phase peptide synthesis
protocol with Rink Amide MBHA resins. Every amino acid was
coupled using DIC/Oxyma in DMF at 90°C, while Fmoc-deprotec-
tion was performed with 20% piperidine in DMF. N-Acetylation was
performed manually with 75 uL of acetic anhydride and 135 L
DIPEA in 2mL of DMF for 30 min at room temperature. After
sequential washing with DMF, DCM and diethyl ether, the peptides
where fully deprotected and cleaved from the resin, by resuspend-
ing in 8 mL of TFA/DODT/TIS/H,0 (92.5:2.5:2.5:2.5) for 3 h. The
peptides were precipitated from the cleavage solution with diethyl
ether and centrifuged three times, in which the supernatant was
discarded and replaced with cold diethyl ether. The pellet was dried
under air flow.

Purification of peptides: Peptides were purified on an Akta pure
FPLC system (Marlborough, MA, USA) with a Luna 10u C18 100A
(250 mmx21.2 mm) reversed-phase column (Phenomenex Inc.,
Torrance, CA, USA) using a linear gradient of ACN and water with
0.1% TFA (v/v). UV-absorbance was monitored at 1=214 nm for
the unstapled peptides and at A =214 and 360 nm for the stapled
peptide. The collected fractions were analyzed by LC-MS and HPLC.
ACN and TFA were evaporated under nitrogen flow, and samples
were freeze-dried in a freeze dryer Alpha 1-4 (Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode, Germany). The lyophi-
lized peptides were stored at —80 °C until use.

Peptide stapling with DFAB: Solutions of 4 mM of LK,_;; peptide in
TFE and 4 mM of DFAB in ACN were initially prepared separately.
The DFAB solution was irradiated for 15 min with A=530 nm and
subsequently combined with the peptide solution resulting in a
final concentration of 2 mM. After the addition of 40 uM of DIPEA,
the reaction mixture was stirred in the dark overnight. The solvent
was evaporated under reduced pressure at 35°C. The crude product
was suspended in water and ACN 40% (v/v), containing 0,1% TFA
(v/v) and irradiated again with A =450 nm for 15 min for the further
purification."”

Liquid chromatography-mass spectrometry: The stapled and
unstapled peptides were verified by using a Single Quadrupole
system, consisting of an LC20AB liquid chromatograph, an SPD-
20 A UVNVIS detector and an LC-MS 2020 (Shimadzu Scientific
Instruments). To separate samples by LC, a Synergi 4 um fusion-RP
column (4.6x150 mm; Phenomenex Inc., Torrance, CA) was used
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with eluent A 0.1% (v/v) formic acid in water and eluent B 0.1% (v/
v) formic acid in methanol. The detection range was set from 500
to 2000 m/z.

Highperformance liquid chromatography analysis: The purity of
the peptides was analyzed by using an Agilent HPLC system
(Agilent, Santa Clara, CA, USA) consisting of a flexible pump
(G7104C), a vial sampler (G7129C), a multicolumn thermostat
(G7166A) with a Quick-connect heat exchanger (G7116-60051), and
a VWD detector (G7114A). Separation was performed on a Zorbax
300SB CN column (150%x4.6 mm), coupled with a Security guard
column (Phenomenex®) at 22°C with an ACN gradient increasing
from 20 to 100% ACN in water with 0.1% TFA over 30 min at a flow
rate of 1.0 mLmin~". Peptides were monitored at 1 =214 nm.

Irradiation time: All given irradiation times refer to the lamps used
for the tests. The specification of the lamps is given in Table S3.

Photocharacterization: The optical properties and the assessment
of quality of trans—cis isomerization and vice versa were analyzed
on a UV/Vis spectrometer Genesys 10S from Thermo Scientific.
Samples were filled in a QS quartz cuvette (10 mm) from Hellma
Analytics (Milheim, Germany) and the spectra were recorded
between the range of 200 to 650 nm. The exposure to light at
different wavelengths was performed by directly placing the
cuvette in a mirrored box (22x10%x14 cm) and maintaining the
distance of 1 cm from the light source. DFAB and 2Cys-OFAB were
dissolved in ACN at a concentration of 50 uM. The stapled peptide
was dissolved in ACN/water (20:80, v/v), resulting in a concen-
tration of 150 pM. Each irradiation lasted 15 min if not otherwise
stated. For the measurements with 617 nm, a solution of LKST,_;,
(150 uM) was irradiated in a quartz cuvette in a darkened box. The
distance between the cuvette and the lamp was 1 cm, with a long-
pass filter (Edmund Optics, 600 nm, PO #4500337369-00-21057)
attached between the lamp and the cuvette.

Photostability: 1=450 and 590 nm LED lamps were selected for
the reversible isomerization of stapled peptides. 150 uM of the
LKST,_,; in ACN/water (20:80, v/v) was irradiated, and UV-Vis
spectra were collected at 2, 5, 10, 15, 20, 25, 30, 35 and 40 min.
Changes in the absorbance (blue and red shift light exposure,
respectively) were monitored at =373 nm, corresponding to the
major band intensity differences between the trans and cis form
(mMaxAA,.ns-Aqs). In addition, photostability was analyzed by induc-
ing bidirectional isomerization for ten cycles.

Cis-trans isomer quantification: LKST,_;; was dissolved in water/
ACN 20% (v/v) and irradiated at different wavelengths (1 =450 and
590 nm) for different times. Briefly, 70 pL (200 uM) was analyzed by
HPLC, as indicated above. Peptide monitoring was performed at
the isosbestic point at A =272 nm. Quantification of the cis content
was determined by integration of the peaks detected at t;=8.73
and 10.22 min, corresponding to the trans and cis isomers,
respectively.

Cis-isomer half-life: The spontaneous reversion from cis to the
more thermodynamically stable trans state was carried out both in
water/ACN 50% (v/v) and pure water, keeping the stapled peptide
(150 uM) in the dark. After irradiation at A=590 nm for 22 min,
spectra were collected every 30 min over 4days. In order to
calculate the effective half-life of the cis isomer, the absorbance at
A=373 nm was used. As cis to trans isomerization follows first-order
kinetics, In((Ay-A.)/(A-A,)) was plotted against time. The half-life
was then calculated from the equation t,,, =In(2)/k."

Circular dichroism (CD) analysis of stapled peptides: Circular
dichroism (CD) spectra were obtained by a Jasco J-715 Spectropo-
larimeter with a Jasco PS-150J Spectropolarimeter Power Supply.
The samples were placed in a 1.0 mm path-length Quartz cell. CD
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was scanned from 190 to 300 nm with a setup of 1 s integration, 1-
nm-step resolution, and 10 nm bandwidth. The results from three
scans were averaged. The a-helicity was measured for LK, and
LK;_;; and LKST,_;; (150 uM). Unstapled peptides were dissolved in
50 mM phosphate buffer (PB, pH 7.4) TFE 50% (v/v) and 1 mM of
DTT, while the stapled peptide was dissolved in PB (pH 7.4):TFE
50% (v/v). CD spectra were recorded after light exposure (A =590
and 450 nm).

o-Helical content determination: For comparisons, molar residue
ellipticity (MRE) was determined by correcting spectra with peptide
concentration according to Equation (1). MRW is the mean residual
weight, ¢ is concentration in mgmL™", | the path length in mm."”

MRE (degcm?dmol ™) = [mdegrcew (1)

a-Helical content was calculated referring to the MRE at 222 nm,
assuming the 30000 value is found for 100% helical peptides
[Eq. (2)1.

[6]522

% o-helical content = 30000

x 100 (2)

Cytotoxicity: Cytotoxicity was tested in Hela (human cervical
cancer) and NIH 3T3 (murine embryotic fibroblast cells) cells,
respectively. Cells were maintained in RPMI 1640 (HeLa) and DMEM
(NIH 3T3) culture media containing 10% FBS and 1% P/S. Cells
were seeded in a 96-well plate (HeLa 5000 cells/100 pL/well, NIH
3T3 3000 cells/100 pL/well) and incubated at 37°C and 5% CO, for
24 h. To determine the cytotoxicity of LKST, ,;, a stock solution
(250 uM) was prepared and sterile filtered (0.22 um PES filter media)
prior to use. The stock solution was irradiated at A =450 nm for
10 min or at A=590 nm for 30 min, respectively. Both peptides
were diluted from 125 uM to 0.48 nM and added to the cells. Cells
were incubated for 24 h at 37°C and 5% CO,. After incubation,
10 ub WST-1 reagent were added to each well and cells were
incubated for 4 h at 37°C according to manufacturer instructions.
Every 30 min, cells were analyzed, and the absorbance of the
soluble formazan product at 450 nm as well as background noise at
630 nm were determined using an Infinite 200Pro (Tecan, Man-
nerdorf, Switzerland).

Setup for in-situ illumination NMR spectroscopy: The setup for in-
situ illumination NMR spectroscopy, including the electronic setup
with LED power device, the optical fiber, the NMR tube with the
screw connectors, was built according to the setup published by
Gschwind and co-workers with some modifications."**? NMR
spectra were recorded on an Avance Neo | 600 from Bruker. A PI
HR-TBP600S3-BBF/H/11B/D-5.0-Z DP probe was used for the
measurements of '°F NMR spectra using the Topspin 4.14 software
version.

Electronic setup: A real-time clock pulse (RCP) adapter box
(RCPBOX, Bruker) was connected with a RJ45 cable to the Avance
Neo | console providing 4 input and 4 output ports for the TTL
signals with a resolution of 80 MHz. A BNC cable connected one
TTL output with the LED power device. The following high power
LEDs were used for illumination: 385 nm, Luminus SST-10 UV,
powered with 4V, 1500 mA, 46 mW at the sample; 528 nm, OSRAM
Oslon SSL 80, powered with 3.5V, 1000 mA, 25 mW at the sample.
The optical power at the sample was measured with an 843-R
power meter equipped with an 818-UV/DB detector (200-1100 nm;
Newport) by bringing a LED-coupled fiber (Thorlabs, 4.5 m, original
with cladding), surrounded by the glass insert, perpendicularly in
direct contact with the round-shaped detector.
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Spectroscopy setup: an optical fiber with 1000 um core diameter
and 5.7 m length (Thorlabs, Custom Patch Cable-Fiber: FP1000URT,
Tubing: FT038, SMA to flat cleave large core) was used to guide the
LED light into the NMR tube. Jacketing and outer cladding were
removed by using a stripping tool (Thorlabs, M44S63 Fiber
Stripping Tool) to make the fiber fit into the glass insert of the NMR
tube. In the receiver coil area, the fiber was roughened with the
help of a diamond needle file (Heson $2012/D30) at a length of
38 mm allowing radial illumination. The fiber end was in contact
with the glass insert, which touched the bottom of the NMR tube.

The LED housing consists of a cubic box with detachable walls and
cover, providing space for three LED-heat sink combinations. Each
LED board covered with heat-conducting paste (Fischer-Elektronik-
Warmeleitpaste, LT-3251) was screwed on a metal disk, which was
then screwed together with commercially available heat sinks. The
respective heat sink-LED combination was mounted on a height-
adjustable post holder (Thorlabs, TR40/M and PH40/M). Coupling
the LED and fiber was carried out by placing the LED as near as
possible in front of a fiber connector adapter (Thorlabs, SMTMA,
CP33/M) with the help of assembly rods (Thorlabs, ER2-P4). Silicone
lenses were cut off from the LEDs.

During the actual experiment, the fiber protected by a coaxial glass
insert (NI5CCI-B-QTZ, Eurisotop) was inserted into a 600 MHz
amberized 17.8cm (7) NMR tube (S-5-600-AT-7, Eurisotop). A
customized screw cap, a union nut, and O-rings (Ludwig Meister
270-OR 4.00X 1.00 and 270-OR 5.00X 1.00) allowed an airtight
connection of the NMR tube and coaxial insert. In a similar fashion,
a plastic tube with a second screw connection was manufactured in
order to stabilize the fiber and tightly connect it with the coaxial
insert.

Investigation of the photoisomerization processes in the optical
fiber-based NMR illumination setup: A degassed solution of DFAB
in [Dslacetonitrile (0.08 M, 0.2 mL) was irradiated by using the
above-described setup. To this end, a pulse sequence was written
which allowed for the illumination within a defined period of time.
At the end of this period the LED was turned off and a standard
pulse sequence for the acquisition of a quantitative '"F NMR
spectrum with 8 scans and a relaxation time of 3 s followed. The
LED was then turned back on and the cycle was iterated a given
number of times. First, the DFAB sample was irradiated with
385 nm UV light for 15 min until the photostationary state (PSS)
was reached. Then the sample was irradiated with 528 nm green
light for short time intervals to determine the trans—cis bulk
photoconversion rate constant in the given setup. After reaching
the equilibrium the sample was again irradiated with 385 nm light
for short time intervals to determine the cis—trans bulk photo-
conversion rate constant in the given setup. The photoinduced
isomerization process can be illustrated as follows:

conv 1 conv
k trans_cis (hv) trans_cis (hvs)
_ > . -
trans < cIs trans < CIs
/ conv i conv
k cis_trans (hv) k cis_trans (hvs)

At a given wavelength hv, and light intensity /, the trans isomer is
converted to the cis with a given conversion rate constant ko ..
The same wavelength also enables the reverse reaction with rate
constant k' > . The same applies to the cis to trans isomerization.
Azobenzene photoswitches usually undergo a thermal cis to trans
isomerization but since perfluorinated azobenzenes show high
thermal stabilities, this influence will be neglected in this derivation
of rate constants.®? Therefore, a pseudo first order reversible
reaction kinetics is assumed for the above illustrated process, as

described mathematically in the literature.”? [Eq. (3)]
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dtrans
[(;t L g ftrans] + ko, [cis) = —Ken_ trans]
+k/c?so_nr\rlans([trans}0 + [Cis]o - [tanS]) (3)

— (kCOnV + k/ conv) [t.rans] + k/ conv Ctot

transcs CiStrans CiStrans

[trans] represents the concentration of trans isomer at a given time
t and ¢, the total concentration of DFAB sample. As DFAB in PSS
always exists as a mixture of trans and cis isomers, the initial
concentrations [trans], and [cis], do not equal zero.

With the expression for the equilibrium constant (for a given
wavelength and light intensity) at the PSS [Eq. (4)]

conv i
conv _ trans_cis __ [CIS} eq

wons s = o om = Ttrans]o, (4)

cis_trans

and the expression for the equilibrium concentration [trans],
[Eq. (5)]

K conv -
_ cis_trans tot
[trans]eq - kconv + k! conv (5)

trans_cis cis_trans

Equation (1) may be expressed as Equation (6):

[trans] — [trans]
| eq — _ (kconv 1% c‘onv) .
n <[trans]0 — [trans]., wanso, + K, ) ©)

[trans)—[trans]eq

By plotting In(m) against t, a linear regression with slope
m equal to —(Kyans cis+K'eis wans) Can be obtained. Subsequently,
ko and K % can be calculated from Equation (4) as follows

trans _cis cis_trans

[Egs (7) and (8)]:

keonv _ m
trans_cis [trans]e, 7
1 + [cis]eqq ( )

K conv o m
cis_trans 1 + [ [cis]eq (8)

transleq

and k/ conv

trans _cis

By analogy, the values for k& for the cis to trans

cis_trans
isomerization can be derived.
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