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1. Introduction

1.1. Operational photocontrol of biological processs

Development of a new pharmacological agent is amemely time- and effort-
consuming process: on the way from a lead to adwes) plenty of complications are faced.
Most often low bioavailability, reduced tissuedrug selectivity, presence of side effects, and
poor overall biostability are the main “unforese@mndblems encountered in the earwivo
translational experimerité Often these problems are attributed to the ifsafit
pharmacokinetics of the pharmaceutical agent, dug. to non-specific tissue absorption,
peculiarities of the distribution, metabolism anxcretion pathways in a particular test
organismi. For example, most anti-cancer drugs act throbghrtterference with the process
of cell division during mitosfs As a result of low selectivity, besides tumorigethey are
affecting other fast-dividing pluripotent cells anliving organism Another problem of the
practical drug application is the adaptation oftdngeted cells which leads to resistance, like
most widely discussed rapid development of acquémtibiotic resistance by bactétidue
to the narrow therapeutic index, antibiotics areemmfused at the suboptimal concentrations
allowing and even stimulating bacteria to evolvi® iresistant variants. Luckily, many of the
abovementioned problems could be coped with alreadyne agent design stage if additional
controllers are built-in as obligatory design elemse

One of the most attractive ways to achieve suckxara handle is using the concept
of dynamic photocontr6f**°*! This is because light is non-invasive, easilyrtanipulate
and orthogonal to most biological stimuli, whichteutially allows precise spatial and
temporal control. Using light for dynamic control a therapeutic agent is a subject of
photopharmacology that is actively developing icerg year¥. The main applied areas of
photopharmacology are photodynamic and photothetinesépies, controlled drug and gene
delivery.

The photodynamic therapy (PDT) utilizes special enales, photosensitizers, which
under irradiation with light generate active spesa oxygen 10,)* or nitric oxide (NOY*.
The presence of these at illuminated locationsesmummediate local cytotoxic effect of high
temporal efficiency. In the photothermal therap¥ TPthe light is used to heat the tissues in
the range of 41-47°C for several mindfe§he heating causes irreversible damage of the

tissues in the light-exposed areas. Addition ofgexmus dyes and nanoparticles is used to



increase the absorption of light and promote th&rdetive effect. The PDT and PTT are
widely used, in particular for the treatment of oanand infectious diseases.

In the photocontrolled drug delivery approacheshiotogically active agent is either
deactivated by protecting the pharmacophore wiffhatocleavable group or encapsulated
into a photoresponsive entrapping material. In fovener, the “photocaging” strategy, the
light stimulus is used to activate systemically adstered caged molecules, which can be
small drugs, proteins, or nucleic acitfs. Not only time, but also dosage and location can b
precisely controlled by the intensity and duratioihthe activating light signal. Though
typical biological tissues are insufficiently trg@sent to visual light, the use of the two-
photon excitation, e.g. employing the near-infrdiglt allows overcoming the problem. The
photochemical internalization strategy, the “ph@pping”’, most often employs
nanostructures loaded with the biologically actagents, which could change their loading
capacity such that entrapped material could beaseld upon triggering signal of light.
Different surface-modified metal nanoparti¢fesdendritic and polymeric nanomaterid)s
vesicled® and mesoporous silica-based nanoparfitlesve been validated as promising
photo-traps foin vivo applications. These nanostructures besides cgrtiim cargo usually
have better (at least different) pharmacokinetapprties than the carried active agent itself.
For example, they can co-deliver inside the celletiaes which normally cannot cross the
cell membrane.

Another large area within current medicinal photphacology is the exploitation of
molecular photoswitches — small organic moleculepable of undergoing reversible
photoisomerization reactiotfs Typically within related structure-function paigeh, specific
biological effect of a therapeutic agent is manddsthrough its interaction with a particular
(mostly proteinous in chemical nature) target, Wwhaould be functionally a receptor, an
enzyme or an ion chanf@l The modification of the drug molecule with a pswitch
permits easy structure manipulation allowing indiraegulation of its macroscopic
characteristics such as shape and hydrophobicttyaara result to control its interaction with
the target.

The incorporation of molecular photoswitches in@pides or proteins shifts the
control handle of their structures and functionsh® process of switch photoisomerization.
Here the relative strength of the photoinduced whne conformational transition of the
photoswitch) to the overall size of the modifiedjed (the polypeptide) starts playing
important role. The switch isomerization could be week to propagate structural changes to

the whole polypeptide (if the polypeptide is large}he switch could be itself too large as an
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add-on moiety and completely destroy the origirggtme function (if the polypeptide is too
small). Therefore it is crucially important to umsiand general principles and to investigate
structural effects of the isomerization processafioy novel molecular photoswitch, or a new
way of the switch installation. In particular, foreating a photoswitchable peptide-modifying
unit, on the structure and function of model polyies, including small peptid€s Such
studies are not only of a fundamental interesty #leo generate new drug leads as various
bioactive peptides are present in living systemse Thosen objects of the studies can
themselves become promising targets for modificatidh molecular switches.

1.2. Molecular photoswitches

In recent years chemically engineered photoswiteheiimpounds have become more
and more popular tools for addressing differentdgical questions and a variety of synthetic
photoswitches have been designed. Most of the krivatochromic systems undergo either
cis/transisomerization of a double bond or unimolecularigedic reaction (Figure 1.1.).
Molecular photoswitches are logically classified@cling to changes that are occurring upon
photoisomerization. The changes may involve aliemadf the geometrical structure, polarity,
oxidation/reduction potential, fluorescence and eotlphysical properties. In cases of
azobenzene, stilbene, spiropyran, and hemithiomdighotoswitches thecis/trans
isomerization occurs during the interaction witght. This results in significant geometric
and steric alterations as the consequence of tlitehsmg process. The azobenzenes and
spiropyrans are especially useful for reversibbating the steric butk Essentially different
situation is observed in diarylethene and fulgigisteams where changes in conformational
flexibility can be generated through switching @sg, while geometrical changes are usually
not so large.

For advantageous biological applications the plvatokes are required to
additionally possess other physical propertieshsag (i) being able to undergo sufficiently
fast photoisomerization, (ii) demonstrating higlagtum yields especially at the wavelengths
nondestructive for living cells, and (iii) exhilmg high fatigue resistance in aqueous
environment¥. Besides, one of the particularly important reguients is a high thermal
stability of both photoforms. Usually, the photogeated colored isomers are thermally
unstable and convert to the initial state withatadiation. Thermally reversible compounds
(classified as T-type molecular switches, Figuded,.1.1.b, 1.1.c) are the majority of known

photochromic compounds, including azobenzenes ampyrans. In contrast, stilbenes,
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furylfulgides, and diarylethenes (DAETs) with heteyclic aryl groups belong to the
thermally irreversible (P-type) photochromic compds (Figure 1.1.a, 1.1.d, 1.l1.e).
Obviously, last three structures are the most metsge candidates for the development of

technically applicable photoswitches.

R R
1 1 uv
R 1 \ R 4’
S S Vis
R 0
uv
—_—
e P Y
Vis
R'" R® O
X=0,N

Figure 1.1. Overview of the photoinduced forms for the mostdisd molecular
photoswitches: (a) azobenzenes (X=N), stilbenes CjX=(b) hemithioindigos; (c)

spiropyrans; (d) diarylethenes; (e) fulgides (Y=@pd fulgimides (Y=N).
1.3. DAETSs as promising photoswitches

From the practical perspective of photoswitchesliegion in biological systems
DAETSs are the most promising candidates among B-pjptoswitches for several reasons.
A major drawback of stilbenes is their tendencymalergo irreversible oxidation in tlogs
form®. Furylfulgides and related compounds also pospess chemical stabilify. On the
contrast, DAETs advantageously differ from stilce@ad furylfulgides in their remarkably

high fatigue resistance. The cycle of switchingissn two forms by the alternate irradiation
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with UV or visible light could be repeated more ntha0 000 times without apparent
chromophore degradatith Both ring-cyclisation and ring-opening processesur rapidly

in the picosecond time scale. These features suggdsTs as preferable scaffold of the all
known DAE-based structures for applications in émgineered photocontrolled biological

processes.
1.3.1. Synthesis of DAETs

Among large number of synthesized and studied DAB&Imost commonly used are
diarylperfluorocyclopentenés These compounds can be prepared in a very siaple
reliable way shown in the Scheme 1.1. Both symmedrid non-symmetric DAETs with
various heterocyclic aryl groups could be obtaibgdhe reaction of perfluorocyclopentenes
with aryllithium. The use of the equimolar amourdk the perfluorocyclopentene and
aryllithium leads to mono-substituted perfluoroomdntenes which can subsequently be

applied for the synthesis of non-symmetric DAETs

R  Br F
o
F BULi/THF -78 °C
2eq /Z/—\g\ + D Q Fy
R1 E—
Y F F

Scheme 1.1. Synthesis of diarylperfluorocyclopentenes throughe reaction of

Y=0,S, Se,NR

perfluorocyclopentene with aryllithium.

In 2003, Feringa and coworkers proposed an aliemavay for synthesis of the
DAETs possessing a non-fluorinated aliphatic 7inghe synthetic approach is based on the
acylation of heterocyclic derivatives, followed lyMcMurry intramolecular ring-closing
reactiorf®. The original example is shown in the SchemeTh2. key step is the formation of
a new ethylene group during cyclisation of the esponding 1,5-diaryl-1,5-diketorieinto
diarylethene2a. Based on the McMurry coupling, the DAETs withfelieént aryl groups and
four- to six-membered aliphatic rings were synthed?*°

12
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0 0
& CI(0)C(CH,)5C(O)CI TICl(THF)3.2n
CI/Q\ — / \ / \ ey A YA
S CI™ g s~ Cl
1 2a

Scheme 1.2. McMurry pathway to dithienylcyclopentenes.
1.3.2. Physical and chemical properties of DAETs

The first example of the thermally irreversible fahromic DAET was reported in
1988 by Irie et af’. Since then various types of DAETs having thiogheindole, furan,
thiazole, and selenophene aryl groups have begramm@ Major synthetic developments
were directed towards increase in the thermal lgtabf DAETs and their fatigue resistance
during photochromic reactions.

Theoretical” and experimentdl investigations of the DAETs revealed that the rifadr
stability of the closed-ring isomers depends oedhmain factors: (i) stabilization energy of
the aromatic groups, (ii) electronic propertieshd substituents at the aryl groups, and (iii)
steric repulsion of the substituents at the reaatawrbons.

It was shown (factor i), that when aryl groupsénéow aromatic stabilization energies
like in the cases of thiophene, furyl, or benzgphiene groups, the closed-ring isomers
become thermally stable. At the same time, whehgroups have high aromatic stabilization
energies like in the cases of phenyl, indolyl, grrplyl groups, the closed forms appear
thermally reversible. Direct correlation betweea #tomatic stabilization energies of the aryl
aromatic systems (Table 1.1.) and the thermallitabbuld be therefore drawh®

Table 1.1.Aromatic stabilization energies for different amtin system®

Group Energy [kcal/mol]

phenyl 27.7
pyrrolyl 13.8
furyl 9.1
thienyl 4.7

Introduction of the electron-withdrawing substitteeat the aryl group (factor ii) leads
to decrease the thermal stability of the closed-fiorms. The effect is explained by the

weakening of the reactive carbon-carbon bonds énptiotogenerated closed-ring isonters
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On the other hand, introduction the electron-dawgatiroups stabilizes the formed carbon-
carbon bond in the closed-ring isomers. Howeveth ssubstitution decreases at the same
time the oxidation/reduction potential of the DAE@ad makes them more sensitive to
oxidatior?".

Bulky substituents at the reacting positions (fadatpalso have been demonstrated to
enhance thermal reversibility of the closed-ringniers>>*? These studies established inverse
proportional relationship between the thermal $itgband theoretically calculated bond
length linking the reactive carbon atofiis
Another important property of the molecular photishes is their fatigue resistance — the
ability to undergo photochromic transformationshwitit destruction. In the photoswitching
process, interaction of a photochromic compound Vigtht leads to particular rearrangement
of chemical bonds. However, undesirable side reastcan take place during this process.
The equation below illustrates the photochromicvession between compounds and B
(quantum yieldsPa g and ®g_ ) accompanied by a non-reversible side reactiodireato
the compoundB' with the quantum yieldbs. Formation of the sid@roducts limits the
number of possible photochromic cycles. Even if side reaction quantum yiels is as
small as, for example, 0.01, 40% of the initial aimoof A will be decomposed after 50
cycles of coloration/decoloration.

® s As D A>3
A _-— B
)\.2, CD B> A

Bl

The fatigue resistance of several DAET derivativieas been quantitatively
measurett*® Selective examples are shown in the Table 1.2.

From these and similar studies two factors — owdattability and nature of
rearrangements were concluded to determine theopi@mic stability of DAETs. For
example, compoun8a showed low durability in the presence of oxyger ttuendoperoxide
formation by reaction with the photogenerated singkygen®® The stability of this DAET
increased remarkably when benzothiophenes weretitsubdd for the thiophene rings
(compound6a)®. The benzothiophene derivatives were found to hbstter oxidation
stability, suggesting therefore that the oxidastability might be a reason for the enhanced

photostability.
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Table 1.2.Fatigue resistance of DAETSs.

Number of repeatable cycles
Compound Reference
presence of oxygen absence of oxygen

3a 70 480 34
4a 3.7 x 16 1.0x1d 35
5a >1.3 x 14 - 25
(in
methylcyclohexene)

80 (in hexane) 200 (in hexane) 36
>10* (in crystal)

200 (in hexane) > 2 x 10 (in hexane) 36

8a > 10 - 37

HO OH

*The number of photochromic cycles at which theaaspson of the open-ring isomer has decreased # 80
compared to initial cycle.

In another study, the difference in fatigue resistaof compoundéa and7a provided the
clue for understanding the nature of molecular resmyements underlying the
photodestructioff. CompoundZa differ from 6a by additional methyl groups at the 4- and 4'-
positions of the thiophene rings. The absorbance¢hefcolorless form of compounta

remained almost constant during coloration/dectilmma while the absorbance da
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significantly decreased already after 200 cyclephatostable violet-colored by-product was
isolated from the fatigued solution 6&. The molecular structure of the by-product was
determined by X-ray crystallographic analysis asiamembered fused-ring structuge
(Figure 1.2.). It appears that in the oxygen-freeir®@nment the rearrangement leading to the
by-products of this type is the main fatigue degtamh process of the dithienylethenes
lacking substituents at the 4- and 4'-positionthefthiophene ring.

D

side reaction

Figure 1.2. The by-product formation during fatigue degradatbf the DAET molecule with

free 4-,4'-positions of the thiophene rings.

The overwhelming majority of studied DAETs are giperfluorocyclopentenes,
presumably due to convenience of the synthetic cgmres to theffl Besides, the
perfluorinated five-membered ring, as was demotedran the above example, provides the
DAET molecules with additional oxidative stabilityluring photochromic cycles.
Corresponding dithienylcyclopentenes generally destrated lower fatigue stability

2137 Therefore,

comparing to the fluorinated counterparts (e.g. @©oumd 8a)
dithienylcyclopentene-containing DAETs are inappiaie to be used in photoelectronic
devices, but they have found broad applicationtireis technologies were the large number
of switching cycles is not requirddFor example, fatigue resistance is not a linotatior
photoactivated one-step drug releasing systemsubectheir functions are accomplished
after a single transformation to the active formesi@les, the non-fluorinated DAETSs are less
hydrophobic and their molecules are less bulky @mnpg to the fluorinated analogues.
Optical properties of the photoswitches are obwiousost critical for any light-
controlled application. Typical changes in the apson spectrum of a DAET derivative
upon photoisomerization are shown in the Figure Typically, the open-ring isomers of
DAETs have absorption bands at shorter wavelentjtas the closed-ring isomers. Most
DAETs show very large spectral shifts upon photoisozation. Ther-electrons delocalize
throughout the two fused thiophene rings in thes@tbring isomers and the delocalization

path extends further to the substituents at thé @angs. Notably, the maxima in the
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absorption spectra of the closed-ring isomers gtyodepend on the type of substituents at
the aryl ring8".

300 400 500 600
Wavelength (nm)
Figure 1.3. Absorption spectra of DAETs exemplified by the pmmmd 7. Blue line

corresponds to open-ring for@a; red line — to the closed-ring forib. Adapted from ref'.

Photochromic compounds that have the absorbanastsdnifted to the “red” region
(600-830 nm) have been considered more advantadeotie application in optical memory
media. The use of the long-wavelength light for thleotoisomerization is also more
preferable for bio-applications, mostly due to éetissue penetrating ability of the long-
wave light. In an attempt to develop a near-inlalght-sensitive photochromic DAET
compounds, the effects of substituents on theiorii®n maxima was examined. Figure 1.4.
summarizes typical absorption maxima of the clasegl- isomer§> 343242434445 Mgt
important factors that determine the absorptionfilerdor DAETs were found in these
studies. The absorption spectra of the open-riogés were shown to depend on the nature
of the cycloalkene moiety. The closed-ring isomfethe maleic anhydride derivativi®b had
the absorption bands shifted to the longer wavelengwhen compared with the
perfluorocyclopentene derivatiab. Expansion of tha-conjugated chain by introduction of
phenyl groups at the 5- and 5'-positions of theghéene rings (compouritb) resulted in a
bathochromic shift. Compoundb had the long-wave maximum shifted to 562 nm,
comparing to 534 fotOb.

The absorption maximum can be shifted even fur{t®@/597 nm) by incorporation
electron-donating diethyl amino groups at the 4 dhpositions of the phenyl substituents,
compound 12b*. Useful insights were documented in studies ofrramgtrical DAETS
possessing an indole at one side and a thiophettee atther side of the molecules. The
maleic anhydride derivativilb gave an absorption maximum at 578'Am
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10b, Am = 534 nm 3b, Km =550 nm 11b, }\'m =578 nm

16b, A, = 665 nm 17b, Am = 828 nm

Figure 1.4. Absorption maxima of the selected closed-ring &smf DAETE"30424546.47

Introductions of an electron-donating group intadle ring (3b) or an electron-
withdrawing group into the thiophene rinj4) were both shown to shift the absorption
maxima to longer wavelengths. Simultaneous preseasfcdoth electron-donating and
electron-withdrawing substituents was shown to eaaen larger shifts: to 680 nm 1bb
and to 665 nm for the perfluorocyclopentene anaofbb. Moreover, introduction of a
strong electron-donating benzodithiole substituamd a strong electron-withdrawing
dicyanoethylene substituent at the 5- and 5'-pmsstiof the thiophene rings coursed
significant shift of the absorption maximum of #esed-ring isomet7b to 828 nn>.
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Another practically important absorption charastéei is the molar absorption
coefficient. High sensitivity requires high molaosarption coefficients and high quantum
yields. In general, introduction of electron-riakbstituents or large-conjugated systems in
DAETs was shown to effectively increase both thexpeeters®*°

It has been shown that DAETs with five-memberecketostyclic rings populate two
conformations in solution: parallel §8ymmetry) and antiparallel §&ymmetry§**>*2 The
ratio of the two conformations is normally aroundl.1As shown in the Fig.1.5, the
photocyclization reaction can proceed only with AET molecules in the antiparallel
conformation. Therefore, the cyclization quantumlds cannot exceed the molar fraction of
the antiparallel conformation.

open form
anti-parallel
\hv
I
closed form

Figure 1.5. Parallel and anti-parallel conformations of DAETsthe photoisomerization

process.

Literature quantum vyields of several DAETs with :-tatios are summarized in the
Table 1.3. The parallel/antiparallel ratio of thenformers could be shifted by steric
constrains in the molecules causing one of the acamdtions to be energetically more
favorable. To enhance the quantum yield it is tloeeenecessary to increase the abundance
of the antiparallel conformation. One way to dstiwias suggested to be through introduction
of bulky substituents to the thiophene rings. Seffiect was illustrated on DAETs with
benzothiophene rings substituted by isopropyl gsaafithe 2- and 2'—positiofisin line with
this observation, for compounds and12a almost all photoexcited molecules were present

in the antiparallel conformation. The actual quamtzields were therefore close to 1.
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Table 1.3.Quantum yields of cyclisation and cycloreversieaations for selected DAETS.

Compound Quantum yields Reference

cyclization cycloreversion

10 0.21 0.13 46
6 0.68 0.013 36

0.46 0.015 36
12 0.37 0.0025 42
8* 0.9 0.025 37

*ratio of conformers is shifted to anti-parallel.

Another approach to increase the antiparallel aonébion population was shown for
DAET molecules confined in a hollow host. Since iMET molecules in the antiparallel
conformation have extended rod-like structures simalild be more compact in the parallel
conformation, the shape difference can be usedtabilize one of the conformations.

Cyclodextrins were suggested as the host moleéoiehis purposg°2°3

parallel

Figure 1.6. Schematic illustration of the DAEDBa in anti-parallel conformation included

into cyclodextrin cavity.

If the cyclodextrin cavity fits more to the rodlilséructure than the compact structure,
the latter is rejected from the cavity (Figure L.8ndeed, compound8a demonstrated
increased ratio of the antiparallel conformationd ahigher quantum vyield of the

cycloconversion in the presence [®f or y-cyclodextrins. Such “external” modulation of
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photochromic properties of DAETs was called “gatgmhotochromism™. Gated
photochromism have been extensively studied forfeidiht applications including
photosensors and probes for controlling variousmib@ and physical properties with

Iight37,55,56
1.3.3. DAET-based fluorescent probes

Since the photoisomerization of DAETs can modulateir fluorescence
characteristics, several attempts were done to®npAETs for fluorescent bioimaging®
Notably, DAETs have been known to exhibit the fesmence only in the open-ring forms.

Generally DAETs do not show strong intrinsic flusgcence. To improve the
fluorescence quantum vyield the DAETs could be mediby introduction of an additional
fluorophore. Some examples of employing additiatabmophores, such as anthracene, 4-
amino-N-methylphthalimide, 2,4,5-triphenylimidazolp-phenylethene are shown in the
Figure 1.7°%:6061.6263

Another approach to optimize the DAETSs fluoresqaafperties consists in oxidation
of the sulfur atoms in the heteroaromatic rfif§3 The changes of the sulphur oxidation level
strongly influenced the fluorescent and photochmonproperties in benzothiophene
containing DAETSs, as shown in Figure 1.8. The fasmence of closed-ring forB8b became
stronger comparing to the open-ring fo2®a Such a high fluorescence quantum yield of the
closed-isomer like found f&3b is unique to the oxidized DAETS.

These and similar fluorescent DAETs could be usafulabels for probing the DAET
microenvironment, e.g. within intracellular objectsganelles, or in particular, be used as
membrane fluorescent probes. For example comp20adhowed a positive solvatochromic
effect of the emission maxima, and its fluorescemqeantum yield decreased in proportion to

the solvent polarity increas&d
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Figure 1.7. Different fluorophores conjugated with the diatilene moiety in order to
improve the DAET fluorescence properties (fraf? %425,

a
m-CPBA 3 1F
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Figure 1.8. (a) Oxidation reaction by m-chloroperbenzoic acid 5a into 23a; (b)
photoisomerization of DAER3; (c) and (d) are the fluorescence spectraSofind 23,

respectively; solid line — open-ring isomers; ddttae — closed-ring isomers. Adapted from
ref. .
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1.3.4. Applications of DAETSs in biological systems

Besides a broad application in photonic devices DAARave found important use in
biochemistry, biotechnology and cell biology, inrtpaular, for development of biosensors,
analysis of biological dynamics, and in live ceflaging.

Namely, fluorescent DAET-derivatives have been usatkvelop probes for detection
of metal ions. These probes are useful for ingasttn of environmental and biochemical
processes in which metal ions such aé*Zme essential. The probe molecules combine the
ion-sensing and DAET units. In one example, a ptiotmmic thiophene-containing DAET
was linked with terpyridine units via a phenyleirér (compound®63)®. In another work,

a DAET-derived Schiff base ligand was synthesizedmpound 24a°". Metal ion
coordination to such compounds gave rise to a séder changes in the emission band
intensity and wavelength maximum.

A DAET-based compound was reported in an applinatior photocontrollable
fluorescent labeling of biomolecuf8s The compound featured a photochromic DAET
moiety, a fluorescein-derived fluorophore, and amne-reactive succinimidyl ester fragment
(Figure 1.9., compound27a). This DAET derivative displayed modulation ofeth
intramolecular energy transfer from the fluorophooethe DAET moiety by light. The
fluorescence oR7a quenched upon photocyclization because of thetisgpamverlap of the
absorption band of the closed-ring form (acceptoth the emission band of the fluorophore
unit (donor). Owing to the DAET moiety photoisonzation the fluorescence intensity of the
compound decreased significantly upon irradiatiothwJV light but could be fully
recovered after irradiation with visible light.

An amphiphilic DAET derivative composed of hydrojahiand hydrophobic chains
attached to the aryl groups of DAET core has bearldped as a photoswitchable probe for
living cells imaging (Figure 1.9., compou2$a®. It was used as a cell-permeable cellular
biomarker with low cytotoxicity. The molecule forohstable (vesicle-like) nanostructures in
agueous solutions. Isomerization to the closed{iong is accompanied by fluorescence self-
guenching due to extension of theelectron delocalization. This chromophore showed
reversibility of the fluorescence switching insidee cell. It demonstrated descent
biocompatibility and low toxicity that was confirgievith an MTT assay and trypan blue
staining, used to measure the cell viability.
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Figure 1.9. Selected fluorescent probes developed for bickbgapplications constructed
through conjugation of the DAET unit with an esistéd fluorophore (fror®67¢85.

In another study, reversibly photoswitchable deamdnanoclusters for fluorescence
imagingin vivo were develop€d. Dendrimers oligomerized with a DEAT derivativess-
linker to form a nanocluster, which was labeledhvétstandard fluorophore. The DAET unit
was able to reversibly quench the fluorescenceheffluorophore inside the nanocluster
through fluorescence resonance energy transfer TlEREhis effect was demonstrated using
HelLa cell cultures and imn vivo experiments with zebrafish where these dendrimeric
nanoclusters repeatedly switched “on” and “off” lwitontrast inside the cells without any

apparent toxicity.
1.4. Membrane-active peptides

Membrane-active peptides are a class of peptidessevhmacroscopic biological
activity is propagated through interaction withlgeembranes. The major group of them is
various membrane-damaging cytotoxic peptides. Perllae most well-established are the
so-called antimicrobial peptides (AMPs) that aregnal parts of innate immune systems of
virtually all multicellular organisms and functidhaserve as the first-line host defense tools
against opportunistic microorganisth& The antimicrobial membrane-active peptides are
frequently believed to share such common featuses amall size (6-59 residues), high
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positive net charge (abundant in Arg and Lys ressjluand the ability to adopt simple
amphipathic secondary structures (ecghelical or pB-sheet) in the presence of lipid
membranes'’* Notably, some of the AMPs have pre-defined stmext already in aqueous
environments, i.e. even before binding to the memdy for instance due to the cyclic overall
structure or constrains imposed by disulfide brgdge

The mechanisms of action of AMPs were establishednanifest through the
unspecific binding to the lipid bilayers of cell mbranes, followed by enhanced membrane
permeabilization and collapse of the transmembrmaeetrochemical gradients. Different
mechanistic models of particular AMP/membrane adBons have been proposed. The
“barrel-stave” and “wormhole” models assume that gVl especiallyu-helix structured,
collectively form transmembrane permanent or temtspores in membrane bilay€tsThese
models are favored for thehelically structured peptides and require peptiohsertion into
the membrane. Alternative, “carpet” or “detergekél mechanism of action was proposed
for the AMPs that are not inserted deeply intolipiel bilayer, but rather bind peripherally to
its surface and cause mechanic membrane disineyettthe threshold concentratidhs

Despite abovementioned common features and modespoide-bilayer interactions,
the spectra of species-specific activities for ipalar AMPs are known to vary
significantly®’""® The attempts to rationalize these across-kingdelectivity observations
centered around general differences in the lipihmasition of the pro- and eukaryotic cell
membranes. Explanations took into account protagtion of the degree of lipid saturation,
the presence of sterols, bilayer thickness andature, but most often the net charge of the
plasmalemma and the across-membrane potential. sSEhectivity against bacteria in
particular was explained by the higher affinitytbé highly cationic AMPs to the negatively
charged bacterial cell membranes. Noted by sineitemnotations with respect to the overall
negative cell-surface charge of the transformed¢@anells, some AMPs have been studied
as non-specific membranolytic anticancer agentewsHl indeed cytotoxic effects on the
cancer cells and were therefore postulated as pnogntherapeutic agents for the cancer
treatment’.

1.4.1. Peptides employed in this study

Several structurally different membrane active s, namely: a cyclic Gramicidin
S, ap-stranded fragment of the polycatiofiisheet [KIGAKI];, a short-helical BP100, and
ap-hairpin-folded SVS-1 have been used in this study.
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Gramicidin S (GS) is a cyclic decapeptide antilsiotith a sequence afyclaVal-
Orn-Leu®Phe-Pro) that was isolated from the soil bacteridmeurinibacillus migulanus
(formerly Brevibacillus brevisin 1942°%. It has antiparalle-sheet conformation stabilized
with two type II' B-turns formed around thBPhe-Pro fragments. The GS molecule is
amphipathic: two polar positively charged ornithgiée-chains are directed to one side of the
B-sheet while four hydrophobic side-chains are pointo the opposite directi8h GS shows
activity against broad spectrum of Gram-positivel &ram-negative bacteria, pathogenic
fungi®®>. However, due to the high hemolytic activity itised only for topical applications.

The cationic peptide [KIGAKY is a model peptide that was designed as an ideal
amphipathig-strand with antimicrobial activif§. This peptide was used for the study of the
B-aggregation in membranes, where it was shown tptad highly amphipathi@-sheet
structure when bound to the lipid bilayer at eledatoncentrations. Comparing to tee
helical peptides from which it was originated, fKéGAKI] 3 has shown higher antimicrobial
activities and was less hemolytic, therefore ipaentiated as a promising antimicrobial
agent.

BP100 (KKLFKKILKYL-NH ) is a short cecropin A-melittin hybrid peptide aied
through a combinatorial chemistry appro¥clt is active against Gram-negative bacteria and
was shown to be effective im vivo tests for growth inhibition of the plant pathogeni
bacteria. In the case of eukaryotic cells it wasnshto act as a cell-penetrating peptidend
recently also its fusogenic activity in the modeimbranes was showh

SVS-1 [KVKVKVKV PPPTKVKVKVK-NH2] is an 18-residue peptide that was
designed to adopt an amphipathehairpin when bound to negatively charged cell
membranée¥. It is constructed of two strands of alternatetineaand lysine residues being
connected by a type B-turn fragment (-VPPT-). The peptide was shown to possess toxicity
against cancer cells and at the same time redua@aligtic potential. This selectivity of the
peptide was attributed to the ability opaheet to self-assemble in the presence of negjative
charged cancer cell membrane. The all-D isomehefpeptide was shown to have the same
cytolytic properties, thus SVS-1 was concludeddbthrough direct membrane lysis and not
to involve any receptor-mediated process. Also esrdrol peptide an analogue (SVS-2) was
studied. SVS-2 contains only single residue suligiit: here L-proline is used instead of
original D-proline. Such minimal modification desys B-turn and disables therefore
formation of thep-hairpin. Consequently, SVS-2 appeared not to hauelytic activity

against cancer ceffs
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1.5. Photocontrol of the peptide conformation andunction

Three principally different methods that were usedncorporate photoresponsive
switches in peptides were described in the liteeafbigure 1.10.).

It should be noted that in all studies except affeports the molecular switches other
than DAETs were used until n8(#® Most often, the azobenzene fragments were
incorporated into peptides as the photoswitchingsuhis imposed some restrictions on
application of the photoswitchable peptides dudinutations known for the azobenzenes.
The main problems were thermoreversibility of azatemes, their low chemical stability and
non-complete conversion efficiency between the farons. Therefore, the use of DAET-

based fragments that are free of these disadvanisdpghly promising (see Chapter 1.3.).

swntc Side Chain
B

SWItC O
’ or H2 N—u—OH
pephde

c sﬁ( HWAS

{9 ,07

peptide

Figure 1.10. Main approaches used to modify peptides with nuddecswitches. (a)

Incorporation of the amino acid derivatives withopbresponsive side-chains into peptides.
(b) Introduction of molecular switches directlyarthe backbone of cyclic or linear peptides.
(c) Cross-linking the amino acid side chains in t#gs with molecular switches. Adapted

from ref.'?.
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1.5.1. Peptides with photoresponsive amino acid liesies

Photoresponsive peptides were investigated fofitbietime by Goodman already in
1960", structural changes of photoswitch-modified pemtiderivatives induced by light
exposure was demonstratedCopolymers of phenylazophenylalanine arsenzyl-glutamic
acid were prepared. Changes in Cotton effect wéseroed upon irradiation, indicating
light-induced structural changes of the polypeptidekbone as was confirmed by circular
dichroism. Further extensive studies of such systsmowed that photoisomerization of
photochromic residues can induce major conformatiochanges in peptide structure
90919293 However, to achieve significant influence the iem of the incorporated
photoswitchable amino acids had to be high; upOi 4f all amino acid residues should be
present in the modified peptide. This drawbacé Isniting factor for broad applications of
such systems. Later on, other methods for peptindifioation with molecular photoswitches

were developed and they showed much more promissgts.
1.5.2. Peptides with the photoresponsive backbone

Perhaps the most prominent example of the peptigesing the photoresponsive
backbone is the illustrated in Fig. 1.11. photog®msazobenzene-modified cyclic hepta- and
hexapeptides which allowed photocontrol of cell egibri”. The designed peptidomimetics
have the Arg-Gly-Asp (RGD) sequence as active fanotg moiety. This is the ubiquitous
motif which is recognized by integrin cell-surfaxeptors of a large number of adhesive
extracellular matrices, blood cells, and cell-scefgoroteins. Photocontrol of the RGD-
containing peptides was proposed as a tool forsitny&ting or modifying the intermolecular
adhesiof. In this particular example, the photosensitivptises contained photoswitching
4-[(4-aminomethyl)phenylazo]lbenzoic acid (AMPB) idee as a part of the peptide
backbone, along with the RGD motif. It was foundattithe conformationally more
constrainedrans-azobenzene-modified cyclic pepti@8 showed a higher binding affinity
for avp3 integrin than theis form. Shift of the lysine position (pepti@8) caused significant
reduction in the affinity to the immobilized intégr However, the difference in affinities
between thecis- and transpeptides increased by more than a factor of 2 thedefore
photomodulation of integrin affinity was concludedbe more efficient for peptidz9 .
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Figure 1.11. Affinities of the azobenzene-modified cyclic pE®8 and 29 to surface-
immobilizedavs3 integrir®. “cis” relates to the photostationary state witl0®% cis-azo
isomer, and “trans” relates to the thermally relakenolecule with 100% trans-azo isomer.

Adapted from ref:?.

Many other photoresponsible cyclic peptides havenbeeported in last two
decade¥*° For example, the photosensitive peptide hormameasostatin that regulates a
range of biological functions, including cell grdwt’ and cyclic, AMPB-modified peptide
derived from the binding site of the PDZ domainnauronal nitric oxide synthase that is
participate in muscle contractitfh

The modification offf-hairpin structured peptides with photoswitchabfétsishares
the structural principle with cyclic peptides arsdbiased on the replacing tRg¢urn region
with the molecular switch. The stability of the sadary structure of th@g-hairpin peptides is
somehow weaker than that of the cyclic peptides @epkends stronger on the interaction
between the linked antiparallel peptide strands,(hydrogen bonding and side chain—side
chain interactions}?

The photoswitchabl@-hairpin peptide30 (a modification of the 12-residue peptide
sequence derived from the protein GB1) that H3ra-Gly motif in the-turn replaced with
an azobenzene switch was studied (Fig. :¥2%* NMR spectroscopy revealed thzs-30
adopted a well-definef-hairpin structure resembling the parent peptideweler, therans
configuration was shown to be less structured; dmgitder of aggregation was documented
for this configuration. Thetrans-30 reversibly switched on/off several times until the

aggregation process led to complete precipitatfadhepeptide from solution.
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Figure 1.12. Model hairpin peptidomimetic30 containing a cis-azobenzene (3-(3-

P

z

30

aminomethylphenylazo)phenylacetic acid, AMPP) adum element, shown with the

hydrogen bonding pattern of tifehairpin (from ref.*1%3.

Other examples of photoresponsp«airpin peptides have been repotfédThe -
hairpin folding and unfolding process was photooalted in tryptophan-rich model peptides,
the secondary structure of which is stabilized twy éffect called “tryptophan zippé?®*°’

In other works successful incorporation of thebstile chromophore in the peptide backbone

was demonstratetf**
1.5.3. Peptides with photoresponsive cross-linkedls chains

a-helix is one of the most abundant secondary straatlements in natural peptides
and proteins. Thus, photocontrol of thdelical peptide structure could help in developing
powerful instruments for medicinal applicationspaiptides as well as for understanding the
mechanisms of their biological action in biologisgktems.

The control over the-helix folding could be achieved by introducing twgsteine
residues into peptides and cross-linking these witbhotoresponsive bridging unit of the
length, matching in one of the photoforms the diséaexpected for an-helix**>*** For
example, the cysteine residues were introduceduadli+7 positions in a model peptide JRK
(Figure 1.13}*2 The positions were selected to match the linérgth in the azobenzenis
configuration. As indicated by CD measurementsjsbmerization of the azobenzene switch
from transto cis configuration increased the helical content fradz@elio 48%.

The role of the linker length, its flexibility, pi®n of the cross-linked amino acids
and type of molecular switch were addressed inath@ve cited and similar studiés'*?
These studies not only successfully demonstratedptissibility to control thex-helical
folding by photostimulation, but also suggested egah principles useful for developing

photoswitchable peptides based on other moleculiactses”#®
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Figure 1.13. Direct photocontrol over the:-helix folding. (a) Chemical structure of the
azobenzene containing cross-linker “Azo”, (b) maedahowing the decreased helicity
induced in the FK-11-X peptide upon trans-to-cmmerization of the attached azobenzene
cross-linker. (c) Models showing the increasedditgliin the JRK-X peptide induced upon
trans-to-cis isomerization of the attached azobeazwoss-linker. The peptide sequences are

shown below the models. Adapted from™éf.
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2. Aims of the present study

The incorporation of molecular photoswitches ingpfides or proteins should allow
reversible control of their structure and functi@mysmeans of photoisomerization. The aim of
this study was to explore the practical possieditiof polypeptide modification using
photoswitchable diarylethene-based building blocksd to investigate the effects of the
photoinduced isomerization on the structure andctfan of several biologically active
peptides.

Specific goals of this work were:

- Design and synthesis of molecular photoswitchegdas diarylethene derivatives as
building blocks to make them suitable for direatdrporation into peptides via routine
peptide synthesis protocols.

- Synthesis of diarylethene modified photorespongpeptidomimetics based on two
biologically active molecules (antimicrobial gramiic S, anticancer peptide SVS).

- Fundamental characterization of the peptidomimetiderms of their physico-chemical
properties, and establishment of protocols forrtpkotoisomerization.

- Characterization of the core diarylethene chromeoplvaith respect to its influence on
the secondary structure of peptide modelt¢lices 3-strands).

- Characterization of the photoresponsive peptideseifular assays in terms of their
biological functions (antimicrobial, hemolytic, aaer proliferation).

Peptidomimetics that were designed and studiedhis work can find practical
applications: in the development of novel medicgpraaches, in particular for
photodynamic pharmacotherapy, and as photoswitehflmrescent probes for bioimaging
and diagnostics.
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3. Results and Discussion

3.1. Development of novel DAET building blocks fomcorporation into peptides

The diarylethene unit requires specific modificaan order to be incorporated into
peptides. In particular, carboxylic ahdFmoc protected amino groups have to be introduced
into the molecule. Besides, to be applicable in fneoc strategy of solid-phase peptide
synthesis (SPPS) the building block has to be tesdigo aggressive reagents including
piperidine and trifluoroacetic acid.

3.1.1. The building block containing hydrazide grop as an amino group surrogate (St

To satisfy the above described requirements a ingilblock 31 (Fmoc-SW) - an
amino acid mimic - was designed. It has a carboxgtoup directly attached to one of the
thiophene ring and a hydrazide group attacheddaétond ring (Scheme 3.1.). It should be
noticed that direct attachment of the amino groupghie thiophene ring is avoided in the
design. This is important, because the aminothiogtterived diarylethene systems are
known to be sensitive to oxidatiBfi In the following, for the notion of the buildirmock 31
and the residue &1, respectively Fmoc-Swand Sw; will be used. The peptides employing
Sw are discussed in more details in the Chapters 32, 3.5., while Chapters 3.4., 3.6. are
describing the Slvbased peptides.

Fmoc S S
\NH'NH 50 % OH
DIC/DIPEA 31
° ARV .
S S NH
HO OH 7N
8a H2N Fmoc 0 / \ / \ o)
Fmoc S S
N\,
NH NH 25 % NH‘NH
32\

Fmoc
Scheme 3.1. Synthesis of the photoswitchable building blBtkFmoc-SwW containing a

hydrazide group as an amino function surrogate.
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In order to synthesize Fmoc-§vthe diarylethene derivativ@a functionalized with
two carboxylic groups was selected as the direetymsor (Scheme 3.1.). Synthesis of this
diacid was described in the literature and can fpsaaled to tens of grafisin order to
introduce the Fmoc protected amino group surrogatenpound8a reacted with one
equivalent of Fmoc-hydrazide in the presence optog reagents (DIC/DIPEA). Sindga
has two carboxylic groups which can compete inrdaetion with Fmoc-hydrazide, the final
product contained 25% of the non-reacted di&ag 50% of the mono-substituted target
product Fmoc-Swand 25% of the double-modified by-prod@& The crude material was
washed with 0.5 M solution of aqueous sodium bicadbe in order to get rid of the non-
reacted diaci®a The sodium salt of Fmoc-Swemained in organic solvent due to its high
hydrophobicity, while the sodium salt 8& transferred to the aqueous solution and discarded.
The by-producB2 did not interfere with the following peptide sya#is, therefore31 was
used as obtained containing the by-product. PurecFw and 32 were obtained for the
identification using preparative RP-HPLC.

As was tested (see discussion below) the buildilegkbis fully compatible with
SPPS. It can be used as a normal Fmoc-protectedoaatid in the automated peptide
synthesis allowing to prepare peptides in a routidg. The backbone of a peptide with
introduced building block Fmoc-Swvs shown in Figure 3.1. Major conformational chesig
of the peptide backbone are expected to be ocgudtinng photoisomerization of the DAET

unit.

R (0]

Figure 3.1. Peptide backbone modified using photoswitchabilelimg block Fmoc-Sty

In order to evaluate the $whotochromic and fluorescent properties, a smatiew
soluble peptidomimetic (KI-Slwsequence: KIGAKI-SWKIGAKI) was constructed (see
protocol in Chapter 6.2). The peptidomimetic wasigiged to have no natural amino acids
that can interfere with the absorption and fluoeese of the photoswitchable unit. RP-
HPLC-elution profiles of the purified peptide weexorded before and after the irradiation

with UV light (Figure 3.2.). As can be seen, congleonversion from open-ring form (black
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line) to colored closed-ring form (red line) can d&hieved after irradiation with UV light.

Furthermore, the obtained colored closed-ring faonverted back to the open-ring form
after irradiation with visible light. The peptidometic in closed-ring form was found to
possess shorter retention time contrary to the -ojpgnform. The effect is most probably due
to changes in the hydrophobicity of the photoswatilk unit SW(open-ring vs. closed-ring),

because the glycine-containing small peptidic pantinlikely to be folded under the RP-
HPLC conditions.

__/\—\ closed-ring form
~ ( — N\ open-ring form

T
0 20 40 60
Retention time

Figure 3.2. Analytical RP-HPLC of the peptide KI-Swefore irradiation with UV light

(black line) and after it (red line) (chromatograpltonditions see in Chapter 6.).

The absorption and fluorescent spectra of the Kl+Bere recorded in water solution
for both photoforms (Figure 3.3a). The open-ringrfaabsorbed in the UV region, and the
closed-ring form revealed two bands in the visielgion, at 349 and 536 nm.

The fluorescent properties of the 'Swit were also studied. In Figure 3.3b a spectrum
of the KI-Sw fluorescence (excitation at 295 nm) in the opeg-rform is shown. The
peptide gave green fluorescence with a maximum3& dm. Interestingly, the highest
fluorescence quantum vyield was observed with theitabon at 295 nm, while the
corresponding absorption maximum was at 265 nmhdpst during the excitation of the
open-ring form two competing processes occurredvession to the closed-ring form and
the fluorescence emission. As was expected fortgijpe of DAETS, the closed-ring form

showed no fluorescence.
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Figure 3.3. (a) Absorption spectra of the open-ring and clesed forms of the
peptidomimetidI-Sw recorded at 3QtM concentration in 10 mM phosphate buffer (pH 7.4)
at ambient temperature. (b) Fluorescence spectriith@peptidomimeticKI-Sw in open-
ring form; 21 uM in 10 mM phosphate buffer (pH 7.4); excitation 285 nm, ambient

temperature.
3.1.2. Building blocks containing proline as an amio function (Sw')

Due to expected chemical instability of the hyddaziragment, the building block
Fmoc-Sw was redesigned to avoid this drawback. Differgpetof building blocks (S
was developed, where a residue of an amino acidused instead of the hydrazide group.

On the contrary to the rotationally flexible hydide group the backbone of an
amino acid has more defined conformation. Therefothis type of building blocks it should
be possible to fine adjust geometrical positiontred amino function with respect to the
DAET core by simply varying the amino acid residlre.this work two DAET building
blocks of the SW type were synthesized: one with the residue ofdlipe (Fmoc-SW™™)
and another with the residue of D-proline (Fmoc2S¥).

The synthesis of new building blocks was perfornséatting from compoun@®3
(Scheme 3.2.). Compour&8 was synthesizedcaording to the published protoébl It has
chloride substitutions at the 2- and 2'-positiohdithienylcyclopentene molecule that can be
lithiated in order to functionalize the thiophenegs. Importantly, selective monolithiation
was also possible f@3. Treatment of33 with one equivalent ofi-butyllithium in an inert
atmosphere at -78 °C led to the monolithiationldveeéd addition of the dimethylformamide
gave the mono-formylated derivatidd with almost quantitative yield of 90%. The formyl

group was then temporally protected with 2,2-dingkeih3-propanediol to give the aceg8.
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Scheme 3.2. Synthetic route for the preparation of the phatidshable building block Fmoc-
SV\}'PrO.

The second functional chloride group3b was then lithiated and reacted wilFBoc
protected L-proline-derived Weinreb amid@6), Compound36 was synthesized according to
the published protoctf. The formyl group in the resulting produ8? was oxidized with
silver oxide to yield the carboxylic group (compdi88). The final building block39 (Fmoc-
SwW™) was obtained after exchanging the Fmoc-protecfisnthe Boc-protection at the
proline residue. The same synthetic approach vwsswed for the preparation of D-proline
containing building block (Fmoc-SiV9).
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As described above, the method was illustratedhenekkample of a proline residue
incorporation into the photoswitchable building ¢ks. However, other protected amino acid
Weinreb amides can be used in order to obtain dI?EET building blocks suitable for

SPPS.

3.2. Photoresponsive linear model peptides with th&w building block

First, the photoswitchable DAET building block Fra®w/ was incorporated in linear
peptidomimetics. This allowed (i) verification dig building block compatibility with the
standard SPPS procedures; (ii) assessment of teatexf the conformational perturbation
imposed by the DAET switch onto different secondsiiucture elements as well as (iii)
evaluation of efficiency of the photoswitching pess in membrane environments.

Two model peptidomimetics were designed: an asymendi/a-model peptide” and
a symmetric &/a-model peptide”. The first comprisedBastrand connected successively to
the Sw unit and a short amphipathie-helix; the second has two identicathelices
connected by theilN-termini to the DAET fragment (Figure 3.4.). Theoae of the
polypeptide units was made considering their ssiak and amphipathic nature, to interact
with lipid membranes and to allow obtaining struatuinformation in form of**F-NMR

constrains.

Figure 3.4. Modular build-up and expected orientations of linear model peptidomimetic
with the DAET unit in the middle of the polypeptiekbone: (a) f/a-model peptide”; (b)
“o la-model peptide”. The non-perturbed “ideal” confortim@nal states are illustrated as a
flat arrow (5-part) and as solid cylinders:{part). N- and C-termini of the peptidic units are
indicated. Photoswitchable DAET unit is coloredblne. Lipid bilayers are drawn not to the

scale and illustrate only overall expected peptm@ologies.

Thus, theB-stranded unit of the final constructs was an aepéige derivative of the

antimicrobial peptide [KIGAKI, while the a-helix unit was derived from the complete
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sequence of the membrane-active peptide BP100.h Batent peptides were extensively

R™%7 and were known to possess very stable

studied previously by solid-stat€F-NM
amphipathic secondary structures over broad ranfjemembrane compositions and
concentrations.’®F-NMR data t°F dipolar couplings at different locations alonge th

sequence) were known for both units.
3.2.1. Peptide synthesis

The designed peptidomimetics were prepared withigeepunits constructed using
canonical amino acids (the “wild type”) for the Givestigation in solution. In addition, a
series of singly or doubly amino acid-substitutétF-labelled analogues of all the
peptidomimetics were obtained for tHe-NMR measurements. The analogues contained an
artificial amino acid CEBpg (L-3-(trifluoromethyl)bicyclopent-[1.1.1]-1-yhlycine, *°F-
label)"*® in place of a non-polar residue. £Bpg was designed as an idédF-label for
substituting hydrophobic residues as it resemblesety Val, Leu, lle, Met in terms of
hydrophobicity and size. Moreover, the £Bpg side chain hydrophobicity allows the
substitution of this*F-label for Ala and aromatic amino acid residués;es such exchanges
were demonstrated to influence neither structurefumaction of antimicrobial peptides over
many exampl€s®. The CR-Bpg was applied here in the same fashion as waedy used
in the solid-staté’F-NMR structural studies of membrane-active peptioieforé?’ %

Overall, ten**F-labeled analogues of th@/é-model peptide” were synthesized, four
with the'®F-labels in the3-strand region and six with the labels in thkelical fragment. The
amino acid sequences of the synthesized peptidoicsree shown in the Table 3.1. For this
group of peptides the synthesis was carried ouh wianual SPPS (Fmoc strategy) in
conventional way where the Fmoc-protected DAET was introduced just like any other
amino acid (details are described in the Chapd.f.

The o/a-model peptide was also prepared “wild type” for €@dy and labeled for
".NMR measurements. Five &Bpg-containing analogues were produced, each
possessing two fluorine labels, one in every cdphea-helix (Table 3.2.). Since the model
consisted of two identical-helical fragments th&l-termini of which were connected by the
building block 8a (DAET diacid), the following procedure was usednplete helical
sequences were built first on the solid suppomgisiutomated SPPS. The Fmoc-deprotected
polypeptide chains were cross-linked in one stejh whe DAET building block8a while
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remaining bound to the resin. The detailed synthgtocedure is described in the Chapter
6.2.2.

Table 3.1.List of the synthesizet’F-labelled analogues of ti§éu-model peptide.

Peptide Sequence*

plo-model peptide (wild type)  KIKIGAKI-SWKKLFKKILKYL-NH »

B2l/o K-CFg-Bpg-KIGAKI-SW'-KKLFKKILKYL-NH 2
B4l/o KIK-CF3-Bpg-GAKI-SW'-KKLFKKILKYL-NH »
B6A/a KIKIG- CF3-Bpg-KI-Sw'-KKLFKKILKYL-NH
p8l/a KIKIGAK- CF3-BpgSW-KKLFKKILKYL-NH »
Blo3L KIKIGAKI-Sw '-KK- CF3-Bpg-FKKILKYL-NH »
BladF KIKIGAKI-Sw'-KKL- CF3-Bpg-KKILKYL-NH »
BlaTl KIKIGAKI-Sw '-KKLFKK- CF3-Bpg-LKYL-NH ;
Blo8L KIKIGAKI-Sw '-KKLFKKI- CF3-Bpg-KYL-NH »
Blal0Y KIKIGAKI-Sw'-KKLFKKILK- CFs-BpgL-NH,
Blalll KIKIGAKI-Sw'-KKLFKKILKY- CF3-BpgNH,

* Sw' denotes the residue of the building bl&dk

Table 3.2 List of the synthesizetiF-labelled analogues of théu-model peptide.

Peptide Sequence*

a/a-model peptide (wild type) SWKKLFKKILKYL-NH2) »

a/a-3L SWN(KK-CF3-Bpg-FKKILKYL-NH2) »
o/o-4F SW(KKL- CF3-BpgKKILKYL-NH2) »
a/o-7I SWNKKLFKK- CF3-Bpg-LKYL-NH2) ,
a/a-8L SWNKKLFKKI- CF3-Bpg-KYL-NH2)

a/a-10Y SW'(KKLFKKILK- CF3-BpgL-NH2),

* Sw" denotes the residue of the dia8al

Gratifyingly, no side-reactions were observed duiime synthesis of th&o-models.
The crude peptidomimetics were standardly purifiedthe preparative RP-HPLC column
and 100% purity was confirmed by analytical HPL@alyophilization. On the contrary,
crude materials of the cross-linking synthesgs-(nodel peptide) revealed completely non-

coupled peptide chains alongside with the targetycts, as well as mono-reacted £O
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Sw'-peptide derivatives. The target peptidomimeticsrewedentified with the MALDI
analysis and separated as described in Chapter 6.2.

The elution profiles of the purified peptides otlbéwild type” models were recorded
before and after the irradiation with UV light (Big 3.4.). It was possible to quantitatively
convert the open-ring forms into the closed-ringrfe by the irradiation with UV light. The
reverse reactions (decoloration) under the expasutige visible light were found to proceed
completely as well. In both model peptides modechtnges in the retention times (<5 min)
were observed during the photoisomerization. Thi sfas in the same direction and value
as was observed earlier in a similar study on ardthear peptide derivative (see Chapter
3.1.1.). Presumably, the RP-HPLC retention timédihce reflected intrinsic differences in
the hydrophobicities of the two DAETs photoformsjthwthe constrained closed-ring

compounds being slightly more polar.

o/o-model, M
JU
p/o-model } \ B

Retention time

Figure 3.4. Analytical RP-HPLC of the/a-model peptide an@/a-model peptide before
irradiation with UV light (open-ring form, blackrle) and after it (closed-ring form, red line).

(Conditions see in Chapter 6.).

3.2.2. Conformational changes upon photoswitchingpisolution

CD spectra (Figure 3.5.) of both model peptidesewecorded in order to observe
changes in their secondary structure and evaluatenpal conformational and spectral
impact of SW in different isotropic environments. No signifitachanges were observed
during the photoisomerization for both models —@2 spectra were identical in the closed-
ring and the open-ring forms. One might conclude ttonformational perturbation (at least
in the selected models under tested conditionsyethby the photoswitching process seemed
to be small if not completely absent. These measein¢s also demonstrated that the CD
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spectral range useful for peptide structural anshyss free of any contribution from the 'Sw
chromophore.
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Figure 3.5. CD spectra from linear model peptides in differezrtvironments at a
concentration of 100 pg/mig/a-model peptide (solid line) anda-model peptide (dashed
line) in solution (a, d, 10 mM PB, pH 7.4); in degent micelles (b, e, 25 mM SDS); in

DMPC vesicles (c, f, P/L = 1/50). The peptides waréhe open-ring forms (a, b, ¢) and in
the closed-ring forms (d, e, f).

In addition, the CD data allowed obtaining usefos$ights into conformational
properties of the peptidic units of the model pagsi According to previous studies, the
parent peptides [KIGAKY and BP100 should be unstructured in aqueous Buffarthe
presence of lipid membranes, both peptides werevknio bind the bilayers and undergo
structural transition to the amphipathfestrand anda-helix, respectiveli#°**’ In full
accordance to this, th#fa-model peptides were unstructured in buffer sotytas their CD
curves resembled that for a random coil (no pasibands and a pronounced negative band
at ca 200 nm). The/a-model peptide gave no signal in agueous buffellatindependently
of the photoswitching process, that may be duegtwemation of the peptide, never observed
for the stand-alone BP100 (thehelical unit). As expected, both model peptideseghe CD
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lineshapes with the dominatinghelical signal in SDS and DMPC vesicles, indicgtthe
binding of peptides to the micelles/membranes. blgtdhe a/a-model peptide gave the CD
spectra characterized by strongenelical contribution, while for th@/a-model peptide the

B-part in the membranes appeared to structurizeperedently.
3.2.3. Conformational changes upon photoswitchingnimembranes

Solid-state"F-NMR measurements were performed for the modeigeplabeled by
CRs-Bpg in macroscopically oriented lipid bilayers. eTtstudied peptidomimetics were
reconstructed into a model lipid membrane (DMPC)oat peptide to lipid molar ratio
(1:100) to avoid aggregation. The measurements dene below and above the main lipid
phase transition temperature (at 15° and 40°C otispty; DMPC phase transition occurred
at ca. 23°C) for each prepared oriented samplallithe NMR experiments the oriented
samples were aligned parallel to the magnetic figlile peptides were measured in both
open-ring and closed-ring forms. Further detailstloé sample preparation and NMR
spectroscopy are given in the Chapters 6.3. Tokctiemiented samples were prepareg-
NMR measurements were performed priof¥6NMR. Observation of th&'P-NMR signals
from the phospholipids (headgroups of DMPC moleg)lallows quantitative assessment of
the degree of the peptidomimetic orientation inlipiel bilayers. More than 70% lipids were
found to be oriented in all the prepared samplata(not shown), therefore, an assumption
was made that the peptides should possess siredgeel of alignment.

It was noticed above that the parent antimicropegtide [KIGAKI]; was originally
designed as an amphipathestrand. It was demonstrated to exist in a coneéotr-
dependent equilibrium between single-stranded memnignform and the aggregat@esheets
in the membrane-bound state. Both forms can bindisshed by solid-statéF-NMR. In the
case of the single-stranded monomeric form a dipotaupling of ca. +8 kHz should be
observed, while the aggregatpeésheets are characterized by ca. +15 kHz splitfiagure
3.6. illustrates the solid-statéF-NMR spectra for th@/o-model labeled in th@-stranded

fragment at high temperature.
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Figure 3.6. Representative solid-statéF-NMR spectra of th@/a-model peptideCF:-Bpg-
labeledanalogues. The peptides are measured with theiruBits being in the closed-ring
state. The peptides were reconstituted in DMPC 1:100) and measured at 40°C.

As can be seen, all the measured peptides shovgatgle triplet with the positive
coupling constants within 6.8-9-3 kHz range if tHRAET fragments Stwere in the closed-
ring rigid state (see Table 3.3. for the couplirsdues). Such appearance is compatible with
the highly dynamig@-strand bound to membrane such as the hydrophaleechains point
towards the membrane interior, with the cationidesthains of lysines pointing to the
opposite direction, namely, to the aqueous phabghtly lower coupling constant values
obtained for the peptidomimetics labeled at pos#id and 8 could be explained by their
proximity to the two strand-perturbing cites in thelecule (glycine and Swesidues,
respectively), assuming that the 'Svehaves as f-strand breaker. In general, the spectra
resembled closely the low-concentration (P/L<1:46(3te of the parent 18-mer peptide.
Interestingly, the characteristic coupling consteaue of ca. +8.0 kHz for monomers was
observed for thel/a-model peptide at a significantly higher P/L of 001 despite the
similarity of the molecular size of the two pepsdéggregation behavior of ti#a-peptide
was not studied further but this discrepancy may sbaply explained by the steric

congestions imposed by Smoiety which might prevent tHesheet self-assembfy.

Table 3.3.F-'F dipolar couplings of th@/a-model peptide analogues labeled in fhe
strand unit, as determined in the oriented DMP@&yeits at 40°C.

State of the SW Dipolar coupling (J, [kHZz]) in:

p2l/a pal/a B6A/a. p8l/a
open-ring form 9.3 7.0 8.3 3.0and 6.8
closed-ring form 9.3 6.8 8.3 6.8
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When the Swunit was converted to the open-ring flexible stahe spectra of the
peptidomimetics did not change, with a single exoepobserved for the peptidomimetic
labeled at position 8, where the label is direathached to the photoswitch. As can be seen in
the Figure 3.7., 6.8 kHz splitting persisted, bddidonal signal with ca. 3 kHz splitting
emerged. Conversion back to the closed-ring forthtéedisappearance of this new signal,
confirming that it was caused by the '$shotoswitching. The signal could be assigned ® on
of the two conformations of the open-ring 'Sive. parallel and antiparallel, see Chapter
1.3.2.), that is in line with the above suggegidateaking ability of the Shunit.

J3kHz

I |
/ \ open-ring form
J 6.8 kHz
. |
/\ A closed-ring form
0 -50 -100 -150
"°F [ppm]

Figure 3.7. Solid-state®F-NMR spectra of thg8l/a-peptide in DMPC (P/L = 1:100) at
40°C. Upper line: the Swin the open-ring form; bottom line: correspondiotpsed-ring

form.

Measurements at the temperature below the lipide@@nsition did not reveal any
difference comparing to the above described obsiens except that thEF-NMR signals
were broadened as expected for peptides in lesgengd)-phase lipids.

Next, thea-helical part of thg/a- ando/a-model peptides was closely investigated by
the analysis of°F-NMR spectra of the peptidomimetics labeled in ¢hkelix units. The
measurements were performed under the same corgditi® describe above. The resulting
spectra are shown in Figures 3f3otmodel) and 3.9, 3.1(fa-model), the splitting values
are summarized in Table 3.4. and 3.5. Like in thsecofff/a model peptides, the spectra
measured in liquid-phase bilayers featured relitimarrow signals while broad signals were
observed at low temperatures, in some cases pre@assurements of the dipolar coupling

constants was impossible.
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Figure 3.8. Series of solid-statfF-NMR spectra of th@/a-model peptides labeled by &F
Bpg in thea-helical fragments in the oriented DMPC bilayera),((c) at 40°C, (b), (d) at
15°C; (a) and (b) correspond to the DAET unit beimg@pen-ring form, while (c) and (d) - in

the closed-ring form.
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Figure 3.9. Series of solid-stateF-NMR spectra of the/a-model peptide analogues labeled
by CR-Bpg in thea-helical fragments in the oriented DMPC bilayera),((c) at 40°C, (b),
(d) at 15°C; (a) and (b) correspond to the DAETtuniopen-ring form, while (c) and (d) - in

the closed-ring form.

46



‘/\\AW a/o-3L
NSTNA e
_‘5//’”\\” : ~—— a/a-71
‘M a/a-8L
po/&wv. a/a-10Y

0 50 -100 -150
"°F [ppm]

Scheme 3.10. Solid-state’®F-NMR spectra ofz/a-model peptide in the oriented DMPC
bilayers at 15°C (below lipid phase transition).e8pra of the closed-ring forms (red lines)

aligned with corresponding spectra of the open-fioigns (black lines).

Table 3.4. Fluorine dipolar coupling constants of thehelical part ofp/a-model peptide
analogues as determined in oriented DMPC bilaye494C and 15°C.

State of the SW Dipolar coupling (J, [kHz]) in:

p/a-3L  plo-4F  Bla-71 Ppla-8L Ple-10Y Pla-11L
open-ring form, 40°C 7.6 0 10.5 -54 3.8 8.3
closed-ring form, 40°C 6.0 0 9.1 -5.4 3.6 7.4
open-ring form, 15°C 9.9 -6 10 -6.6 0 7.7
closed-ring form, 15°C -7.5 -5.6 9.2 -6.6 0 7.7
reference 35°C 5.4 0 7.7 -4.6 2.6 6.1
reference, -20°C 4.5 7.1 9.8 7.4 0 12.1

"J values from the parent peptide as reported forstime labeling positions in the conditions ofdflor gel-

state bilayer of DLPC/DLP&?

Table 3.5. CRs-group dipolar coupling constants of théhelical part ofa/a-model peptide
analogues as determined in the oriented DMPC biage40°C and 15°C.

State of the SW

Dipolar coupling (J, [kHz]) in:

a/a-3L o/o-4F a/a-71 o/a-8L o/a-10Y
open-ring form, 40°C 8.6 0 10.6 -5.3 4.5
closed-ring form, 40°C 51 0 9.6 -4.7 3.4
open-ring form, 15°C 5 -6.6 9.3 -6.8 0
closed-ring form, 15°C 4.6 -6.6/12 9.3/-6.4 -6.8/0 0/12

" Coupling value observed in the satellite signal
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Remarkably, these spectra closely resembled thef sgiitting pattern in the spectra
of the parent BP100 peptide measured under simdaditions®*. Even changes happened
upon the liquid and gel-state bilayer phase tramwsi{in particular, for the corresponding
peptides labeled at positions Phe4 and Tyrl0) asengially similar, at least for the
peptidomimetics with the Swinit in the open-ring state.

Comparison of the NMR data measured for the liquhidse bilayer for both
peptidomimetics labeled at the same positions tedeao difference in the spectra between
and upon photoswitching. The spectra of the doldidgledo/a-model peptides contained
one pair of the!® -NMR signals confirming that the two identicathelical parts are
structured and aligned in the bilayer similarlyisl'ts what could be expected assuming that
the open-ring conformationally flexible DAET reselun these peptidomimetics allows
virtually autonomous interaction of the BP100 unitish the lipid membrane. Even in the
gel-phase lipids the open-ring DAET fragment shquédmit independent alignment of the
BP100 helices in both cases. Notably, the pareritOBRoeptide which was shown to be
aligned in the S-state in the bilayer (with thebheakis parallel to the membrane plane), was
found extremely mobile. The fact that the modeltpkgs studied here are approximately
double the size of the BP100 and nevertheless levesimilar **F-NMR signal patterns
challenged the suggestion that only the smallisiziee reason of the high BP100 mobility. It
should also be noted that BP100 units in both geptimetics studied here, on the contrary
to the parent peptide, do not have tNderminal amino group, protonated under the
conditions used. Still, all the spectra are vemilsir, suggesting that similar helix alignments
for BP100 with a reduced net charge. The fact cowdtl be attributed to any special
membrane-attraction to the aromatic DAET moietycei more hydrophobic open-ring
DAET fragment brings no difference to the membrhoand orientation of the BP100 unit.
Contrasting the influence of the latter DAET stadehe first adjacent residue offiastrand
(Figure 3.7.) and apparerfi-breaking potential, fora-helix edges open-ring DAET
photoswitches appeared to be almost non-perturbing.

The closed-ring photoswitches seemed to be motetatally perturbing for the
helical fragments in the studied peptidomimetics. ghlighted in the Figure 3.10., the
doubly-labeleda/a-model peptides gave very compl&E-NMR spectra in the gel-phase
bilayers. In each case about a half of the speicti@hsity corresponds to the gel-state spectra
of the p/a-model peptides and of the wild type BP100. Thislddbe due to symmetric
structure of thew/a-model, where one BP100 unit will align as expedi@dBP100. The

second unit in the/a-model is influenced by perturbance from the rigldnar closed-ring
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DAET moiety in the low viscous environment of thel-gtate lipids and has no chance to
adapt to the same orientation. Since no similaedagion was made with th&a-model,
such constraint should apply only to helical fragiseor restricted position is compatible to
the native orientation of thgstrand.

In line with the above observation, the only obserdifference to the dipolar splitting
pattern in the3/a-model spectra was recorded for the Leu3 positiothé gel-state bilayers,
i.e., for thep/a-3L analogue. The value of -7.5 kHz splitting, fewer, is very close to the
signal expected for the powder, i.e. for the nae+ded immobilized Ci-labelled peptide. It
might mean that the perturbation sphere of the awé-incorporated Swunit does not
exceed three adjacent residues.

Since significant conformational changes of the tidepimetic molecules were
observed only in the gel-phase lipids and not enlitiuid-phase bilayers or in the CD spectra,
one might conclude that the Swnit photoswitching induces only minor conformatd
perturbation of the peptides under study. This rme#mat the unit could be easily
accommodated in the peptides and its impact odirtbar peptide structure and function is
minimal. In other words, photoswitching of DAET @raent may be too weak to induce
strong structural effects in the middle of a lingaeptide. From the other hand, this
conclusion might not be true for cyclic peptides hairpin-like folds, which could be

structurally perturbed by Sw-like photoswitchingwoich higher extent.

3.3. Photoswitchable analogues of the antimicrobialeptide GS with the Swbuilding
block

Gramicidin S (GS) photoswitchable analogues wespged to explore the DAET
building block Swin a cyclic peptide context, and to investigat possibility of controlling
a peptide functional activity with light. First, G8odification with the Shfragment was
performed.

GS is a small natural peptide with a range of lgmal activities, including
antimicrobial, hemolytic and antifungal. It has ecpliar symmetric structure: two identical
peptidyl fragments are conjugated with each otleeform the cyclaPVOLPF-PVOLPF)
sequence. The secondary structure of GS is chawstteby two parallel shoft-strands (-
Val-Orn-Leu-) that are constrained from both sideth two type II'B-turns (-LeuPPhe-Pro-
Val). GS is well characterized; relationship of stsuctural features and observed biological
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activities is well-establishé®. This knowledge gives a basis for rational desigDAET-
containing GS derivatives.

Two main features are known to be of particularantgnce for the GS antibacterial
activity: the presence of positively charged ormiéhresidues and the overall amphiphilic
character of the peptide (its “sidedne$€’)Obviously, the design of the photoswitchable
analogues must leave this feature intact. Thergfoglifications of botl-turns fragments (-
Leu-"Phe-Pro-Val-) seems logi¢al*?® and in order to obey the amphiphilicity requireme
substitutions with a non-polar moiety (like theide® of SW) could be done in any of the
two segments. As follows from simple molecular mMisdg?’, the size of the SwWiragment
approximately corresponds to two amino acid resdue order to empirically find the
optimal site for the G$-turn modification with the Sly different dipeptidyl substitutions
were done. The Suesidue was exchanged for three different paite@famino acid residues
in the B-turn as shown in Figure3.11, giving three possidAET-modified GS
peptidomimetics.

GS-SW'(FP) GS-SW(PV)
Scheme 3.11. Cyclic gramicidin S (GS) and its designed phottdvable analogues. GS-
SW(LF) denotes peptidomimetic with substituted leecmd phenylalanine residues by the
Sw fragment, GS-S\{FP) represents the replacement of phenylalaning @moline residues,

and GS-SWPV) of proline and valine residues, respectively.
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3.3.1. Synthesis of GS analogues

The synthesis of GS analogues was based on thepsgvpublished protocol which
included construction of linear precursors by SHBIf&wed by an intramolecular cyclization
in solutior*®. However the method was substantially modifiedrduthe implementation, as
described in Chapter 6.2.3. The amino acid seqsenicihe synthesized peptidomimetics are
shown in Table 3.6.

As in the case of synthesis of linear peptidomiasetChapter 3.2.1.), construction of
linear sequences proceeded without problems, thecf3m building block was compatible
to the Fmoc-SPPS. A major problematic step wasddorbe the head-to-tail cyclization of
the linear precursors. The prevailing process whechto low yields of final GS analogues
was intermolecular polycondensation as confirmed®\LDI. This side reaction is known
to obscure cyclization when the linear fragmentes structurally not well preorganized in
solution®. Indeed, the non-modified GS (the wild type) cam dynthesized with almost
quantitative yield at the cyclization step when fitreorganization is ensuréd Performed
under the same conditions, the cyclization of tie &alogues proceeded with markedly
lower efficiency (20-30%, as analyzed by RP-HPLChis result points to potential
perturbation of the GS backbone by the buildingckl8w, so the linear peptides apparently
have different conformation, unfavorable for thecl@ation process and are less well
preorganized compared to the wild type sequence.

Table 3.6.Amino acid sequences of gramicidin S and its pdwiizhable analogues.

Peptide Sequence*

GS cyclo°FPVOL°FPVOL)
GS-SW(LF)  cyclo®FPVO-Sw-PVOL)
GS-SW(FP)  cyclo®FPVOL-Sw-VOL)
GS-SW(PV)  cyclo®FPVOLPF-Sw-OL)

* Sw' denotes the residue of the building bl&dk

Nevertheless, pure GS analogues were obtainedtaftestep RP-HPLC purification
(Chapter 6.2.3.). First, a preparative column wseduto separate the products from the main
impurities. Next, on a semi-preparative HPLC coluntime purity of the peptides was
increased t0>95%. As will be discussed below, thetgconversion of the GS open-ring

analogues to the closed-ring forms proceeded WitB®4% efficiency, mostly depending on
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the solvent. Therefore, chromatographic separatias used to obtain pure closed-ring forms
for all three GS analogues.

3.3.2. Photochromic properties of the GS analogues

After completion of the synthesis and successfuifipation of the SWmodified GS
analogues, their basic photochromic properties vstudied. The solutions containing the
peptidomimetics in 10Qg/ml concentration were exposed to either UV oibleslight for
different intervals of time. The process of conwgtfrom one form to the other was
monitored by an analytical RP-HPLC (Figure 3.1R.jurned out that the photoconversion of
peptides from the open-ring to the closed-ring fahth not proceed completely even after
prolonged exposure to UV light. Addition of a danaing (chaotropic) agent to the peptide
solutions significantly increased the yield of thbotogenerated closed-ring forms. This
observation can be explained assuming structuadliifes of GS. The structure of the parent
peptide is additionally stabilized by four intraraollar hydrogen bonds. Presumably, similar
hydrogen bonds prevent the GS analogues from adpmibnformations suitable for the

conversion into the closed-ring form, but they colé broken by denaturizing agents.

a
j\ Vis. light
I A~ 75 min
AU A~ 50 min
JAVAN A 25 min
j\ 0 min
7 8 9 10 11 12

Retention time [min]

Figure 3.12. (a) Analytical RP-HPLC chromatograms of GSY&®) at 100 pg/ml in water,
recorded during the course of illumination with Wyht, and with visible light. The peak at
10 min retention time corresponds to the open-forg; two peaks at around 8 min are two
diastereomeric isomers of closed-ring form. (b) Twlastereomers (R,R and S,S
configurations) of the closed-ring form of the sasSwWderivatives.
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It is known (Chapter 1.2.5.) that the photocycl@atreaction of DAETs can proceed
only from the antiparallel conformation. If the raolle is artificially fixed in the parallel
conformation, for instance through structuring loé peptidic unit in the GS analogues, the
yield of the photoconversion declines (Figure 3.13he closed-ring forms of the GS
analogues were found to be thermally stabile andidcoe stored for a long time without any
detectable conversion to the open-ring photofoumggss the visible light is applied.

It should be noted that the closed-ring forms ofHJA exist as two diastereomeric
isomers$® with R,R- or S,S-configurations at the two chicatbon atoms. The two isomers
of the closed-ring form were possible to distinguis some cases by analytical RP-HPLC
(Figure 3.12a.). Although the diastereomers mightehdifferent physical and chemical
properties, they were not separated in this stutly were used for functional tests as
mixtures.

The reverse photoisomerization of GS analogues ftotared closed-ring forms to
the initial colorless forms was also evaluated.thrs case, 100% conversion could be
achieved under the exposure to visible light with@ddition of denaturing agent
(Figure3.13c.).

100

~
6]

conversion (%)

25

0 20 40 60 800 20 40 60 800 20 40 60 80
time of UV irradiation (min) time of UV irradiation (min)  time of visible light irradiation (min)

-+ GS-Sw(FP) - GS-Sw(LF) -+ GS-Sw(PV)

Figure 3.13. Kinetics of the photoconversion of GS analogueuddferent conditions: (a,
b) from the open-ring forms to the closed-ring ferby irradiation with UV light at 25°C,
100 pg/ml solution in a water-acetonitrile mixtugl v/v (a); in 1 M aqueous urea (b); For
GS-SWFP) from the closed-ring to the open-ring formibnadiation with visible light in a
water-acetonitrile mixture, 3:1 v/v, at 25°C 100/pndy(c).
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3.3.3. Hydrophobicity of the GS analogues

Hydrophobic and amphiphilic characteristics areticali parameters for many
membrane-active peptides including GS. The chamgée hydrophobicity of small peptides
could be monitored with the RP-HPLC as it corredatéth their retention times (R¥. For
example, substitution of an L-amino with a D-amauid in the GS and its derivatives caused
significant decrease of the amphiphilicity whichnifested as pronounced reduction of the
RT values®

To characterize hydrophobic properties of the G8agues, the elution profiles of the
peptidomimetics (see Chapter 3.3.1) were studidabth photoforms and were compared to
the wild type GS (Figure 3.14.). The longest RT,iahcorresponds to the highest
hydrophobicity, was found for the GS wild type. Atiree GS analogues in their open-ring
forms eluted with RTs of about 10 minutes. The RAlugs increased in the following
sequence: GS-S(lLF) < GS-SwI(FP) GS-SW(PV) < GS.

a k Gs
} .

Jk | GS-SWI(LF)
L

c M GS-SwW!(FP)

4 i . GS-SW!(PV)

\ _

b e

+

I N I N 1 i 1
0 30 60 90
time (min)

Figure 3.14. Analytical RP-HPLC elution profile (a) of the G®ild type, and its

photoswitchable analogues (b) GS'&W), (c) GS-SWFP), and (d) GS-S\(PV), each in the
open-ring (black) and closed-ring form (red). (Cdiuhs see in Chapter 6.).

Photoconversion of the peptides to their closed-famms led to decrease of the RTs with the
order being maintained. The pairs of diastereonfdiscussed in the previous chapter) of

closed-ring forms were found to have almost equal, Rs expected. This result suggests that
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the open-ring forms are similar to the wild type BSerms of the hydrophobicity, and the
corresponding closed-ring analogues are more pdferestingly, of photoswitchable
peptides (Chapters 3.1 and 3.2) similar but mush pgonounced effect was observed in the
linear models, that was presumably a result ofedBffit intrinsic polarity of the two
photoforms of the DAET unit.

3.3.4. Circular dichroism analysis of GS analogues

CD spectra of the peptidomimetics were measurexder to estimate the changes in
secondary structures upon the photoisomerizatiothef DAET unit. The CD spectra in
phosphate buffer were of low quality due to pootexgolubility of the wild type GS and the
analogues. Successful measurements were done irbnam@emimicking environments,
namely, in 50% trifluoroethanol (TFE) and in detarg micelles (SDS, 25 mM). The
peptidomimetics were studied in their both photoeferusing the following procedure. The
CD spectra of the closed-ring forms were measurset Next, the samples were exposed to
visible light for time periods needed to convertO%® of the peptidomimetics into the
colorless open-ring forms (visual control), and skeeond set of the CD spectra was recorded.
The control experiments performed with wild type Glsowed no effect of light on the
sample quality or any radiation damage. The obthi@® spectra are collected in Figure
3.15.

Cyclic structure and the presence of D-amino acidsS prevented precise secondary
structure assessment by deconvolution of the CBasg*. Furthermore, extraction of the
structural information from the CD lineshapes wk® aomplicated by the presence of the
DAET moiety. The diarylethene unit is itself a cm@phore and gives photoform-dependent
CD signal, which extends to the long-wavelengttgeanseful for peptide secondary structure
estimatior®®. Due to these reasons, the CD spectra of the @Bgres were only compared
with the GS wild type spectra for some qualitatgsessments.

The CD spectra of the open-ring forms of GS{B®) and GS-SWFP) in TFE were
similar to the wild-type GS spectra, with non-resal negative bands at ca. 210 and 220 nm.
The peptidomimetic GS-S{PV) spectra also had the same negative banddyeesbetter,
at ca. 220 and 200 nm. This peptidomimetic showsstrially the same spectrum in the
180-260 nm spectral window after the photoconversanly the intensity of the signals
increased. On the contrary, the GSY®&W) and GS-SWFP) converted to the closed-ring

form gave the essentially different CD spectrahwiie lineshapes similar to that of the GS-
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SW(PV) analogue, suggesting structural similarity fail the three closed-ring
peptidomimetics.

The presence of detergent micelles did not affetttedwild type GS CD spectra, as
could be expected from the stability of the hydrogend-stabilized fold of the peptide. The
CD spectra of the GS analogues in the open-ringh fdid change as a consequence of
conformational changes upon micelle binding. Thedoat ca. 220 pronounced most strongly
and the low wavelength signal (ca. 210) convert@d ia shoulder. Interestingly, in the
closed-ring states all three peptidomimetics reagkalery similar signal shapes below 260
nm, resembling signals observed for them in TFE.

Irrespective of the conditions, the main negatii@ Bands in the spectra of the
closed-ring form peptidomimetics appeared systeralyi shifted towards lower
wavelengths, i.e. towards more “random coil’-likeeshape with a pronounced minimum at
~200 nm. Such spectra resembling that of the uatbjablypeptides may indicate less order
for the peptidomimetic backbones. This interpretatof the CD spectra of the closed-ring
peptidomimetics will explain also their similarityhich was noted above. Under both
membrane-mimicking conditions measured, the spehbtra reflected stiffer and much less
structured conformations as compared with GS wibett The spectra of the open-ring forms,
on the other hand, differed between the two men#hramicking environments, which
supports higher flexibility of the molecular backies expected for these photoforms. Under
both conditions, the open-ring molecules clearliibit “non-random” CD signals. For one
of the conformations (in 50% TFE) the CD lineshapsembled that of GS (with a
pronounced minimum at ~210, and a lower minimum2#0 nm). As was discussed above,
RP-HPLC analysis (Chapter 3.3.3.) had shown that plerturbation of the backbone
conformation by the photoswitch in the open-ringnie most likely lead to a lesser
perturbance in the amphiphilicity of the molecuiean in the closed-ring form. Notably, TFE
solution is the only condition when open-ring forofsthe GS analogues appeared to have
the structure close to that of the wild type pemtiFE is a special solvent with regard to its
interaction with membrane-active peptides. On the dand, it has the same dielectric
constant as the bilayer interface 20) and is therefore a good mimic of the membrane
surface. On the other hand, TFE is known for itscstiring effects on the polypeptides — it is
often nodded as a solvent which “artificially” protasao-helical fold. The latter observation
provides ambiguity to the interpretations of peptatructures in TFE — the conformations
may be artificially driven. In the case of GS amaies thisu-helix promoting action of TFE

could be excluded, because these small peptidesodineir cyclic structure simply cannot
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fold as ana-helix. Therefore observed similarity between G&tre and the structures of

the open-ring forms of the photoswitchable analsgue TFE rather suggest the flexible

analogues to be able to fold as GS at conditiomseyhbrane interface. The SDS data reveals
much less structural similarity to the wild type G&en for the open-ring forms. Perhaps in
this case SDS membrane model is less representstithtee biomembranes, e.g. in that the
negatively charged detergent headgroups are sslf&alfate headgroups may interact
strongly with the aromatic system of the DAET com@sd this impact may be stronger than

the fold-promoting influence onto peptidylic paotfsthe molecules.
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Figure 3.15. Circular dichroism spectra of GS (black dashece)irand each of the three
analogues in the open-ring (black line) and closied (red line) forms measured at (a, b, ¢)
a concentration 75 pg/ml, at 25°C, in 50 vol% THH; e, f) in SDS micelles, with a
peptide:detergent molar ratio of 1:25. (a, d) GS{&®); (b, e) GS-SFP); and (c, f) GS-
SW(PV).

For one of the peptidomimetics more detailed ingasbn was undertaken. Two
diastereomers of the closed-ring form of GS{&®) were isolated with RP-HPLC and each
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diastereomer was studied individually by the CDcsmscopy (Figure3.16.). This study
should get better insight into the CD signaturehef DAET unit. Since no steric assignment
was done, the isomers were named isomer 1 (sh@fterand isomer 2 (longer RT). The
obtained CD spectra (Figure 3.16.) of the both m@gave similar negative bands at short
wavelength (~200 nm), however there was signifidifierence at longer wavelengths. In
particular, strong positive band for the isomemntl a mirrored negative signal for the isomer
2 were observed at 360 nm. This wavelength corredpto the absorption band of closed-
ring form of DAET (Chapter 3.1.1.). However, thavas no signal in the CD spectra at the
second absorption region around 560 nm. The vdl@Dosignal at this wavelength could be
used to identify the diastereomer configuratiomwy DAET modified peptidomimetics if the
positive and negative values are assigned to péatidiastereomers.

Preparative separation of isomers of the closeglfimm was possible only for the

peptide GS-SWFP). Other GS analogues had too close RTs topmated by RP-HPLC.
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Figure 3.16. Circular dichroism spectra of the peptides GS{BR) closed-ring form
diastereomers measured at a concentration 125 ygdR5°C, in SDS micelles, with a

peptide:detergent molar ratio of 1:25. Blue lingresponds to isomer 1, red to isomer 2.

3.3.5. Antimicrobial activity of GS analogues

Since GS is a well characterized peptide antibedttagent, the studies performed
here were focused on answering three main questirss, it was important to check if the
diarylethene-modified GS analogues had any antohiat activity. If so, it was interesting to
learn whether bacterial selectivity (action agai@sam-negative vs. Gram-positive strains)
for the new GS analogues was preserved. Finakkyntbst interesting question was if there
were any differences in antibacterial activitiesAmen the open- and the closed-ring forms.
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The antimicrobial activities of the photoswitchal®@& analogues in both photoforms
were tested by means of broth dilution assays. 8hessays were performed against
planktonic forms of bacteria and are expressediasmam inhibitory concentrations (MICs)
needed to prevent growth of bacterial culture (ails in Chapter 6.5.).

The stock solutions of the peptidomimetics in tipero and closed-ring forms were
prepared in advance and all the precautions were rta maintain the photophorms of the
peptidomimetics intact during all the experimefftse MIC values obtained for GS-&F)
GS-SW(FP) are summarized in Table 3.7. As can be séenGS analogues possess the
antibacterial activity similar to that of the paremtibiotic GS. Like the GS wild type, the
photoswitchable analogues showed low activity agja@Bram-negative bacteria, but remained
active against Gram-positive strains. There wasignificant difference in performance of
the two tested peptidomimetics, and the closed-forgns showed lower activity against

tested bacteria.

Table 3.7. Antimicrobial activity of GS and its photoswitcHabanalogues tested against

Gram-positive and Gram-negative bacteria strains.

MIC (ug’ml)
Bacterium GS GS-SW(LF) GS-SW(FP)
open-ring closed-ring open-ring closed-ring
E. coli 32 128 256 64 >256
S. aureus 2 8 16 8 64
B. subtilis 1 4 8 4 32
S. typhimurium 128 >256 >256 128 >256

The antimicrobial activity assays were repeatedalbrthree peptidomimetics with
focusing on the precise evaluation of the diffeemnbetween the open-ring and closed-ring
forms. For this study three Gram-positive strailis:aureus, S. epidermidisd S. xylosus
were selected. The initial concentrations of thers@and closed-ring forms were 128 and 256
ug/ml, respectively. In order to decrease the syatenerror in setting the concentrations, the
initial stock solutions (prepared gravimetricallyere corrected. For this purpose, accurate
RP-HPLC calibration curve was established and tbecentration in the initial stock
solutions was determined. The second set of solsitizvas prepared by dilution.

Antimicrobial activity determinations were perforchander dim light to prevent the visible
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light-induced DAET ring-opening of the peptideshrir closed-ring photoforms. The results
(Table 3.8.) clearly showed that the antimicrolaietivity of the GS analogues persisted and
indeed can be controlled by light. All three pepsidn the open-ring forms exhibited high
antimicrobial activity, being almost as active aS &elf. The analogues in the closed-ring
form were distinctly less active than in the opemgiforms on all bacterial strains tested. The
biggest differences were observed for the pepti8eS®B/(LF). In the more active open-ring

from againstS. aureushe peptide showed MIC of 8 jag while in the lesser active close-

ring form the activity was four dilutions smalléiC equal 128 pignl).

Table 3.8.Antimicrobial activities of GS and of its photosehable analogues tested on

Gram-positive bacteria strains.

MIC (ug’ml)
Bacterium GS GS-SW(LF) GS-SW(FP) GS-SW(PV)
open closed” open closed”  open closed”
S. aureus 2 8 128 4 32 4 16
S. epidermidis 2 16 128 8 64 4 32
S. xylosus 1 8 128 8 32 4 32

" refer to open-ring form; refer to closed-ring form.
3.3.6. Visualization of the antimicrobial activityof GS analogues

As was shown in the above antimicrobial studiesaftiér 3.3.5.) for all three GS
analogues it was possible to define a therapelyticaportant concentration range in which
the photoswitchable peptides in the open-ring fosogoressed bacterial growth, while being
inactive in the closed-ring forms.

The ability to control antimicrobial activity withght could find an application in
medicine, e.g. in photodynamic therfpihe above experiments were performed using
isolated GS analogues in either open-ring or closegiforms. As a proof-of-principle study,
demonstration of the functional situ photocontrol was performed. The peptide GS(BR)
was selected for the validation. The experimentsevperformed with bacteria growing on
solid media. To the growth medium of the agar ina@i@d withS. xylosighe peptidomimetic
was added in the least active closed-ring form.nTéelected areas on the Petri dish were

irradiated with the visible light through a maskig allowed activating the peptidomimetic
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through photoconversion to the open-ring form ispatially-controlled fashion. Finally, the
plates were incubated and inspected for the presehbacterial colonies as usually done in
agar-diffusion antimicrobial tests (see Chapter ta6details).

In order to determine the optimal conditions d#fgr concentrations of the
deactivated peptidomimetic and different times lbfmination were tested (Figure 3.17.).

Experimental details are described in Chapter 6.6.

Figure 3.17. Antimicrobial effect of the photoswitchable peptidmetic GS-S\{FP) on S.
xylosus. The GS analogue in the closed-ring forrs aplied to agar medium together with
bacterial cells and irradiated with visible lightrough a mask. Applied (a) ag@/ml in the
closed-ring form followed by 9 min exposure to blesilight that corresponds to 60%
conversion to active open-ring form (as calculabexsin the curve in Figure 3.13c.); (b) at 6
ug/ml, conversion 80% in 16 min; (c) /@&/ml, conversion 60% in 9 min; (d) &/ml,

conversion 80% in 16 min.

The optimal conditions were found to be the follogi application of the
peptidomimetic at the concentrationug§/ml followed by illumination with visible light fo
16 min (estimated to reach 80% conversion, see t€h&B.2.) which should correspond to
generation of 6.4ug/ml of the more active closed-ring form. It hadtnoted that in neither
experiment intermediate levels of activity were eved renderingn situ photocontrol as

discrete switching-on/switching-off process.
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Results of the demonstration experiment are shovwigure 3.18., where an image of
Mona Lisa was used as the mask.

Figure 3.18. Demonstration of the photoswitchable propertiesthed peptidomimetic GS-

SW(FP) on the agar-grown S. xylosus. (a) Correspotalshe open-ring form generated
during the course of irradiation with visible ligh) Corresponds to the peptidomimetic in
less active closed-ring from below MIC.

3.3.7. Hemolytic activity of GS analogues

Besides antimicrobial activity, hemolysis is anetimportant characteristic that has
to be considered during practical applications miraicrobial peptideS® To be useful as
antimicrobial agent for treatment different infects in humans, an antibiotic must
demonstrate selective toxicity between mammaliahrarcrobial cells. It has to be noted that
for GS the hemolytic side effect is a major problassociated with its clinical applicatigh

Hemolytic activity of the GS analogues was charaze by determination of their
HCso values (the concentrations required for 50% hegi®lyf erythrocytes) according to the
protocol described in Chapter 6.7. The obtainededdences of the hemolysis on the
peptidomimetic concentrations are shown in Figu®.3The HG, values determined from
these graphs are listed in Table 3.9. SmalleggH@lues indicate higher hemolytic activity,
andvice versaThe results showed that in the open-ring fornespthotoswitchable analogues
retained high hemolytic activities similar to GSdviype. While in the rigidified closed-ring
forms they were much less hemolytic, just as it sgen for their antimicrobial activities.
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Figure 3.19. Concentration-dependent lysis of the red blootkc&S (black dashed line) is

compared to its analogues in the open-ring (blank)land closed-ring (red line) forms. (a)

GS-SWLF), (b) GS-SWFP), and (c) GS-S\(PV).

The ratio between H{g and MIC values defines a therapeutic window atcWtihe

agent can be applied without harmful effect to aganism. Thus the photocontrol of the
hemolytic activity of antimicrobial agents, as wismonstrated above, is opening a way for

their applying in areas where it was not possilg®iz due to the toxic side-effects.

Table 3.9.HCs5, values for GS and for its photoswitchable analsgoigserved as 50% lysis
of human erythrocytes compared to the action d¥o0Ttiton X-100.

Peptides
GS GS-SW(LF) GS-SwW(FP) GS-SW(PV)
open closed  open closed open closed
58

HCso (ug/ml) 12 47  >>128 6.5 72 6

" refer to open-ring form: refer to closed-ring form
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3.4. Photoswitchable analogues of the antimicrobigdeptide GS with the SW building
block

After successful demonstration of the photocortfdhe antimicrobial activity, a new
more ambitious aim was set — to demonstrate photomoof an anticancer activity of the
DAET-modified peptidomimetics. As for antibacteriattivity, gramicidin S appeared as
suitable template for such a purpose. GS was reghdd possess high cytotoxic activity
against both bacteria and eukaryotic ¢&8° It was shown to have prospects for
application in cancer therap¥. In thesein vivo experiments performed on a mouse model,
daily intraperitoneal injections of 20-2(@ of GS per mice per day showed strong inhibitory
effect on the growth of implanted tumors. Howev&$ simultaneously revealed high
systemic toxicity and thus could not be applieddancer therapy in unmodified form. The
photoswitchable properties of GS analogues can telpliminate the problem of high
toxicity.

In the course of evaluation of the antimicrobialtivaty of the GS analogues
containing DAET building block31 (described in Chapter 3.3.) several drawbacks were
identified. Major problem was found to be the oVelaw yields during peptidomimetic
synthesis, particularly due to difficulties at theep of head-to-tail cyclization. Moreover,
initially obtained amounts of GS analogues with BWET switching unit SWw(dozens of
milligrams) were enough to carry CD structural gees and to measure antimicrobial and
hemolytic activities in then vitro assays. For anticancer activity tests, on therapnta
broad study involving cell-based assays and test&romal models was planned. These
experiments required larger amounts of peptidomomeaterial (in the range of 500 mg).
Due to these reasons the approach for synthegpisatdswitchable peptidomimetics based on
GS was modified through introduction of the new DiAderivatives, the SW(see Chapter
3.1.2). The new building blocks contained a cararaenino acid proline residue bearing the
terminal amino group (L-enantiomer3® and of D-enantiomer i40).

As was mentioned above, synthesis of cyclic peptideetics with the hydrazide-
containing building block SWfaced with several synthetic problems. Mass-spscapy
analysis revealed that large amounts of linearigeptterminated at Svposition is forming
during cyclisation step as the by-products (seedibeussion in Chapter 3.3.1.). Therefore,
several attempts were done to improve the yieldh@tyclization step leading to cyclic Sw
modified GS analogues. In the original protocoltd GS-SWFP) synthesis the sequence
[H-PFPVOL-SwW-VOL-OH] was used as a linear peptide precursoreHie DAET unit was
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placed in the middle of the peptide chain in angplmgthe linear model peptides, which were
produced in good yields (Chapter 3.2.1.). Assuntiray the sequence of the linear peptide
(e.g. the starting position) prior to cyclizatiortérmines its preorganization in solutith
one might suggest, that the 'Swnit may hinder achieving the conformation of thear
precursor favorable to the cyclization, and theeeftimit its. To test this hypothesis, the
position of SW unit was shifted to thé\-terminus. The shift, however, decreased the
cyclisation yield due to the above mentioned chamitstability of the hydrazide connection
and other multiple side-reactions occurred. Notalblg side-products were not the result of
the polycondensation reaction, as was observed thétSwin the middle of the sequence.
Moreover, the wundesired chemical transformationscuwed exclusively at the
macrocyclization step. Therefore, the DAET aminddaeanalogues were redesigned,
providing the second-generation building blocks tagring SW fragments (see Chapter
3.1.2. for structures and synthesis).

The second-generation building blocks were useduidher optimization of the GS
photoswitchable peptides. Anticancer activity testsre performed on a GS analogue
possessing the DAET unit in place of the of thengte@anine and proline, residues in the
wild-type molecule, as in GS-3FP) (Chapter 3.3.). The peptidomimetic GSY{ER) was
selected as the lead because it demonstrated thesiachange in retention times on
analytical RP-HPLC between the two photoforms, agnalh the tested GS analogues. The
only chemical modification to this lead was the oé¢he second-generation DAET building
blocks. Since Stvexists in two enantiomeric forms, two peptidomiitetvere obtained. The
corresponding amino acid sequence of these pepiidetics wascyclo°FPVOL-Sw®™-
VOL) where SW™™ is either a residue of the building blo8R (SwW™) or of 40 (SwP™™).
The structure of these two peptidomimetic is shawiigure 3.20.

3.4.1. Synthesis of GS analogues

In order to synthesize new photoswitchable GS anes and upscale the synthesis
the synthetic method described in Chapter 6.2.3furdiser modified. In the new method for
construction of the linear peptides the sequeneeSW"-VOLPFPVOL-OH] were used.
The DAET unit was the last amino acid to be coupte8PPS which reduced the exposure to
the coupling-deprotection reagents and helped imtadaing the structural preorganization

of the linear peptide favorable for the head-tbdgclization (see the discussion above).
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Gratifyingly, the cyclisation reactions proceedad excellent yields (>80%, as
analyzed by RP-HPLC) and no side-product formatias detected. However, the building
blocks 39 and 40 were available as racemic mixtures as prolineduesi partially
enantiomerised during the synthesis (80:20 in @se @nd 60:40 in another). The target GS-
analogues were nevertheless possible to separizg pieparative RP-HPLC. The known
enantiomeric excess was used to identify the fregltide products.

The RP-HPLC elution profiles of the new GS analagalee shown in the Figure 3.21.
Two studied peptides showed very close RTs sugggtitiat they have similar physical and
chemical properties. GS-SWP(FP) had slightly longer RTs (around 1 min on a
chromatogram with a gradient slope of 1% solvemhiB). Interestingly, the RT values of
both analogues in the open-ring forms were closthab of the wild type GS, while first-
generation analogue GS-%®P) eluted much earlier (Chapter 3.3.3). Thisedéhce can be
explained by the increase of the peptide hydrophiybafter the introduction of the proline
residue instead of the polar hydrazide group.talao be a result of smaller perturbations of
native amphipathic structure with the new buildisigck Sw. The photoconversion to the
closed-ring forms have resulted in significant éese in RT (16 min using the gradient
above), similar to all the GS analogues studiefispossessing the building block Sw

Substantial amounts of peptidomimetics were syitbdsand purified: 100 mg of
peptidomimetic GS-SW"(FP) and 25 mg of GS-SWFP).

residue of L-proline residue of D-proline

3

HN  GS-SwLPro(FP) HoN GS-Sw'°(FP)

Figure 3.20. Structure of the GS analogues containing secon@émg¢ion DAET building

blocks SW (shown in red). Two amino acids (Phe and Pro) stufied in the native GS
sequence with the building blo8® or 40 gave the peptidomimetics GS'S#FP) or GS-

SWP(FP), respectively.
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Figure 3.21. Analytical RP-HPLC elution profiles (a) of the QG&ld type, and its
photoswitchable analogues (b) GSP8R(FP), (c) GS-SW™(FP), each in the open-ring

(black) and closed-ring forms (red). (Conditiong & Chapter 6.).
3.4.2. Anticancer activity of GS analogues

The cytotoxic activity of the peptidomimetic GS-SW(FP) was studied in order to
access the potency of the new photoswitchable Gfgmes in cancer therapy. To this aim,
the cytotoxicity of the peptidomimetic in both pbfirms was measured employing a
standard MTT assay (see details in the Chaptey. @\8o cancer cell lines were used: cervix
cancer line HeLa and hepatocellular carcinoma G2 Jame way as it was in the study of
antibacterial activity, the peptidomimetic formsthvithe open-ring and closed-ring DAET
states were prepared before the tests using pte@akPLC and all the experiments were
performed under dim light conditions to prevent amtcolled photoisomerization of the
peptidomimetic.

The viabilities of the cells at different concefivas of the peptidomimetic are shown
in Figure 3.22. It can be seen that the open-rimgnfof GS-SW'(FP) demonstrated
significant cytotoxicity against both cell linesjtlwv calculated G about 12ug/ml against
cancer line HelLa and 24/ml against hepatocellular carcinoma G2. Deaaivaiosed-ring
from of the peptidomimetic showed much lower cyxiddy against both cell lines. No
cytotoxicity was observed in the experiments wigpdtocellular carcinoma G2: the closed-
ring form was active only at the highest testedcentration of 64ug/ml. Since no further
concentrations were employed, in both cases thg Was assigned as > @4/ml. These
results clearly showed that the cytotoxic actiwfythe GS analogue could be controlled with
light.
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Figure 3.22. The cytotoxic activity of the photoswitchable agale GS-SW"(FP) in both
open-ring and closed-ring forms measured in the M@t (a) against cervix cancer line

Hela, (b) against hepatocellular carcinoma G2 carloee.
3.5. Photocontrolled fluorescent cell imaging wittDAET containing peptides

As was discussed in Chapter 1.3., diarylethenessgsss intrinsic fluorescent
properties. Moreover, their fluorescence dependshenphotoform. The DAET derivatives
that were used in this study are dithienylcyclopaet with two carbonyl groups at 2- and 2'-
positions and produce fluorescent signal in thenep®y photoforms. In particular, the
fluorescent properties of the building blagkin water environment were studied using small
peptidic derivative, as described in Chapter 3.Chapters 3.3. and 3.4. above describe
photoswitchable analogues of the antimicrobial ioepgramicidin S.

In order to better understand the mechanism ofomactnd distribution of the
gramicidin S in living bacterial cells, one of tBAET-containing GS derivatives was used as
a fluorescent probe. GS is a small and sensitivenadifications peptide. Its fluorescent
labeling is problematic due to the fact that attaeht of any large hydrophobic fluorophore
will dramatically change its amphiphilic charactand, as a result, its biologically relevant
interaction with the lipid bilayer. On the othernlda the DAET-modified GS analogues
already have a built-in fluorescent label and tlcas be used as a fluorescent probes.
Showing similar spectrum of activities to the wilgpbe peptide and comparable structural
features, these analogues may have similar modeinofing to membranes and similar
mechanism of action. The fluorescent propertie& 8fphotoswitchable analogues were used

in the following experiment: the bacteria cells Bdcillus subtilisand Kocuria rhizophola
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strains were treated for 1 hour with GS!@#) at 10Qug/ml concentration in the open-ring
form. Then the distribution of the fluorescent G#lague was recorded as shown in Figure
3.23 (microscope Axioskop 40 was used). Green ameékwred fluorescence of the
peptidomimetic in open-ring form was observed. Xperiments with both bacterial strains
the peptidomimetic not only bound to the cell meanle;, but also appeared translocating
inside the cells. Interestingly, most intense dsigimside the cells was detected in the
cytoplasm which suggests that the peptidomimetis a@sorbed by the inner membrane. The

extracellular matrix in bacterial conglomerates egpd to be clear of the fluorescent

peptidomimetic.

Figure 3.23. Fluorescent cell staining with peptidomimetic G8(BP) at 100ug/ml in open-
ring form. (a) green fluorescence of Bacillus slifgti(b) and (c) green fluorescence of
Kocuria rhizophola, (d) red fluorescence of Kocurizophola; (a), (b) and (c) emission at
450-490 nm, (d) emission at 546 nm.

In the other set of experiments a possibility ofnayic photocontrol of the
fluorescence in bacterial culture was demonstraf&ée. possibility to reversibly switch off
and on the fluorescence in bioimaging is very usahce it allows increasing the contrast by
subtracting the background fluoresceficeThis approach was demonstrated with the
photoswitchable GS analogue GS!@W#) as shown in Figure 3.24. First, a group otdia
was identified under white light as shown in thengla(a). The same cell cluster was left
under the UV light for 5 min to convert the peptisimetic into the closed-ring form, which
resulted in turning the fluorescence off (panelllije visible light was then applied for 5 min
to convert the GS analogue back to the fluorescgr@n-form (panel c). Finally, the

fluorescence was again switched off by illumination5 min with UV light.
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Figure 3.24. Fluorescent cell staining by GS photoswitchablalague GS-SWFP). Kocuria
rhizophola treated for 1 hour with 10@y/ml of peptidomimetic GS-§®P) in closed-ring
form, emission at 450-490 nm. (a) White light nptratograph. (b), (c), (d) Hlustration of
the photoswitching between fluorescent and nondkeent states: (b) the fluorescence is
absent, peptidomimetic is in the closed-ring for(o) the fluorescence raised after
photoconversion to the open-ring form by visibghtj (d) the fluorescence decayed after
irradiation with UV light.

3.6. Photoswitchable analogues of the anticancertide SVS-1 with the SW
photoswitchable building block

The photoswitching between open-ring and closeg-fanms of the DAET unit in the
ideal case should provide conformational contrgl,ether maintaining or destroying the
secondary structure adjacent to the building bldckhe studies with linear model peptides
(Chapter 3.2.), Shunit was shown being compatible with both prineipecondary structure
elements in peptides: thgstrand and thexr-helix. The example of GS photoswitchable
analogues (discussed in Chapter 3.4) illustratedptssibility to incorporate Svand Sw
into short cyclic peptide within th@-turn fold and to photomodulate range of peptide
activities. However, gramicidin S structure is dddially stabilized via backbone
macrocyclization. In the following example the dsgof intrinsic isostery of a DAET-based
amino acid surrogate topaturn fold was further explored. As well as theeatpt was done to
create a photoswitchable peptidic anticancer agent.

As a peptide template for incorporation of the piatitchable building block,
peptides with reported anticancer activities wenesidered®. SVS-1 is one of them and was
selected for structural reasons. This 18-residytigie2 was designed to fold agdnairpin in
the presence of negatively charged membrane su(fem Chapter 1.4.1.). This folding
process was suggested to be necessary for thexigibt of SVS against cancer cell lines

and the critical role of thé8-turn in adopting the amphiphili¢-sheet structure was
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demonstratety. Isostery of a DAET building block to theturn should therefore be possible
to evaluate in a functional anticancer assay onmrmnitoring the folding process in the

presence of a negatively charged membrane.
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Figure 3.26. Schematic illustration of the photocontrollggthairpin folding of SVS-
SwF™(PP) by switching betweefthairpin supporting (open-ring) and disturbing (skd-

ring) forms.

The designed SVS analogues should exploit the mésahaof the structural
photoswitching schematically shown in Figure 3.B6the flexible open-ring form of the
DAET unit the two peptidyli§3-strands should become free to interact with edbkraand
should be able to form prhairpin, stabilized by a number of intra-strandifogen bonds.
This should happened for instance in the presehoegatively charged model membranes.
At the same time, in the DAET closed-ring form testrands should become spatially
separated through a rigid planar unit and therelfmse the ability to fold as an amphiphilic
secondary structure.

Herein SW building blocks were chosen for introduction of tphotoresponsive
functionality for the reasons discussed in Cha@drl - higher chemical stability and
potentially better compatibility with thgturn geometry. The sequences were designed, as in
the case of GS-analogues (Chapter 3.3.), by inttomtu of several substitutions around
potential target place for empiric comparisons c8imolecular size approximation of a'Sw
unit in previous studies suggested rough equivgléactwo to three amino acid rests, to
further refine this estimate, both types of reptaenst - SW for a dipeptide and Slwfor a

71



tripeptide - were planned. The corresponding anaicid sequences are listed in Table 3.10.
Substitution of tree amino acid restS8RPT-) with both diarylethene building block8 and

40 gave peptidomimetics named SVS!S®PPT) and SVS-SW'(PPT), respectively.
Substitution of two proline residues’®P-) gave peptidomimetics named SVS-3YPP)
and SVS-SW(PP). And substitution of another tree amino aeM”PP-) in thep-turn
region gave peptidomimetics named SVS"3WPP) and SVS-S®"(VPP).

Table 3.10.The list of synthesized SVS-1 photoswitchable agads.

Peptide Sequence*

SVS-1 KVKVKVKVPPTKVKVKVK-NH
SVS-2 KVKVKVKVPPTKVKVKVK-NH
SVS-SW(PPT) KVKVKVKV-Sw "R°-KVKVKVK-NH ,
SVS-SW(PPT) KVKVKVKV-Sw PR KVKVKVK-NH ,
SVS-SW (PP) KVKVKVKV-Sw - TKVKVKVK-NH ,
SVS-SW(PP) KVKVKVKV-Sw PP-TKVKVKVK-NH ,
SVS-SW (VPP) KVKVKVK- S"PTKVKVKVK-NH ,
SVS-SWF(VPP) KVKVKVK- SYPPICTKVKVKVK-NH ,

* SW denotes residue of building blo8R, SWPF™ —40.

3.6.1. Synthesis and purification of SVS-1 analogse

Synthesis of the SVS-1 photoswitchable analoguespgaorm manually with Fmoc-
based SPPS technique and described in Chapter Bradéfined side product formation was
observed at the step of Fmoc deprotection fromathmo acid coupled immediately after the
diarylethene building block89 and 40. Upon MALDI analysis the formed side products
systematically gave masses of 18 Da less comparduettarget product and this products
remained throughout further synthesis. The sidelpts could be explained by a terminal
cyclization of the N-terminus of the growing polypiele chain that makes it inaccessible for
the further coupling steps. In order to overconis termination and complete the synthesis
convergent strategy was us&d For construction of the SVS analogues, the cagpliwith
the tetrapeptides were done to overcome the pratierositions in a large step. The side
chain protected tetrapeptides (Fmoc-K(Boc)VK(BoQ®@OH and Fmoc-VK(Boc)VK(Boc)-
COOH) were synthesized separately and used inghesaoupling cycle. In the following,

syntheses were continued in accordance with timelatd single-residue per cycle procedure.
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As discussed in the Chapter 3.4.1."8wvere available as racemates. However, for
the synthesis of SVS-1 photoswitchable analoguspitkeuse of racemic mixture the final
products were possible to separate chromatogrdphi€ae separation of the diastereomeric
molecules was performed in two RP-HPLC steps. thestep a different ion pairing reagent
was employed. During first round of purificatioreteluents were supplemented with 0.1% of
trifluoroacetic acid (TFA). Already at this stageth peptide isomers were separated.
Identification which product corresponds to whickraetiomeric form of the DAET proline
was not possible on this step. This way purifieddpicts were named according to their
HPLC retention behaviors: peptidomimetics with deraRTs were designated with the index
1 and their longer retaining counterparts withitidex 2. The SVS analogues with the DAET
unit in place of prolyl-prolyl-treonyl fragment wecalled SVS-Al1 and SVS-A2; in place of
prolyl-prolyl — SVS-B1, SVS-B2 and the remainingwaprolyl-prolyl substitutes — SVS-C1,
SVS-C2. The second round of HPLC purification wasalwith eluents containing 0.1% of
heptafluorobutyric acid (HFBA) — highly lipophilion pairing reagent. Purification of the
wild type peptides SVS-1 and SVS-2 was performedna round with the HFBA system.
Notably, application of conventional eluents foppée purification (with 5mM HCI or 0.1%
TFA as ion-pairing agents) appeared to mask samtinumber of impurities which eluted at
the same times as the target products. The SVS®gued declared as pure when being
purified with conventional eluents, in HFBA puriiton appeared to have actual purities
below 50%. This demonstrates limitations in the BPlpurity assessment when no
precautions are done and in part may explain @iffees in the results obtained in this work

and reported in the literature (see below).
3.6.2. Structural analysis of SVS-1 analogues

SVS-1 was reported not to have any structure ireags buffers and in presence of
zwitterionic lipid vesicles (POPC) — the CD spedcitahese conditions were interpreted as
reflecting a random coil, unstructured, stat€ontrastingly, when negatively charged lipid
vesicles (POPC/POPS, 1:1) were applied, the CDtispeshowed signals with distinct
minima in the mean residue ellipticity at 218 nmporting the notion that the peptide
adopts g3-sheet fold consistent with the hairpin formatidhe other peptide SVS-2, which
contains single L-proline/D-proline mutation in t¢urn and is therefore not able to fold as
a B-hairpin, behaved differenflf; The CD spectra of SVS-2 resemble the “random’ coil
independent of the lipid charge. The ability of SY$o fold into the amphiphilic hairpin in
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response to the presence of negatively charged maeebwas thus postulated to be
responsible for selective targeting of the moreatiggly charged cancer cells co-present with
the more neutral normal eukaryotic cells (see iafiér 1.4.1.).

An ideal photoswitchabl@-turn mimetic of SVS-1 should behave in the follogi
way: one of the photoforms should stabilize rleairpin, while the other photoform should
be incompatible with this structure. Thereforehé CD spectra of peptidomimetic resemble
the signal from SVS-1, the photoswitchable unipieven of supporting #-hairpin, at the
same time similarity to SVS-2 spectra will suggéet opposite. Herein CD spectra of the
wild type peptides SVS-1 and SVS-2 as well as o659Vphotoswitchable analogues were
acquired in different media including i) aqueoudfdéruand ii) liposomes from zwitterionic
DMPC and iii) from negatively charged DMPC/DMPS andDMPC/DMPG mixtures. The
peptidomimetics were studied in their both photeferusing the following procedure. The
CD spectra of the closed-ring forms were measurst Next, the samples were exposed to
visible light for time periods needed to convertO%® of the peptidomimetics into the
colorless open-ring forms (visual control), and sleeond set of the CD spectra was recorded
(see details in Chapter 6.4). The obtained CD spect collected in Figure 3.27 and 3.28.

Figure 3.27 summarize CD study of the control pl#ti SVS-1 and SVS-2.
According to the literatuf& both peptides should be unstructured in aqueafferb and in
presence of zwitterionic lipids. In 10 mM phosphhatgfer and with DMPC vesicles, SVS-2
indeed showed a random coil CD signal (Figure 3l97&VS-1, surprisingly, appears being
structured at both conditions: negative band a28.nm and a positive one at ca. 200 nm
indicate that the peptide adopts pdike fold. In the presence of negatively charged
DMPC/DMPS or DMPC/DMPG liposomes, both peptidesenstructured (Figure 3.27¢,d).
Judging by the intensity of the 200 nm band, agetqul, more molecules of SVS-1 appear to
be folded than of SVS-2. The results directly cadict literature data for SVS-1 peptide,
which should have been unstructured in water. Eiplegptide material in this work differ to
the one used by Sinthuvanich et al. (see commenitatPLC purification in Chapter 3.6.1.)
or other factors may play a role. For instance lemmlt-free buffer was used, while the
literature investigation was performed in preseoic&50 mM NaF; here DMPC/DMPS lipid
was used, while the other study have used moré R@QPC/POPS bilayers.
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Figure 3.27. Circular dichroism spectra of SVS-1 and SVS-204 4g/ml concentration in

different conditions. (a) 10 mM PB at 25°C; (b) DNIResicles, P:L ratio 1:50, at 40°C; (c)
DMPC/DMPS (1:1 mol) vesicles, P:L ration 1:50, €°€; (d) DMPC/DMPG (3:1 mol)

vesicles, P:L ration 1:50, at 40°C.

Nevertheless, the photoswitchable SVS-1 analogeee measured in buffer solution
and in the presence of negatively charged ves{Q&#C/DMPG) as shown in Figure 3.28.
In PB buffer solution all the peptidomimetics gaaw&CD spectra associated with a random
coil, while in DMPC/DMPG presence appeared pastitdlded, resembling therefore general
behavior of the SVS-2 peptide. The structures assufny the peptidomimetics indeed
correspond to expectgdfolds. An interesting exception here was the SVSp€ptide — with
membranes it shows far largest amount of the randoinsignal, suggesting most of the
peptide to remain non-bound. The non-bound fractidh this is even larger than for the
wild type SVS-2 peptide. Difference between SVS&btl SVS-C2 renders the enantiomeric
form of proline within DAET building block to plagn important role in defining the peptide
structure. This result also clearly shows thattpmsiand number of residues to be substituted
by a DAET building block is indeed critical in thgturn structures. When comparing

membrane-interaction of the open-ring and closed-forms, both SVS-B isomers, SVS-Al
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and SVS-C2 showed the differences in between, wbidespectra of SVS-A2 and SVS-C1
remained almost intact. For SVS-B1 and SVS-C2 sakdifferences were the largest.
Importantly, when the differences are presentihal open-ring forms spectra resemble the
spectrum of SVS-1, while the closed-ring forms aupsimilar to CD signal of SVS-2
(Figure 3.27.d). This suggests closed-ring formstieed bind the membranes less and to be

less structured, the same way as in the disto4&}t Speptide.
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Figure 3.28. Circular dichroism spectra of the SVS-1 photodhatde analogues at 100
©g/ml concentration in different conditions. Bluads correspond to peptidomimetics in the
open-ring forms, red — to the closed-ring formdidSines correspond to spectra recorded in
DMPC/DMPG (3:1 mol) vesicles, P:L ration 1:50, a®°€. (a) and (b) correspond to the
peptidomimetics SVS-Al and SVS-A2, respectivehan@ (d) to SVS-B1 and SVS-B2, (e)

and (f) to SVS-C1 and SVS-C2, respectively.
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Comparison of the degree of deviation between Gpads of the two photoforms
(e.g. by assessing intensity at ~195 nm) acrosspeitide variants allows qualitative
judgment about efficiency of the dipeptide- angeptide-SW substitutions. The efficiency
is meant here as an ability to mimi@-durn in one photoform and to destroy the foldhe t
other. Substitution of three amino acidSRPT-) by SW appears to be the least effective —
none of the peptidomimetics SVS-Al or SVS-A2 showag pronounced change of the CD
lineshape during photoswitching. The same can beladed for one of the diastereomers of
the other tripeptidylic substitution (WP- in SVS-C1). In contrast to this, the substituif
two amino acids PPP-, SVS-B peptides) achieved more effective ptwtwol of the folding
as the difference is the largest (SVS-B1) and &s@nmt in both enantiomers (compare SVS-
B2). It has to be noted that dipeptidylic subsiitntalso gave good results in GS analogues.
In summary: substitution of tree amino acid with BRunit is not effective. Much better
results showed substitution of two central aminadsd-"PP-). It was also shown the
enantiomeric form of the proline residue in DAETIilBung block plays an important role.

This influence was clearly seen for pair of anakg8VS-C1 and SVS-C2.
3.6.3. Antimicrobial activity of SVS analogues

The antimicrobial activity for the3-hairpin forming peptide SVS-1 and its non-
foldable isomer SVS-2 was not previously reportadhe original study both peptides were
only investigated for the anticancer cytotoxitityHowever, an antimicrobial activity was
expected due to close similarity to canonical amtiobial peptides — SVS peptides possess
high positive charge and acquire amphiphilic seeopndstructures in membranes. In this
work MIC assays were used to quantitatively acpegential antimicrobial activities of the
DAET-modified SVS analogues while SVS-1 and SVS&&d control purposes. In the first
round of experiments using only SVS wild type pagsi (see Chapter 6.5. for details)
activities against Gram-positive and Gram-negahiaeteria were compared. Against Gram-
negative strains SVS-1 and SVS-2 demonstrated rratkek activity: the MIC values in
ug/ml for E. coli were found 64, 128, and f&. faecalis250, >250, respectively. However,
both peptides demonstrated relatively high actiaigainst Gram-positive bacteria strains. In
the following study, which included the photoswable SVS analogues, the focus was set
only on Gram-positive strains. Obtained MIC valaes summarized in the Table 3.11.

As was expected, SVS-1 was more active comparif@8-2. Against. aureusand
S. epidermidiVIC values for SVS-1 were higher by one- (32 agaf® pdml) and two- (8
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against 32 Yol dilution folds, respectively. Again&. xylosuoth peptides showed equal
MIC values (8 pgnl). Interestingly, all photoswitchable peptidomiine generally have
shown equal or stronger activities than the wijoety SVS-1 and SVS-2.

The open-ring forms of peptidomimetics were degigieeadopt g-hairpin structure
and in this way mimic the functions of peptide SY¥YSvhile the closed-ring forms should
have stayed unstructured and were supposed to ®éka\5VS-2. This indeed was observed
in the antimicrobial activity of peptidomimeticsofFexample, the analogue SVS-Al in the
open-ring form was more active than the closed-forgh (by two folds of dilution) against
both S. aureusandS. epidermidisAt the same time againSt xylosushere was no difference
observed in the MIC values for the two photoforrsémilar results were obtained for
peptidomimetics SVS-B1, SVS-B2, SVS-C2.

Table 3.11.The antimicrobial activities of SVS-1 photoswitble analogues in both open-

ring and closed-ring forms tested against Gramtpesbacteria strains.

MIC (ug'ml)
Peptides S. aureus S. xylosus S. epidermidis
Gramicidin S 4 2 2
SVS-1 32 8 8
SVS-2 64 8 32
open-ring 16 8 4
SVS-Al ,
closed-ring 64 8 16
open-ring 16 8 8
SVS-A2 ,
closed-ring 32 8 8
open-ring 16 8 8
SVS-B1 ,
closed-ring 32 8 16
open-ring 16 8 8
SVS-B2 ,
closed-ring 32 8 16
open-ring 32 4 8
SVS-C1 ,
closed-ring 64 8 16
open-ring 16 8 8
SVS-C2 ,
closed-ring 32 4 8

78



3.6.4. Anticancer activity of SVS-1 analogues

The peptide SVS-1 was reportédo be highly active against a variety of cancér ce
lines such as A549 (lung carcinoma), KB (epideroatinoma), MCF-7 (breast carcinoma),
and MDA-MB-436 (breast carcinoma) with §€values around 10-2(g/ml. At the same
time SVS-2 was reported to be at least ten time detive with 1Gy >200ug/ml.

In this work, cytotoxic activity assessments of SY,SSVS-2 were performed using
breast cancer MCF-7 and the cervix cancer cellleka (see Chapter 6.8 for details). First,
the wild type peptides SVS-1 and SVS-2 were evatlidn the Figure 3.28. viabilities of the
cancer cells are expressed as a function of comtemt for both of them, illustrating the
study. SVS-1 showed Kgvalues in the concentration ranges of 32-64 ané4ei28ug/ml
against HeLa and MCF-7 cells, respectively. SV&&aled |Gy values of 64-128 and >256
ug/ml against two cancer cell lines, respectivaetyatldition, the peptides were evaluated for
their influence on the apoptosis of the HelLa cdlsthe concentration 128g/ml both wild
type peptides showed moderate proapoptotic actidnshghtly higher activity of the SVS-1
(Figure 3.29.).

Obtained results contradict literature data in tl8fS-1 has rather moderate
cytotoxicity, while SVS-2 demonstrates comparabletivity levels. Opposite to the
expectations, no dramatic difference between twaiges with different propensities for the
B-hairpin formation was observed.

Despite rather discouraging results above, anteraactivities of the photoswitchable
SVS-1 analogues were studied. Herein cytotoxicitiese tested on two cancer cell lines:
cervix cancer line HeLa and hepatocellular carciaoB2. An example of concentration
depended viability curves is shown in Figure 3.BBe G values for all peptidomimetics
are summarized in Table 3.12. In general the DAEddifred peptidomimetics showed
activities in the same concentration range as S\#d SVS-2. However, neither of the
analogues had shown any difference between theiwetoforms (Table 3.12.).

This study had shown that the peptide SVS-1 andntglogues cannot be called
promising anticancer agents in view of their lowgd®@alues. Moreover, it appears that the
cell cytotoxicity of these peptides cannot be asueato evaluate the efficiency phairpin
folding. The two peptides SVS-1 and SVS-2 have=dgiit potency to form an amphiphifie
hairpin structure, but their toxicities against @ancells are comparable.
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Figure 3.28. Cytotoxic activity of SVS-1 and SVS-2 measurddilim test. (a, b) Against
cervix cancer line HelLa and, (c, d) against brezstcer MCF-7.
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Figure 3.29. Proapoptotic action of peptides SVS-1 and SVS-2hencervix cancer line
HelLa at concentration 128y/ml measured by flow cytometry.
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Figure 3.30. Cytotoxic activity of photoswitchable analogue B25in both open-ring and

closed-ring forms measured in MTT test. (a) Agaoeswvix cancer line HelLa, (b) against

hepatocellular carcinoma G2 cancer line.

Table 3.12. Half-lethal concentrations (Kg) of photoswitchable peptidomimetics tested

against cervix cancer line HeLa and hepatocellcdacinoma G2 (Hep G2).

Peptide ICso (ugml)
HelLa Hep G2

open-ring 32-64 >128
SVS-Al _

closed-ring 32-64 >128

open-ring 64 128
SVS-B1 _

closed-ring 64 128

open-ring 32-64 64-128
SVS-B2 _

closed-ring 32-64 64-128

open-ring 32-64 >128
SVS-C1 _

closed-ring 32-64 >128

open-ring 32-64 64-128
SVS-C2 _

closed-ring 32-64 64-128
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4. Summary

Incorporation of molecular photoswitches into pees or proteins should allow
reversible control of their structure and functidmysmeans of photoisomerization. The aim of
this study was to explore the practical possietitiof polypeptide modification using
photoswitchable diarylethene-based building blocksd to investigate the effects of the
photoinduced isomerization on the structure andctfan of several biologically active
peptides.

Two types of diarylethene-based building blockstadle for incorporation into
peptides with routine peptide synthesis were switlee. In these units, which appear as
amino acid surrogates, different linkers were esgaldo attach the amino function, including
a hydrazide group and the backbone of anoik@mino acid. These variations now render

the photoswitchable building blocks compatible wathroad range of peptide geometries.

The suitability of the building blocks for practicencorporation in peptides was
successfully demonstrated on variety of linear apdic peptides. The range of explored
polypeptide geometries, shown to be suitable fooriporation of the building blocks, covers
a-helices,p-strands B-turns, as well as the backbone of macrocyclessiebychemical and
biological studies on the photoswitchable peptidéswed characterization of the building
blocks in the context of real polypeptides in aatidn particular, the efficiencies of
photoisomerization, the general hydrophobicities] the degree of conformational flexibility
were characterized, as well as the absorption hmiescence properties of the units. The
general requirements were identified for selecangrget polypeptide sequences that can be
successfully modified by the building blocks. A ftype of a reversibly photocontrolled

fluorescent label was demonstrated, based on #mglelhene photoswitchable moiety.

With the novel photoswitchable analogues of GradgimciS and SVS, respectively,
major and minor conformational changes of the pepype backbone upon
photoisomerization were demonstrated. The preworgglorted strong anticancer activity of
the SVS peptide was disproved. Gramicidin S, ondtier hand, was shown to possess
anticancer cytotoxicity. For the first time with diarylethene photoswitchable unit in a
peptide backbone, a functional photodynamic comttasé achieved for a peptide. The range
of peptidomimetics allowed photoisomerization-méellaphotocontrol of the antimicrobial,

hemolytic and anticancer activities.
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5. Zusammenfassung

Durch Einbau lichtabhangiger Schalter kann die l&tmuund Funktion von Peptiden
und Proteinen durch Photoumwandlung gezielt gedteverden. Ziel dieser Studie war es,
Diarylethen-Bausteine, die sich durch Licht umwdnd&ssen, zur Modifikation von
Peptiden und Proteinen einzusetzen, und die Auswglder lichtinduzierten Umwandlung
auf die Struktur und Funktion verschiedener biadogiaktiver Peptide zu untersuchen.

Hierbei wurden zwei verschiedene Diarylethen-Banstentwickelt, die sich fir den
Einbau in Polypeptide mittels Standard-Peptidsysgheignen. Fir diese Bausteine wurden
verschiedene funktionelle Gruppen, wie z.B. Hydraader Aminosaure-Analoga, getestet,
durch die ein Einbau in Peptide anstelle von noemahminosauren maoglich ist. Durch
Verwendung verschiedener funktioneller Gruppen waid Einbau dieser durch Licht
umwandelbaren Bausteine in unterschiedlichste @gpiikturen gewahrleistet. Die Eignung
dieser Bausteine flr verschiedene Peptidkonformatidkonnte durch den Einbau in Peptide
mit a-helikaler, B-Faltblatt und Schleife sowie in zyklischen Peptiderfolgreich gezeigt
werden. Durch Einbau der photoschaltbaren Moduldekannte Peptide konnten diese
Bausteine unter realen Bedingungen getestet wekierbei konnte die Effizienz der durch
Licht induzierten Umwandlung, die Hydrophobizitder Grad der strukturellen Flexibilitat,
sowie die Absorption und Fluoreszenzeigenschaftesed Bausteine charakterisiert werden.
AulRerdem wurden die grundlegende VoraussetzungeuiéiiAuswahl der Zielsequenzen
identifiziert, und es wurde der Prototyp eines reNml umwandelbaren
Fluoreszenzfarbstoffes gezeigt.

Anhand neuer Analoga von Gramicidin S und SVS kemnterschiedene Licht-
induzierte Strukturanderungen des Peptidrickgrareigt werden. Die kirzlich postulierte
anti-Krebs Wirkung des SVS Peptides konnte widénegrden, wohingegen fir Gramicidin
S eine cytotoxische Wirkung gegen Krebszellen nealgsen werden konnte. Mit dieser
Arbeit gelang es das erste Mal, ein durch Licht tiaherbares Peptid basierend auf
Diarylethen-Bausteinen herzustellen, dessen antihbi&lle, hdmolytische und anti-Krebs

Aktivitdt beeinflusst werden konnte.
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6. Experimental part

All starting materials were purchased from Merckrds, ABCR, Fisher, Iris Biotech,
and Biosolve. Tetrahydrofuran, N,N-diisopropylethmine, and diethyl ether were freshly
distilled under a nitrogen atmosphere from sodi@nzophenone, and toluene was distilled
from sodium. Analytical reversed-phase high-perfamge liquid chromatography (RP-
HPLC) was done on Jasco system. Next columns vs=e: Wyda® C18 column (4.6 mm x
250 mm), flow rate 1.5 ml/min for analytical anagysvyda® C18 column (10 mm x 250
mm), flow rate 7 ml/min for semi-preparative purition, VWda€ C18 column (22 mm x
250 mm), flow rate 17 ml/min for preparative purétion; solvent A: 90% water, 10%
acetonitrile, solvent B: 10% water, 90% acetomtribmM hydrochlotic acid, or 0.1%
trifluoroacetic acid, or 0.1% heptafluorobutyridchgvere used as an ion-pairing agents. For
preparative HPLC individual gradients were optindiZzer each peptide depending on a
retention time of the target peptide and type ohtaminations; for analytical and
semipreparative HPLC typical gradient slopes wéreahd 4% B per min, respectivefy
and*C NMR spectra were recorded on Bruker Avance 3@&tspmeter and referenced to
TMS.

Mass spectra were recorded either on an Agilen® 11O/MSD SL instrument by
chemical ionization (Cl), or on a Bruker Autofled by matrix-assisted laser induced
desorption/ionization (MALDI). MALDI samples were-crystallized with a matrix of 3,5-
dihydroxy-benzoic acid ora-cyano-4-hydroxycinnamic acid from acidic ,G/MeCN
solutions on a stainless steel target.

For UV illumination either standard UV lamp Spettre® from Spectronics
Corporation (model with the unfiltered short waued (UV-C, 254 nm)), or the model XX-
15Fe, equipped with two integrally filtered 15-Watbes (BLE-1T155) were used. The latter
provides peak UV intensity of 1100 pW/cm? at 25 dfor fluorescent microscopy in cell
cultures were used Axioskop 40 with filter set 89 650-490 nM kemm 515 Nm), Carl Zeiss,
Jena, Germany.

Compound8a and 33 were synthesized according to réf. The fluorine label 3-
(trifluoromethyl)bicyclopent-[1.1.1]-1-yl glycineGFs-Bpg) was provided by Prof. Komarov
and Dr. Mykailiuk.
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6.1. General organic synthesis

4-(2-(5-(2-(((9H-fluoren-9-yl)methoxy)carbonyl)hydrazine-1-carbonyl)-2-
methylthiophen-3-yl)cyclopent-1-en-1-yl)-5-methyltihophene-2-carboxylic acid, 31.

Compound8a (5 g, 14.3 mmol) was dissolved in
dimethylformamide (25 ml). N,N-diisopropylcarbodiohe

0 o
/S\ /S\ (DIC, 1.76 g, 14 mmol) and subsequently DIPEA (8,7
Fmoc

“nNH OH  28.6 mmol) were added to the solution. Fmoc-hydezi
(Fmoc-NH-NH2; 3.56 g; 14 mmol) was added immediateAfter stirring the reaction
mixture overnight, it was poured into water (100.nfhe precipitate was filtered, dissolved
in dichloromethane (200 ml) and washed twice withM aq solution of sodium bicarbonate
(100 ml), then with 0.5 M aq solution of hydrochéoacid (100 ml), in order to remove the
unreacted compounga. The organic phase was dried over magnesium suliataporation
of dichloromethane under reduced pressure gavertlde material which contained, along
with the desirabl&1, also the by-produ@2. The by-product did not interfere with the solid-
phase peptide synthesis, so the obtained mateaslused without additional purification.
The analytically pur&1 was obtained using RP-HPLC .B/MeCN mixture as the eluent).
Compound31: *H-NMR (300 MHz, DMSO-g), 5 = 1.88 (s, 3H, Ch), 1.91 (s, 3H, Ch),
2.02 (m, 2H, 2CH), 2.78 (t, 4H, 2CH), 4.13-4.42 (CHCH, two rotamers 4:1), 7.11-7.92 (m,
aromatic protons, M), 9.01 and 9.36 (rotamers 1:41)1 10.22 and 10.46 (rotamers 4:1,
1H), 12.89 (broad singlet, 1H)*C-NMR (300 MHz, DMSO-¢), § = 14.1, 14.4, 22.2, 46.4,
66.1, 120.1, 125.2, 127.1, 127.7, 129.8, 130.4,93233.9, 134.2, 136.2, 136.3, 140.0,
140.7, 141.7, 143.6, 156.3, 160.7, 162.6. CompaundH-NMR (300 MHz, DMSO-g), § =
1.89 (m, 6H), 2.05 (m, 2H), 2.78 (t, 4H, 2@H4.14-4.41 (CHCH, 6H), 7.12-7.92 (m,
aromatic protons, 18H), 9.00 and 9.36 (rotamers 2:8, 10.23 and 10.47 (rotamers 3:1,
2H). *C-NMR (300 MHz, DMSO-¢), § = 14.2, 22.2, 38.1, 46.5, 66.1, 120.1, 125.2, 1.27.
127.7, 129.8, 132.9, 134.2, 136.2, 140.0, 140.3,614.56.3, 160.7.
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4-(2-(5-chloro-2-methylthiophen-3-yl)cyclopent-1-efl-yl)-5-methylthiophene-2-
carbaldehyde, 34.

15 g of compoun@®3 (0.0456 mol) were dissolved in 250 ml of
dried tetrahydrofuran under inert argon atmosphehe. solution was

Cl /s\ /s\ ) cooled to -78C using bath with dry ice. 20 ml (0.051 mol) of thé&

° M butyllithium solution in hexane were added to twoled solution.
The reaction mixture was let go to the temperatLl@®C and was cooled again to - ¥8. 4

g (0.0548 mol) of the dimethylformamide were adttethe solution at -78C. The solution
was slowly (during half an hour) heated td®and stirred at room temperature for one hour.
Then the reacting mixture was poured into 200 mivater and 55 ml (0.055 mol) of 1 M
hydrochloric acid were added. The prodBdtwas extracted with 200 ml of diethyl ether.
Separated organic phase was dried over anhydrogeasiam sulfate and volatile solvents
were removed under reduced pressure. 15 g of @otairude material were used in further
synthetic steps without purification. Compous# *H-NMR (300 MHz, CDC}), § = 1.85 (s,
3H, CHg), 1.92 (s, 3H, CH), 2.00 (m, 2H, CH), 2.74 (t, 4H, 2CH), 6.59 (s, 1H, CH), 7.75
(s, 1H, CH), 9.75 (s, 1H, CHO).

2-(4-(2-(5-chloro-2-methylthiophen-3-yl)cyclopent-ien-1-yl)-5-methylthiophen-2-yl)-
5,5-dimethyl-1,3-dioxane, 35.

15 g of crude compourng4 (approximately 0.0456 mol)

were dissolved in 250 ml of toluene. 7.1 g (0.06&2) of 2,2-
Cl /S\ /S\ © dimethyl-1,3-propanediol and 0.1 g of p-toluenesnié acid
© were added. The solution was refluxed with DeamkSta
apparatus until all the water formed in reactiors wemoved (0.82 g). Toluene was removed
under reduced pressure. Pure pro@olvas obtained after column chromatography on silica
gel with hexane/ethyl acetate 10:1 mixture usetha®luent. The yield in two steps fr@8
to 35was 14.2 g (76 % of theoretical). Compowtl *H-NMR (300 MHz, CDC})), & = 1.27
(s, 6H, 2CH),1.84 (s, 3H, Ch), 1.91 (s, 3H, Chk), 2.00 (m, 2H, CH), 2.72 (t, 4H, 2CH),
3.66 (q, 4H, 2CH), 5.51 (s, 1H, CH), 6.58 (s, 1H, CH), 6.82 (s, THH).
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tert-butyl (S)-2-(4-(2-(5-formyl-2-methylthiophen-3-ylryclopent-1-en-1-yl)-5-
methylthiophene-2-carbonyl)pyrrolidine-1-carboxylate, 37.

3 g (0.00733 mol) of compourb were dissolved in 50 ml
of dried tetrahydrofuran under inert argon atmosph€he solution
was cooled to - 78C by cooling bath with dry ice. To the cooled
solution were added 3.52 ml (0.0088 mol) of theM.Butyllithium

solution in hexane. The reaction mixture was let tgo the

temperature -10C and then again was cooled to — %@ 2.27 g (0.0088 mol) of the
compound36 (tert-butyl (S)-2-(methoxy(methyl)carbamoyl)pyrrolidiieearboxylate) were
dissolved in 10 ml of dried tetrahydrofuran and extido the cooled solution. The solution
was slowly (during half an hour) heated td@and stirred at room temperature for one hour.
The reaction mixture was poured into 100 ml of waaad 9 ml (0.009 mol) of 1 M
hydrochloric acid were added. The prod8¢étwvas extracted with 100 ml of diethyl ether. The
separated organic phase was dried over anhydrogeasiam sulfate and volatile solvents
were removed under reduced pressure. Pure pro8dctvas obtained after column
chromatography on silica gel with hexane/ethyl ateeb:1 mixture used as the eluent. The
obtained yield was 3.1 g (73 % of theoretical). @oomd37: *H-NMR (300 MHz, CDC}), §

= 1.27 (s, 9H, 3CkJ, 1.89 (m, 3H), 2.01-208 (rotamer, m, 6H, 25H2.12 (m, 2H, CH),
2.23 (m, 1H, CH), 2.84 (t, 4H, 2GH 3.45-3.56 (rotamer, m, 2H), 4.70-4.94 (rotanmey,
1H), 7.40-7.47 (rotamer, two singlets, 2H, 2CHY,39.75 (rotamer, s, 1H, CHO).

4-(2-(5-(gert-butoxycarbonyl)-L-prolyl)-2-methylthiophen-3-yl)cy clopent-1-en-1-yl)-5-
methylthiophene-2-carboxylic acid, 38.

3.1 g (0.0064 mol) of compour8Y were dissolved in 40
ml of ethanol. 7.42 g (0.032 mol) of freshly pregzhsilver oxide
and 0.5 g (0.0128 mol) sodium hydroxide were added
vigorously stirred for two hours. 20 ml (0.02 maj 1 M

hydrochloric acid and 40 ml of ethanol were addedrmed
precipitate was filtered through a paper filter #imel producB88 was extracted twice with 100
ml of diethyl ether from the obtained filtrate. @eqted organic phases were combined and
dried over anhydrous magnesium sulfate. \olatilevesds were removed under reduced
pressure. The yield was 3.2 g (100% of theoretinfajure compoun88. Compound8; *H-
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NMR (300 MHz, CDC}), 6 = 1.28 (s, 9H, 3C}J, 1.89 (m, 3H), 1.96-2.01 (rotamer, s, 3H,
CHjy), 2.06-2.07 (rotamer, s, 3H, GKH2.10 (m, 2H, ChH), 2.23 (m, 1H, CH), 2.81 (m, 4H,

2CH,), 3.46-3.56 (rotamer, m, 2H), 4.71-4.95 (rotanmey,1H), 7.39-7.45 (rotamer, s, 1H,
CH), 7.59-7.60 (rotamer, s, 1H, CH).

4-(2-(5-((((9H-fluoren-9-yl)methoxy)carbonyl)-L-prolyl)-2-methylthiophen-3-
yl)cyclopent-1-en-1-yl)-5-methylthiophene-2-carboxyc acid, 39.

3.2 g (0.0064 mol) of compourd8 were dissolved in 20
ml of dichloromethane. 2 ml of trifluoroacetic asidre added to
the solution and it was kept afterwards for 2 hoatsroom

temperature. The volatile solvents were removeceuneduced

pressure. The obtained yellow oil was dissolvedsih ml of
water/acetone 1:1 mixture and 1,075 g (0.0128 wiospdium bicarbonate and 3.3 g (0.0128
mol) of fluorenylmethoxycarbonyl chloride (Fmoc@gre added. The solution was actively
stirred for 4 hours at room temperature. 12.8 m0XR8) of 1 M hydrochloric acid were
slowly added and the produg® was extracted twice with 100 ml of diethyl etl®eparated
organic phases were combined and dried over anhgdnmagnesium sulfate and volatile
solvents were removed under reduced pressure. amgpound39 was obtained after
column chromatography on silica gel with hexanegfeticetate 5:1 mixture used as the
eluent. The obtained yield was 4 g (91 % of thécadt Compound9: *H-NMR (300 MHz,
CDCl), 6 = 1.92 (m, 3H), 1.97-2.03 (rotamer, s, 3H,{F2.10 (s, 3H, Ch), 2.12 (m, 2H,
CHy), 2.25 (m, 1H, CH), 2.82 (m, 4H, 2GK3.61-3.74 (rotamer, m, 2H), 4.08-4.43 (rotamer,
m, 3H, CHCH) 4.86-5.05 (rotamer, m, 1H), 7.14-7.79 (m, arbenarotons, 100).

4-(2-(5-((((9H-fluoren-9-yl)methoxy)carbonyl)-D-prdyl)-2-methylthiophen-3-
yl)cyclopent-1-en-1-yl)-5-methylthiophene-2-carboxyc acid, 40.

Compound40 was synthesized likewise compouf38
with the difference that precursdb was treated with D-proline
N-Boc protected Weinreb amide teft-butyl (R)-2-
(methoxy(methyl)carbamoyl)pyrrolidine-1-carboxylatenstead
of compound36. Compound40: *H-NMR (300 MHz, CDC)), &
=1.92 (m, 3H), 1.97-2.03 (rotamer, s, 3H, .10 (s, 3H, Ch), 2.12 (m, 2H, CH), 2.25
88




(m, 1H, CH), 2.82 (m, 4H, 2CHl 3.61-3.74 (rotamer, m, 2H), 4.08-4.43 (rotanmey,3H,
CH.CH) 4.86-5.05 (rotamer, m, 1H), 7.14-7.79 (m, arboarotons, 16I).

6.2. Synthesis of peptides containing Swand Sw"
6.2.1. Synthesis of/a-model peptide and its"F-labeled analogues

Standard Fmoc-based solid-phase peptide synth&#PS) and commercially
available reagents were used for the peptide sgisthéeucine pre-loaded Rink amide
MBHA resin with loading 0.67 mmol/g (150 mg, 1 eguwas used. Coupling of the amino
acids was performed using the following molar st the reagents: Fmoc-amino acid (4
equiv), HOBt (4 equiv), HBTU (3.9 equiv), DIPEA (8quiv). Incorporation of the
diarylethene building block Swvas performed by coupling witBl (in the crude mixture;
the amount was taken to provide 1.5 equiv), HOE €quiv), PyBOP (1.5 equiv), DIPEA (3
equiv). The coupling time in all cases was 40 mir-moc deprotection was carried out by
treating the resin with 20% piperidine in DMF fdd &hin. After completing the synthesis, the
resin was washed with dichloromethane and driectundcuum for 24 h. The peptides were
cleaved from the resin with cleavage cocktail l(iofoacetic acid, triisopropylsilane and
water, 92.5:2.5:5 v/v mixture, 10 ml, 30 min). Twdatile products from the filtered solution
were blown off by a flow of argon. The residual erél was dissolved in an acetonitrile-
water (1:1) mixture and lyophilized. The crude jpd@nimetics in open-ring form were
purified on a preparative C18 column with a lindaB gradient of 5% B/min. The purity of
the peptidomimetics was checked on the analytid®d élumn with a linear A:B gradient of
1% B/min. The identity of each peptidomimetic wasnformed by MALDI-TOF mass
spectrometry; m/z = 2618.3/p-model peptide], 2696.5pRl/a-, B4l/a-, B8l/a-, Bla3L-,
Bla7l-, BlaBL-, P/alll-model peptides], 2738.53§A/a-model peptide], 2662.58[a4F-
model peptide], 2646.8[a10Y-model peptide].

6.2.2. Synthesis ofi/a-model peptide and its'*F-labeled analogues

Labeled fragments of peptide BP100 was synthesagedescribe in Chapter 6.2.1 to
the point of Fmoc deprotection after coupling aé tt2" amino acid. Further, the resin was
treated for two hours with the mixture of next reai: building blockBa (0.5 equiv), HOBt
(0.5 equiv), PyBOP (0.5 equiv), DIPEA (1 equiv)iéfthe reaction was completed, the resin
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was washed with dichloromethane and dried undeuwacfor 24 h. The peptidomimetics
were cleaved and purified as describe in Chap&d 6The identity of each peptidomimetic
was confirmed by MALDI-TOF mass spectrometry; m/8%51 p/a-model peptide], 3311
[o/a-3L-, a/a-71-, a/a-8L-model peptides], 3242ufa-4F-model peptide], 32100fo-10Y-
model peptide].

6.2.3. Syntheses of GS analogues containing'Sw

Standard SPPS was used for the peptide synthegibiebylalanine pre-loaded 2-
chlorotrityl resin with loading 0.70 mmol/g (143 miy equiv) was used. Coupling of the
amino acids and incorporation of the building blogi/ was performed as describe in
Chapter 6.2.1. After completing the synthesis, rdg&n was washed with dichloromethane
and dried under vacuum for 24 h. The linear premsrsvere cleaved from the resin with
maintaining side chain protecting groups with a tomi@ of hexafluoroisopropanol and
dichloromethane (1:3, 10 ml, 5 min). The volatiducts from the filtered solution were
blown off by a flow of argon. After dissolving thresidual material in an acetonitrile-water
(1:1) mixture, and subsequent lyophilization, tinede linear precursors were obtained and
used for the cyclization without further purificai. The conversion of the linear precursors
into the targeted cyclic peptidomimetics was damelichloromethane (1 L, the precursors
did not dissolve completely) with the solution ofBOP (3 equiv) and HOBt (3 equiv) in
DMF (2 ml), followed by adding DIPEA (6 equiv) tbd suspension of the corresponding
precursor. The reaction mixture was stirred for,8ahd additional amount (the same as
above) of the coupling reagents (PyBOP, HOBt, DIPRAs added. After 16 h, the solvent
was evaporated under reduced pressure and theuakswhterial was lyophilized. The
deprotection cocktail (trifluoroacetic acid, trigopylsilane and water, 92.5:2.5:5 v/v, 10 ml)
was added. After 15 min, the volatiles were bloviinby flow of argon and the residual oil
was lyophilized. The crude cyclic peptides in tipem-ring form were purified in two steps
using RP-HPLC: on a first step with a preparatiglimn with a linear A:B gradient of 8%
B/min followed by a second step on a semi-prepagatolumn with a linear A:B gradient of
4% B/min. The purity of the peptides was checkedhenanalytical column with a linear A:B
gradient of 1% B/min. The identity of each peptidomtic was confirmed by MALDI mass
spectrometry; m/z = 1225.4 [GS-§F)], 1241.5 [GS-SWFP)], 1289.5 [GS-SYPV)].
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6.2.4. Syntheses of GS analogues containing'Sw

Synthesis of GS analogues containing building &% and 40 was performed as
describe in Chapter 3.4.1. The crude cyclic peptiohethe open-ring form were purified
using RP-HPLC on a preparative column with a linke& gradient of 2% B/min. The purity
of the peptides was checked on the analytical coluwith a linear A:B gradient of 1%
B/min. The identity of each peptidomimetic was ¢onéd by MALDI mass spectrometry;
m/z = 1280,5 [GS-SW(FP), GS-SW™(FP)].

6.2.5. Syntheses of SVS-1 analogues containing'Sw

Standard SPPS was used for the peptide synthesmelpre-loaded 2-chlorotrityl
resin with loading 0.70 mmol/g (143 mg, 1 equiv)sweed. The synthesis was carried out
manually. The coupling of the amino acids was pentx using the same mixture as describe
in Chapter 6.2.1. In cases of lysine and threonimeoduction, double coupling was
performed since not completed reaction was obseafted single coupling. The amino acid
sequences were grown to the place of the diarytethwilding block incorporation, which
then was introduced following the procedure desciibChapter 6.2.1. To overcome the side-
product formation on the step of Fmoc deprotectbrihe next amino acid after building
blocks SW was coupled a tetrapeptide fragment with protestdd chains and N-terminus.
For SVS-1 A- and B-type analogues were used tgptageeFmoc-K(Boc)VK(Boc)V-COOH.
For C-type was used Fmoc-VK(Boc)VK(Boc)-COOH tetrppide. The corresponding
tetrapeptides were synthesized on chlorotrityl rmresand then cleaved with
hexafluoroisopropanol and lyophilized. Couplingstité tetrapeptides were performed using
the following molar ratios of the reagents: Fmadcageeptide (2 equiv), HOBt (2 equiv),
PyBOP (2 equiv), DIPEA (4 equiv). The coupling pres was monitored with RP-HPLC and
normally was completed after 24 hours. After attaghof the tetrapeptide fragments, the
sequences were completed with standard protocchgteh 6.2.1). Separation (in case of
racemic mixture of building block39 and40) and purification of the peptides was done on
preparative column in two steps: first, with thaesit containing 0.1% of trifluoroacetic acid
as ion pairing reagent, second, with the eluentasnimg 0.1% of heptafluorobutyric acid. In
both cases a linear A:B gradient of 4% B/min wasdusThe purity of the peptides was
checked with the analytical C18 column with a lind&B gradient of 1% B/min. The identity
of each peptide was confirmed by MALDI-TOF masscmenetry; m/z = 2031.7 [SVS-1,
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SVS-2], 2119.7 [SVS-SW(PPT), SVS-SW'™(PPT)], 2220.7 [SVS-SW(PP), SVS-
SWPPPP)], 2121.7 [SVS-SW(VPP), SVS-SW(VPP)].

6.3. Solid-state'®F-NMR measurements

All oriented samples were prepared at peptidepid liation 1:100 in 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC). 0.20®o0l of peptide (0.54 mg — 0.68 mg) and 20.6
umol of lipid (14 mg) were dissolved in methanol aptead over 14 glass plates (18 x 7.5
mm, Marienfeld Laboratory Glassware). For the samplith the peptides in closed-ring
form method was modified: first, the peptides wasalved in methanol and the solutions
was exposed to UV light for 15 min. Then the needestbunt of lipid was added and the
mixture was spread over the glass plates. The dmelaent was allowed to dry out for 40
min and after that the glass plates were driecacuum for 8 hours. The plates were stacked
and hydrated in chambers with saturated potassiufats (96% relative humidity) for 12
hours and wrapped in Nescofifmand Sarogofd films. Between the measurements the
samples were stored at -20°C.

In order to check the sample quality and degredipd orientation 3P NMR
measurements were done at 202.5 MHz on an Avah8suker NMR spectrometer (Bruker
Biospin, Karlsruhe, Germany) with a wide bore 50Bl2vmagnet. Standard flat-coil double-
resonancéH/X probe from Bruker was used. As a pulse sequevere used a Hahn echo
with a 90° pulse of fus and a 3Qus echo time with"H SPINAL64 decoupling during
acquisitio***® The acquisition time was 10 ms and the recyateetil s. Typically 128
scans were acquired.

Solid-state’®F-NMR experiments were performed using double-tugediometer-
equipped*F/*H probes from Doty Scientific (Columbia, USA) afraquency of 470.6 MHz
using an anti-ringing sequence with a 90° puls8.85us, a sweep width of 500 kHz, 4096
data points, and proton decoupling using TRBM® The'*F chemical shift was referenced
using the fluorine signal of a 100 mM solution cdf of which the chemical shift was set to

-119.5 ppm. Typically 8,000 scans were accumulated.
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6.4. Circular dichroism measurements

CD spectra were recorded on Jasco J-815 Spectmpktér between 400 and 180
nm at 0.1 nm intervals, using 1 mm Supfasjliartz glass cuvettes (Hellma) at 25°C. Three
consecutive scans at a scan-rate of 10 nm/mime8monse time and 1 nm bandwidth were
averaged each for the sample and for the backgrepedtra. After subtraction of the
appropriate background spectra, the corrected GB wWare processed using Jasco Spectra
Analysis software.

The phosphate buffer (PB) was of 20 mM concentnatiod pH 7.2 (at 30°C). For all
measured peptides were prepared their stock sofiio50% ethanol (1000y/ml) with RP-
HPLC concentration correction. The needed amouhtmaierial were sampled into 2 mi
glass vials and the solvent was dried in vacuune $tock solutions and all samples of
peptides in closed-ring form were kept in dark.

The lipid vesicles were prepared accordingly téof@ing protocol: the lipids (DMPC
and DMPG) stock solution was prepared at conceotrdtO mg/ml in methanol/chloroform
1:1 mixture, and aliquoted in 2 ml glass vials ap@y with 0.4 mg of either pure DMPC or
mixture of DMPC/DMPG 3:1. The solvents were remobgda flow of argon and the vials
were dried under vacuum for 8 hours. 30®f the PB was added to vials and the mixture
was vortexed for 10 min. Then 10 times freeze-tlaywle was repeated. The resulting
mixture was sonicated for 30 min at 40°C. To thasglvials with sample peptides were
added 10Qul of the PB, sonicated for 5 min, followed by adglithe suspension of vesicles
(300 pl) prepared as describe above to yield 400/0lume in each case. The resulting

samples have lipid concentration 1 mg/ml and pegtdipid ratio 1:50.

6.5. Antimicrobial activity assays

The antimicrobial activities of peptides were meadwsing a stepwise microdilution
assay according to standard protocols with someifivations*®**’ Wild type peptides and
their analogues in open-ring and closed-ring fomese dissolved in 50% ethanol to give
stock solutions with concentrations 5u8/ml. Sterile flat-bottom polystyrene, non-tissue
culture-treated, 96-well microtiter plates (NuncWgre used for the assay. First, B®f the
double concentrated Mueller-Hinton (MH) medium (MBsagnostika, Reinfeld, Germany)
were filled to the initial row. Next, 50l of the non-concentrated MH medium were applied

to the remaining test wells, for the positive (witlh peptides), and the negative (sterility)
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controls. Addition of the peptide stock solutior®0 (ul) to the wells of the initial raw
provided the starting peptide concentration for ghedient. For construction of the gradient
all subsequent rows were filled by transfer ofg@liquots from the preceding rows. From
the last row of wells 5@l aliquots were discarded. Bacterial suspensione weepared from
the culture in the exponential growth phase, whiels diluted first to the OD550 = 0.2 and
then 1:100 in order to inoculate each well with 8xTFU/mI, excluding the negative
control. To examine bacterial growth, the platesenacubated for 22 hours at 37°C without
agitation. Then, 2@l of an aqueous 0.2 mg/ml solution of the redoxaatbr resazurin (7-
hydroxy-3H-phenoxazin-3-one-10-oxide) were addedach well. The plates were incubated
for another 2 hours at 37°C, and the redox statfisresazurin was determined
spectrophotometrically using a microplate readeA$HScan 550 (Jena Analytic, Germany).
The difference in absorbance of resorufin at 570amd resazurin at 600 nm was used to
assess bacterial growth and thereby to determireldivest concentrations that inhibit
bacterial growth (Minimum Inhibitory Concentratiodl|C). Both Gram-positive and Gram-
negative bacteria strains were ugédcoli DSM 1103, S. typhimurium, B. Subtilis, aisre
DSM 1104, Staphylococcus epidermidis DSM 1798 #ayoh$lococcus xylosus DSM 20267)

6.6. Visualization of antimicrobial activity

The plate-pouring technique was used to find oatdptimal light exposition length
and concentration of the inactive peptidomimetic-&&(FP) that would show a distinct
photoswitching effect. The desired amount of mlptiimetic was added to a 17 ml aliquot
of melted LB-Miller agar that had been cooled t6®0To obtain a uniform bacterial lawn,
the medium was at the same time inoculated with d08xponentially growing bacterial
culture diluted to a suspension with an OD550 @f This mixture was poured into a Petri
dish. Once the medium was solidified, each of timepared plates was exposed to visible
light through holes in a cardboard mask for a @tcperiod of time. The geometrical shapes
were cut out from black paper covering the entie¢riRlish, such that the photoswitchable
compound was converted into the open-ring form onlyhe areas exposed to light. The
plates were incubated at 37°C overnight and thengginaphed.
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6.7. Hemolytic activity assays

To test the hemolytic activities of peptides andirttanalogues, human erythrocytes
(RBC) were used. RBC concentrates in 10 % citratsphate-dextrose medium were
obtained from Karlsruhe municipal hospital. Thes®lere washed twice in Tris-HCI buffer
(HB, 310 mOs/ml, pH 7.6) by centrifugation at 30048C. The final pellet was diluted 200-
fold in HB and incubated for 5 min at 37°C befotenvas added to the solutions of the
peptides. These solutions were prepared as a tidadilation series of 20Ql aliquots in the
same buffer in 1.5 ml Eppendorf™ tubes. The henmlysaction was initiated by the
addition of 200ul RBC suspension. The samples were incubated yeterdic agitation for
30 min at 37°C, after which their content was démed for 10 min at 13000xg. The
absorption of the supernatant at 540 nm gives xitene of hemolysis, with 0% taken from
the peptide-free control, and 100% after treatrmetit 0.1% Triton X-100. To make sure that
this step did not interfere with the analysis, $henples with GS analogous in the closed-ring
forms were back-converted to their open-ring celsslforms by 30 min exposure to visible

light before absorption measurements.

6.8. Anticancer assays

Experiments were carried out at the Institute al@&yy of Taras Shevchenko National
University of Kyiv. The following cell lines weresed in the study: the cervix cancer line
Hela, the breast cancer line MCF-7, hepatocelkkaacinoma G2 cancer line.

The cytotoxic effect of peptides was evaluated ifTMolorimetric test as percent of
live cells related to control and characterized 1By, index*®**° For the MTT assay
performing 96 well plates were used. As a cultueglia, DMEM («Sigma», USA) with 10 %
FBS («Sigma»), 2 mM L-glutamine, and 4@/ml gentamicin were used. Cells were plated
with starting concentration about 5X1d®lls/ml in the sample volume of 1Q0in each of 96
well. After a 24 hours period of plated cells adgiph in normal conditions (5 % GO100
humidity, 37°C), the peptides were added (in 10@f media). For each tested peptide at
least two rows of repetition and 5 or 11 two-foitlted concentrations were used. After the
24 hours period of incubation, to the medium inheaell 1Qul of MTT solution was added
and the plates were left for 4 hours preincubafidgre medium from each well was removed
and 100ul of DMSO were added instead. 30 min later amounteduced MTT were

calorimetrically assayed.
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The number of living cells was determined using Mcblorimetric test, cell counts
were performed using a tripan blue dye after 2dcibation with peptides.
The cell distribution in different phases of thdl cgcle was assessed by a flow cytom&fty
Cells were plated in 6-well plates at the densig® cells/ml in total volume 5 ml of the
complete culture medium. The cells were then intedwith a peptide for 48 h under normal
conditions. The proportions of cells in differertgses of the cell cycle were measured by
flow cytometry with argon laseidx = 488 nm,\em = 585/40 nm) («Becton Dickinson»,
USA) following standard staining. The samples wemnalyzed with the help of the Mod Fit
LT 3.0 («BDIS», USA) softwaré
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