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Abbreviations

2,3-DHF 2,3-dihydrofuran

3,4-DHP 3,4-dihydropyran

AHK arabidopsis histidine kinase

AHP histidine-containing phosphotransfer protein
AllBr allyl bromide

APX ascorbate peroxidase

ARR Arabidopsis response regulator

BAP 6-(benzylamino)purine

BSA Bis(trimethylsilyl)acetamide

CAT catalase

CK cytokinin

CKX cytokinin oxidase/dehydrogenase

CRF cytokinin response factor

Cy5 Cyanine5 fluorescent dye

cZ 6-(Z)-(4-hydroxy-3-methylbut-2-enylamino)purine (cis-zeatin)
DBU 1,8-Diazabicyclo[5.4.0Jundec-7-ene

DCE dichloroethane

DCM dichloromethane

DHZ 6-(4-hydroxy-3-methylbutylamino)purine (dihydrozeatin)
DIAD diisopropyl azodicarboxylate

DMF dimethylformamide

DMSO dimethyl sulfoxide

ENT equilibrative nucleoside transporter

EtsN triethylamin

EtOAC ethyl acetate

EtOH ethanol

HPLC high-performance liquid chromatography
GPX glutathione peroxidase

GR glutathione reductase

GSH glutathione

HaCaT spontaneously immortalized human keratinocyte cell line
iP 6-(2-isopentenylamino)purine

Kin 6-(furfurylamino)purine (kinetin)
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thin-layer chromatography
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Introduction

Cytokinins (CKs) are a class of plant hormones that affect various aspects of plant growth and
development, such as, cell division, leaf senescence, response to biotic and abiotic factors and
many others (Kieber and Schaller, 2014). Since their discovery in the 1950s and synthesis of
Kin by Miller et al. (1955), a wide range of CKs have been synthesized (Matsubara, 1980;
Plihalova et al., 2016; Skoog et al., 1967). Prepared compounds were usually tested for CK
activity in various bioassays such as callus proliferation assays, pigment formation assays, leaf
senescence delaying assays and many others, in various plant species (Gyulai and Heszky,
1994). Biological data from classical CK assays and later on from CK response (Romanov et
al., 2002) and receptor binding bacterial (E. coli) assays (Spichal et al., 2004) enabled
researchers to start establishing complex structure activity relationships (SAR). From these,
highly active CK derivatives were synthesized and utilized in agriculture (Koprna et al., 2016)
or in tissue culture (Aremu et al., 2012a, 2012b; Madzikane-Mlungwana et al., 2017; Moyo et
al., 2018).

In the 1990s CK 6-furfurylaminopurin (kinetin, Kin) was found to affect human fibroblasts
(Rattan and Clark, 1994). Later on CKs, were shown to possess antioxidant properties in various
animal cells and influence the activity of several antioxidant enzymes (Jabtofiska-Trypu¢ et al.,
2016; Olsen et al., 1999). A life-prolonging effect of CK was found in an in-vivo experiment
with Zaprionus fruitflies (Sharma et al., 1997).

Kin derivative 6-furfurylamino-9-(2-tetrahydropyran-2-yl)purine was prepared by the
introduction of a tetrahydropyranyl group to the N9 atom of Kin moiety (Sziicova et al., 2016).
This compound possessed high activity in wheat leaf senescence assay (WLSA) and also
delayed the senescence of human fibroblasts (Sziicova et al.,, 2016). Moreover, topical
application to the human face improved the appearance of photodamaged skin (McCullough et
al., 2008).

This work deals with the preparation and biological properties of Kin derivatives and/or
analogues with a modified furfuryl ring including compounds accompanied by either THF
(tetrahydrofuran-2-yl) or THP (tetrahydropyran-2-yl) protective groups. Prepared compounds
were primarily studied for their antisenescent activity in plants and protective properties in

human skin cells.



Besides CK conjugates with two subcomponents of hyaluronic acid, D-glucuronic acid and N-
acetyl-D-glucosamine were also prepared to test their biological activity as the conjugation of
CKs with different sugars in the N9 position of the purine moiety can dramatically change their
activity including increased efficiency in antisenescent tests (Dolezal et al., 2018, 2007; Holub
et al., 1998).
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Aims and scope

A large number of CK derivatives with various structural modification of adenine moiety have
been prepared to date. Even small structural change can lead to complete loss of CK-like
activity. Hence well-described structure-activity relationship is necessary for the preparation of
highly active compounds. New CK derivatives were prepared and their biological activity was
studied to reveal highly active molecules with possible practical application.

The overall aims of this doctoral thesis are:

e Preparation of Kin derivatives and/or analogues with modification of the furfuryl ring.

e Preparation of N9-purine substituted Kinetin-like compounds with THF and THP

protection groups.
e Preparation of CK sugar conjugates.

e Formulation of structure-activity relationship and identification of key structural

features.

e Evaluation of the biological activity of newly prepared compounds in both plants and

animals.
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Literature review

Plant hormones, also referred to as phytohormones, are a group of naturally occurring
compounds with unique biosynthesis, metabolism and perception and which influence
physiological processes at very low concentrations (Davies, 2010). Plant hormones are divided
into several groups and they differ in chemical structure, occurrence, ways of transport and of
course, in their effect on plant growth and development. Since the discovery of auxin (indole-
3-acetic acid, IAA) in 1920s (Enders and Strader, 2015), several hormonal groups have been
described, namely: CKs, gibberellins, ethylene, abscisic acid, brassinosteroids, jasmonates and
strigolactones (Davies, 2010).

Besides these basic phytohormone groups, there are compounds with regulatory activity which
however do not fit the definition of plant hormones as postulated at the beginning of this
chapter. These are salicylic acid, peptides, polyamines and karrikins (Chiwocha et al., 2009;
Davies, 2010). In this thesis, | focused on the group, cytokinins, and these are described below

in more detail.

1. Cytokinins

CKs were discovered as compounds that are able to promote cell division in the presence of
auxin (Davies, 2010). The first identified CK was Kin: an artificial product of autoclaved DNA
(Miller et al., 1956). However, the first discovered naturally occurring CK, zeatin, was
identified much later in immature maize endosperm (Letham, 1973). Since then, CKs have been
found to be associated with almost all aspects of plant growth and development, from
embryonic development to leaf senescence together with the response to biotic and abiotic
stress (Kieber and Schaller, 2014).

CKs can be divided according to their structure into adenine-type CKs substituted at the N6-
position with either an isoprenoid or aromatic side chain (Fig. 1). Another group is represented
by phenylurea-type CKs. Adenine-type CKs consist of both endogenous and synthetic
compounds while phenylurea-type CKs are all artificial (Davies, 2010).

The most common CK in higher plants is zeatin, an isoprenoid side chain cytokinin that occurs
in two geometric isomers. Trans-zeatin (tZ, 6-(E)-(4-hydroxy-3-methylbut-2-

enylamino)purine), together with another isoprenoid CK 6-(2-isopentenylamino)purine (iP),
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play a major physiological role in Arabidopsis thaliana and many other species (Kieber and
Schaller, 2018). Cis-zeatin (cZ, 6-(E)-(4-hydroxy-3-methylbut-2-enylamino)purine), has lower
CK activity and affinity to its receptor in Arabidopsis thaliana (Romanov et al., 2006; Spichal
et al., 2004). Although in some plants including rice, it is the most abundant form (Gajdosova
et al., 2011), and well-recognized by Zea mays cytokinin receptors, its physiological role has
not been fully elucidated (Osugi and Sakakibara, 2015).

6-(2-Hydroxybenzylamino)purine (ortho-topolin, oT) and 6-(3-hydroxybenzylamino)purine
(meta-topolin, mT), and their corresponding 9-substituted derivatives, were identified as
naturally occurring aromatic CKs in various plant species (Jones et al., 1996; Strnad et al.,
1997). Later on, 6-(2-methoxybenzylamino)purine (ortho-methoxytopolin, MeoT), 6-(3-
methoxybenzylamino)purine (meta-methoxytopolin, MemT) and their 9-B-D-ribofuranosyl
derivatives were found to occur in plants as well (Tarkowska et al., 2003). Both topolins and
methoxytopolins possessed high activity in CK biotests (Holub et al., 1998; Tarkowska et al.,
2003, Dolezal e tal. 2006) and are preferred for use in plant tissue culture (Aremu et al., 2012a).
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Figure 1 Structure of CKs and their sugar conjugates. Abbreviations: iP, 6-(2-
isopentenylamino)purine; tZ, 6-(E)-(4-hydroxy-3-methylbut-2-enylamino)purine (trans-zeatin); cZ, 6-
(2)-(4-hydroxy-3-methylbut-2-enylamino)purine (cis-zeatin); DHZ, 6-(4-hydroxy-3-
methylbutylamino)purine  (dihydrozeatin); Kin, 6-(furfurylamino)purine (kinetin); BAP, 6-
(benzylamino)purine;  oT,  6-(2-hydroxybenzylamino)purine  (ortho-topolin);  mT,  6-(3-
hydroxybenzylamino)purine (meta-topolin); pT, 6-(4-hydroxybenzylamino)purine (para-topolin)

1.1. Biosynthesis and metabolism of CKs

CKs are present in plants in nanomolar concentrations and those may vary in different plant
organs and can be influenced by growth conditions (Osugi and Sakakibara, 2015). The active
forms of CKs are usually free bases (Lomin et al., 2015). These can be inactivated via
conjugation with sugars or amino acids (Bajguz and Piotrowska, 2009; Davies, 2010). There
are N9, N7 and N3 adenine rings conjugates with glucose that are irreversibly synthetized by

N-glucosyltransferase. CKs with the hydroxyl group in their side chain, such as tZ, cZ, DHZ
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and topolins can also form reversible storage form with glucose or xylose in the reaction
catalyzed by O-glucosyltransferase or O-xylosyltransferase (Sakakibara, 2006). Both N- and
O- cytokinin glucosides were found to be non-active in receptor binding assay (Spichal et al.,
2004). However, unlike N-glucosides, O-glucosides can be transferred into active form by
enzyme [-glucosidase (Brzobohaty et al., 1993).

Biosynthesis of isoprenoid CKs starts with the formation of iP-ribotides via the reaction of
dimethylallyl diphosphate (DMAPP) and adenine nucleotides (ATP or ADP), catalyzed by
adenosine-phosphate isopentenyltransferase (IPT) (Frébort et al., 2011; Kasahara et al., 2004;
Sakakibara, 2006; Takei et al., 2001) The isoprenoid side chain of the resulting iP-ribotides
could be subsequently hydroxylated by Cytochrome P450 monooxygenase CYP735A to
corresponding tZ-ribotides (Takei et al., 2004). In the last step, active forms of CKs are formed
from the cytokinin-riboside monophosphates in the reaction catalyzed by the CK riboside 5'-
monophosphate phosphoribohydrolase (LONELY GUY, LOG) (Kurakawa et al., 2007; Kuroha
et al., 2009).

CKs can also be inactivated by the enzyme cytokinin oxidase/dehydrogenase (CKX) which
irreversibly degrades CKs by cleavage of the side chain in the N6 position. CKX is able to
cleave isoprenoid CKs with unsaturated side chains such as iP and tZ as well as their
corresponding nucleosides (Kieber and Schaller, 2014). On the other hand, DHZ type CKs,
aromatic CKs like Kin or 6-benzylaminopurine (BAP) or urea based CKs such as thidiazuron
(TDZ) are resistant to the cytokinin oxidase cleavage (Kieber and Schaller, 2014). Modification
of the side chain such as O-glucosylation can also inhibit degradation by CKX (Galuszka et al.,
2007; Nisler et al., 2018; Zalabak et al., 2014). Both CK conjugation and degradation play an
important role in the control of CK homeostasis and concentration level (Kieber and Schaller,
2014).

1.2. CK transport

In plants, CKs are synthesized in various cell types in both root and shoot and then transported
locally as well as through long-distance transport from root to shoot, and vice versa (Daviére
and Achard, 2017; Duran-Medina et al., 2017; Kieber and Schaller, 2018). Both efflux and
influx transporters capable of CK transport have been identified (Kieber and Schaller, 2018).

Efflux transporter ABCG14 was shown to be involved in root-to-shoot translocation via xylem
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(Ko et al., 2014; Zhang et al., 2014) while purine permeases (PUP) and equilibrative nucleoside
transporters (ENT) are capable of CK uptake (Biirkle et al., 2003; Hirose et al., 2005).

The biosynthetic precursor, tZ-riboside is the most abundant CK form transported acropetally
via the xylem. However, the biologically active form, tZ is transported as well. Moreover in an
experiment with grafted mutant plants it was reported that root-derived tZR and tZ play
different roles in Arabidopsis shoot (Daviere and Achard, 2017; Osugi et al., 2017). In another
experiment, acropetal transport of aromatic CK 3-methoxy(-6-benzylamino)purine
(3MeOBAP) was significantly enhanced by tetrahydropyranyl substitution at the N9-position
of the adenine moiety. Moreover, this modification slowed inhibition of 3MeOBAP by
conjugation with glucose. (Podlesakova et al., 2012).

In contrast, iP-derived CKs, including free base and conjugates are most abundant in phloem,
playing the major role in basipetal transport (Hirose et al., 2008; Kudo et al., 2010).

CKs thus function as long distance messengers, although local changes in CK levels also play
a significant role in mediating the response (Kieber and Schaller, 2014).

1.3. CK perception and signal transduction

Plants use a two-component signal system (TCS) which is analogous to bacterial TCS that
senses and responds to environmental signals to sense and transduce CK signals. This signaling
system consists in a lipid-membrane localized receptor which senses the CK signal and
response regulator that propagates the signal. Signal transduction follows multistep
phosphotransfer between His residue in the sensor kinase and Asp residue in the receiver
domain of the response regulator (Kieber and Schaller, 2018).

The TCS in CK signaling consists of three groups of proteins in Arabidopsis: histidine kinases
(AHKSs), histidine-containing phosphotransfer proteins (AHPS), type-A and type-B response
regulators (ARRs, Fig. 2) (Kieber and Schaller, 2014; Osugi and Sakakibara, 2015).

Three cytokinin receptors have been discovered in Arabidopsis thaliana so far. They are
designated CRE1/AHK4, AHK3 and AHK4 (Kakimoto, 2003). These receptors share similar
structure (Kieber and Schaller, 2014) but they can differ in their ligand specificity (Spichal et
al., 2004). Since the discovery of the first receptor CRE1/AHK4 in 2001 (Inoue et al., 2001),
several homologues have been identified in other species including Zeya mays (Yonekura-
Sakakibara, 2004), Oryza sativa (Ding et al., 2017), Lotus Japonicus (Held et al., 2014),

Medicago truncatula (Laffont et al., 2015), Brassica napus (Kuderova et al., 2015), Nicotiana
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attenuate (Schéfer et al., 2015), Malus domestica (Daudu et al., 2017) and Solanum tuberosum
(Lomin et al., 2018b). Individual AHK homologues can differ in ligand affinity (Lomin et al.,
2012) and can be in some aspects, species-specific (Lomin et al., 2018b).

CKs are bound into the extracytosolic CHASE domain of the AHK receptor that triggers
activation of the cytosolic histidine kinase domain and autophosphorylation on the conserved
His residue, the phosphoryl group is then internally transferred to the conserved Asp residue in
the attached receiver domain (Davies, 2010; Inoue et al., 2001; Kieber and Schaller, 2018). CK
receptors are primarily localized in the ER membrane, however they were also found in the
plasma membrane (PM) (Lomin et al., 2018a; Wulfetange et al., 2011; Ziircher and Miiller,
2016). Although ER is considered the predominant site of CK signal perception, signal
initiation at the PM may be relevant as well (Romanov et al., 2018)

The phosphate is then transferred to the AHP protein which moves to the nucleus where it can
transfer phosphate to the receiver domain of type-A or type-B ARRs. Type-B ARRs then
regulate the expression of many target genes, including type-A ARRs (Schaller et al., 2014).
Type-B ARRs contain a receiver domain, a DNA-binding domain (GARP) and a glutamine rich
domain for transcriptional activation. Their phosphorylation is required to bind DNA and to
activate the transcription of targeted genes (Hwang and Sheen, 2001; Sakai, 2001; Sakai et al.,
2000).
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ER or plasma
membrane

Nuclear
membrane

®

Type-B ARRs (D Type-A ARRs

Figure 2 CK signal is received by CHASE domain on the extracytosolic side of ER or plasma membrane.
CK binding is followed by autophosphorylation of His (H) residue and internal transfer of phosphate to
Asp (D). AHPs then transfer phosphate to the ARRs in the nucleus. Type-B ARRs are transcription
factors that regulate expression of CK response genes including Type-A ARRs. Hovewer, type-A ARRs
lack a DNA-binding domain and operate in a negative feedback loop being phosphorylated by AHPs.
Pseudo-histidine phosphotransfer protein AHP6 which lack a histidine residue also negatively regulate
the CK response (Kieber and Schaller, 2018, 2014).

18



1.4. Senescence, antioxidant defense and photosynthesis

CKs play a crucial role in the regulation of leaf senescence (Gan and Amasino, 1997). Leaf
senescence is the final stage of leaf development during which leaf cells undergo highly
coordinated changes in cell structure, metabolism and gene expression.

The concentration and activity of endogenous CKs decrease during senescence (Van Staden,
1988) while expression of senescence associated genes (SAGS) increases (Gan and Amasino,
1997). Senescence and SAG expression can be inhibited by the application of exogenous CKs
(Van Staden, 1988) as well as by the activation of CK production in genetically engineered
plants (Gan and Amasino, 1997). Leaf senescence is characterized by increased levels of
reactive oxygen species (ROS) and decrease in antioxidants. CKs are reported to induce the
activity of antioxidant enzymes such as superoxide dismutase (SOD), ascorbate peroxidase
(APX) and catalase (CAT) together with secondary antioxidant metabolites, while lipid
peroxidation and H>O, formation are decreased (Honig et al., 2018, 11; Zavaleta-Mancera et al.,
2007).

CK activity is connected to photosynthesis and maintenance of the photosynthetic apparatus
(Honig et al., 2018, 11; Talla et al., 2016). CKs affect chloroplast differentiation (Harvey et al.,
1974) and division (Okazaki et al., 2009), grana production (Wilhelmova and Kutik, 1995) and
chlorophyll biosynthesis (Cortleven and Schmiilling, 2015). CKs are able to protect
chloroplasts against changes related to senescence progression as well as prevent decrease in
chlorophyll level (Wojciechowska et al., 2018).

From a molecular biology point of view, the antisenescence properties of CKs appear to be
regulated mainly by the AHKS3 receptor (Kim et al., 2006). Downstream of the AHKS3 receptor
cascade, type-B response regulator, ARR2 was reported to regulate leaf longevity, together with
cytokinin response factor 6 (CRF6; Kim et al., 2006; Zwack et al., 2013), which is also involved
in retardation of senescence. On the other hand, protection against lipid peroxidation in
Arabidopsis detached leaves was maintained mainly by the CRE/AHKA4 receptor. (Jane¢kova
et al., 2018).
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1.4.1. Antisenescent activity of CK derivatives in wheat leaf senescence assay (WLSA)

Various CK derivatives (including BAP, Kin, tZ, cZ, iP etc.) with modified C2, C8, N6 and N9
atoms of the adenine moiety were prepared. The potential antisenescent activity of these
derivatives was tested in a wheat leaf senescence assay performed in dark (Holub et al., 1998).
Based on numerous SAR studies published over the past few decades, key structural motifs
potentially responsible for antisenescent properties have been proposed. The substitution at the
N6 atom seems to be a crucial structural feature. Concurrently, the N6-H hydrogen must stay
unsubstituted and “free to operate”. Substituents at the N6 atom must contain an oxygen atom
in the form of oxo-, hydroxyl or methoxy groups and/or halogen atoms, such as fluorine or
chlorine. N9 substituted derivatives are active in WLSA only in the presence of proper N6
substituent (Honig et al., 2018, I1).

Isoprenoid endogenous CK tZ as well as aromatic CK mT possess higher activity in WLSA
than BAP or Kin (Honig 2018 et al., I1), however endogenous CK iP as well as its derivatives
showed only low or no activity in a wheat leaf senescence bioassay (Mik et al., 2011b).

Both C2 and C8 substitutions in the majority of cases lowered or completely reduced the
antisenescent activity of modified compounds (Honig et al., 2018b, I; Zahajska et al., 2017).
The activity of BAP derivatives in WLSA is summarized in Table 1. Ortho (R2) and meta (Rz)
hydroxy BAP derivatives, also referred to as ortho (oT) and meta (mT) topolins, are potent
antisenescent agents (Holub et al., 1998). Moreover, equivalent methoxy derivatives also
possess antisenescent properties (Tarkowska et al., 2003). Fluorine, chlorine and methyl
substitution in the ortho position increased BAP activity in WLSA. However only florine was
beneficial for antisenescent activity in the meta position (Dolezal et al., 2006). In
general,subtitutions in the meta position of the benzyl ring possesed highest antisenescent
activities (Dolezal et al., 2006, 2007; Szii¢ova et al. 2009; Vylicilova et al., 2016). The activity
of topolins was significantly decreased by N9 glucosylation (Ry, Holub et al., 1998). On the
other hand, BAP B-D-ribofuranoside (Dolezal et al., 2007), p-D-arabinofuranoside, p-D-2'-
deoxyribofuranoside and their derivatives were shown to be very effective in chlorophyl
retention (Dolezal et al., 2018). THP and THF derivatives were active in WLSA only in the
presence of proper N6 substituent. However, these derivatives showed none of the negative
aspects of CK treatment such as root inhibition or problems with aclimatization during
micropropagation (Aremu et al., 2017; Podlesakova et al., 2012; Sziicova et al., 2009). The
presence of chlorine at the C2 atom did not reduce the antisenescent properties (Vyli¢ilova et

al., 2016) compared to coresponding ribosides (Dolezal et al., 2007), however bromine, iodine
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or chlorine at the C8 atom (Zahajska et al., 2017) had negative effect on the antisenescent
properties of modified compounds. In contrast, the oxo group at C8 atom increased the activity
of BAP in WLSA (Zahajska et al., 2017).

Table 1 Relative activity of BAP derivatives in WLSA. Arrows illustrate higher (1), lower () or
comparable (1) biological activity as BAP. Three upward arrows (111) show the highest activity while
three downward arrows indicate (| ]]) complete loss of antisenescent activity. Abbreviations: Ribose,
S-D-ribofuranose; Arabinose, f-D-arabinofuranose; Deoxyribose, f-D-2'-deoxyribofuranose; THP,
tetrahydropyran-2-yl

Ry
R,
R,
NH
NF N\
Rg
xz/kJN‘I N\>—
Ry

R; R3 R4 Rs Ry C,  Activity Literature
OH H H H H H NNA (Holub et al., 1998)

H OH H H H H ™~ (Holub et al., 1998)
MeO H H H H H ™~ (Tarkowska et al., 2003)

H MeO H H H H PP (Tarkowska et al., 2003)

H H MeO H H H N (Dolezal et al., 2006)

F H H H H H ™~ (Dolezal et al., 2006)

H F H H H H | M (Dolezal et al., 2006)

H H F H H H ) (Dolezal et al., 2006)

Cl H H H H H ™ (Dolezal et al., 2006)

H Cl H H H H J (Dolezal et al., 2006)

H H Cl H H H J (Dolezal et al., 2006)
CH; H H H H H ™~ (Dolezal et al., 2006)

H CHs H H H H 0 (Dolezal et al., 2006)

H H CHs H H H N2 (Dolezal et al., 2006)
OH H H H Ribose H T (Holub et al., 1998)

H OH H H Ribose H ™ (Holub et al., 1998)
MeO H H H Ribose H | M | (Tarkowska et al., 2003)

H MeO H H Ribose H M | (Tarkowskd et al., 2003)

H H MeO H Ribose H N (Dolezal et al., 2007)

F H H H Ribose H ™ (Dolezal et al., 2007)

H F H H Ribose H T (Dolezal et al., 2007)

H H F H Ribose H ™~ (Dolezal et al., 2007)

Cl H H H Ribose H ™ (Dolezal et al., 2007)
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R> R4 Rs C, | Activity Literature
H H H H N% (Dolezal et al., 2007)
H Cl H H T (Dolezal et al., 2007)
H H H H Jd (Dolezal et al., 2007)
CHs H H H ™~ (Dolezal et al., 2007)
H H H H ™~ (Dolezal et al., 2007)
H CHs H H N (Dolezal et al., 2007)
F H H Cl ™~ (Vylicilova et al., 2016)
H H H Cl M | (Vylicilova et al., 2016)
H F H Cl M | (Vylicilova et al., 2016)
OH H H H | W4y (Holub et al., 1998)
H H H H | W4y (Holub et al., 1998)
OH H H H | Y (Sziidova et al., 2009)
H H H H %) (Sziidova et al., 2009)
H OH H H | 444 | (Szicova et al., 2009)
MeO H H H T (Sziicova et al., 2009)
H H H H N (Szii¢ova et al., 2009)
H H Cl H N2 (Zahajska et al., 2017)
H H 0 H 0 (Zahajské et al., 2017)
H H Br H VR (Zahajska et al., 2017)
H H | H NN (Zahajska et al., 2017)
H H H H 0 (Dolezal et al., 2018)
H H H H | M1 | (Dolezal et al., 2018)
H H H H i (Dolezal et al., 20018)

The activity of Kin derivatives in WLSA is summarized in Table 2. The substitution of hydrogen
atoms of the furan ring significantly reduced the antisenescent properties observeable in Kin
(Honig 2018 et al., 1). The same effect followed substitution of the oxygen atom of the furan
ring by sulphur or carbon. However, saturation of the furan ring had no effect in reducingthe
activity of the prepared Kin derivative (Honig 2018 et al., 1). Halogens, amino or oxo group
substitution at C8 atom of adenine moiety (Rs) eliminated or partially reduced Kin antisenescent
activity. Hovewer, C8 methoxy and 2-hydroxyethyloxy derivatives maintained their
antisenscent activity (Zahajska et al., 2017). N9-subtituted Kin derivatives with THF and THP
protective groups were prepared (Sziicova et al., 2016, 2011) and both compounds possessed
higher antisenescent properties in comparison to Kin. N9-Ethoxyethyl and N9-chloroethyl Kin
derivatives were also highly active in WLSA (Mik et al., 2011a). B-D-arabinofuranose
substituted at N9 atom increased the antisenescent properties of Kin, as well (Dolezal et al.,
2018). The addition of chlorine at the C2 atom of adenine (R2) lowered and even completely
abolished the antisenescent activity (Honig et al, 2018, 1) in contrast to BAP derivatives (Tab.
2, Vylicilova et al., 2016).
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Table 2 Relative activity of Kin derivatives in WLSA. Arrows illustrate higher (1), lower (]) or same (J)
biological activity as BAP. Three upward arrows (111) show the highest activity while three downward
arrows indicate (]|]) complete loss of antisenescent activity. Abbreviation: Arabinose, f-D-
arabinofuranose; THP, tetrahydropyran-2-yl; THF, tetrahydrofuran-2-yl; Unsatur., unsaturated
heterocycle; Satur., saturated heterocycle

X
R3 AN
NH

Z N
A
\

|
N

RZ
Rq
Heterocycle X R Rs R: Rs Rs  Activity Literature

Unsatur. S H H H H H J (Honig et al. 2018, 1)

Satur.  C H H H H H J | (Hénig et al. 2018, 1)

Satur. O H H H H H A | (Hénig et al. 2018, 1)
Unsatur. O THP H H H H PP (Sziicova et al. 9999)
Unsatur. O THF H H H H 9 (Mik et al., 2011)
Unsatur. S THF H H H H ™ (Honig et al. 2018, 1)

Satur. 0] THF H H H H ™ (Honig et al. 2018, 1)
Unsatur. O THF H CI H H N (Honig et al. 2018, 1)
Unsatur. S THF H Cl H H dL4 | (Honig et al. 2018, 1)

Satur. 0 THF H CI H H ™ (Honig et al. 2018, 1)
Unsatur. O THF H H CHs H ™ (Honig et al. 2018, 1)
Unsatur. O THF H H H CHx>-OH N (Honig et al. 2018, 1)
Unsatur. O Chloroethyl H H H H 9 (Mik et al., 2011)
Unsatur. O Arabinose H H H H M | (Dolezal et al., 2018)
Unsatur. O H Cl H H H UL | (Zahajska et al., 2017)
Unsatur. O H Br H H H UL | (Zahajska et al., 2017)
Unsatur. O H I H H H UL | (Zahajska et al., 2017)
Unsatur. O H MeO H H H LT | (Zahajska et al., 2017)
Unsatur. O H O H H H N (Zahajska et al., 2017)
Unsatur. O H MeS H H H 44 | (Zahajska et al., 2017)
Unsatur. O THP Cl H H H 44 | (Zahajska et al., 2017)
Unsatur. O THP MeS H H H 44 | (Zahajska et al., 2017)
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2. 6-Furfurylaminopurine (Kinetin, Kin) and its activity in animal and human cells and

tissues

Kin is a plant hormone classified as ArCK, which is well-known for a number of biological
activities. Although, Kin is a plant hormone, it was found to possess various effects in animal
and animal cells (Barciszewski et al., 2007). Kin was discovered in 1955 as an artificial product
of autoclaved DNA (Miller et al., 1956) and up to now identified as a naturally occurring
compound in fresh DNA preparations from human cell cultures, normal human plasma, human
urine (Barciszewski 2000) and coconut milk (Cocos nucifera L.; Ge et al., 2005).

The antioxidant properties of Kin have been reported in both in vitro and in vivo experiments
(Jabtonska-Trypuc et al., 2016; Olsen et al., 1999). Human skin tissue possesses a very effective
protective antioxidative system that includes enzymes glutathione peroxidase (GPX),
glutathione reductase (GR), CAT and SOD (Jabtonska-Trypu¢ et al., 2016). This is important
given that there is a direct connection between oxidative stress and simultaneous
overexpression of SOD and CAT as determined in transgenic Drosophila melanogaster (Sohal
and Weindruch, 1996). Kin showed stimulatory effect on the activity of CAT, an enzyme with
high antioxidative activity, during the development and adult life of Zaprionus fruitflies
(Sharma et al., 1997, 1995). Stimulation of CAT activity was also observed in Kin treated
normal human skin fibroblasts (Jabtonska-Trypuc et al., 2016). This aside, it has been shown
that Kin stimulated other antioxidative enzymes such as GPX and GR and maintained constant
reduced glutathione (GSH) content in fibroblasts, caused decrease in membrane phospholipid
peroxidation and exhibited protective properties against malondialdehyde (MDA) production
(Jabtonska-Trypuc¢ et al., 2016). In a model of aging rats, the application of Kin significantly
decreased the level of oxidative stress markers such as MDA and lipid peroxide (LPO), while
it increased the activity of antioxidative enzymes SOD, GPX and CAT (Li et al., 2016).

Kin is reported to be a compound, able to influence the response of immune system in animals,
affecting the content of immunoglobulin, interleukin-2 (IL-2) and interleukin-6 (IL-6( (Liet al.,
2016, 2014). Kin retarded aging and prolonged the lifespan of Kin-fed Zaprionus fruitflies used
as a model organism, but also slowed down development and delayed the maturation of insects
in the larval and pupal stages (Sharma et al., 1997, 1995).

It was also found to delay age related characteristics of human fibroblasts without any increase
in the cell culture lifespan in terms of increased proliferative capacity in vitro. It also reduced
the accumulation of the auto-fluorescent compound lipofuscin in aging human fibroblasts
(Rattan and Clark, 1994).
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The significant effect of topically applied Kin both on epidermis and dermis formation and
development was observed using reconstructed skin equivalent (SE) Mimeskin® (Vicanova et
al., 2006). Kin treatment also increased the amount of laminin 5 at the dermal-epidermal
junction and stimulated formation of fibrillin-1 and elastin deposition that positively affected
the formation of basement membrane and the elastic network in the upper dermis (Vicanova et
al., 2006).

Clinical studies on volunteers have been described where topical treatment with Kin
significantly ameliorated the clinical signs of photodamaged skin such as fine wrinkles, rough
skin texture and mottled hyperpigmentation (McCullough and Weinstein, 2002). Twice-daily
application of 0.1% Kin lotion successfully reduced signs and symptoms of mild to moderate
inflammatory facial rosacea (Wu et al., 2007).

Kin N9-derivative 6-furfurylamino-9-(2-tetrahydropyran-2-yl)purine (Pyratine) prepared and
patented by the Institute of Experimental Botany AS CR and launched by the American
company Senetek PLC is curently utilized in cosmetics under the trade mark Pyratine-6® and
marketed by Pyratine LLC company as a compound with the ability to delay skin senescence
and aging (Szii¢ova et al., 2016, 2011). In a 12 week human clinical study, Pyratine reduced
symptoms and signs of photodamaged skin, such as fine wrinkles, roughness and mottled
hyperpigmentation significantly more efficiently than Kin. Pyratine also reduced
transepidermal water loss and thus increased the level of moisturein the skin. Moreover,
significant reduction in erythema at 2 weeks and further reduction at weeks 4, 8 and 12 of
Pyratine treatment, was found. (McCullough et al., 2008).

In contrast, Kin-N9-riboside, which includes the tetrahydrofuranyl ring, displayed high
cytotoxicity (Berge et al., 2006; Dolezal et al., 2007; Griffaut et al., 2004).

6,9-disubstituted and 2,6,9-trisubstituted Kin derivatives were found to possess photoprotective
properties in human skin cells against both UVA and UVB irradiation (Honig et al., 2018, I).
In the same study, two Kin derivatives 6-(thiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-
yl)purine and 2-chloro-6-furfurylamino-9-(tetrahydrofuran-2-yl)purine showed antioxidant
effects against 5-hydroxy-1,4-naphthalenedione (juglone) induced oxidative stress in an in-

vivo experiment with Caenorhabditis elegans. (Honig et al., 2018, 1).
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3. Cytokinin synthesis

Various synthetic approaches were used to modify classical CK molecules by substitutions in
various positions of the adenine moiety (Plihalova et al., 2016).

3.1. Monosubstituted aromatic cytokinins

Kin was first synthesized from 6-methylmercaptopurin and freshly distilled furfurylamine. The
reaction mixture was heated at 115-120 °C for 9h. After recrystallization from ethanol, colorless
platelets were obtained (82% yield) (Miller et al., 1956). Sattsangi et al. prepared Kin from
adenine in 1980. 2-Furaldehyde was portion wise added in 2h intervals to an aqueous solution
of adenine in the presence of cyanohydridoborate and HCI for 28 hours at 55 °C. Kin was
purified using column chromatography and recrystallization from ethanol (85% yield). Two
years later, in 1982, Girgis and Pedersen used hypoxanthine as starting material. Hypoxanthine
was gradually added to the mixture of furfurylamine, phosphorus pentoxide and N, N'-
dimethylcyclohexamine and heated to 170 °C for 24h. The final product was obtained after
crystallization from ethanol in 21% yield. Miller's original method was modified by Villar and
Motta (2000): 6-methylmercaptopurine in the first step was oxidized by trichloroisocyanuric
acid to form 6-methylsulfonylpurine and then refluxed with furfurylamine in n-butanol for 45
min to give a crude reaction mixture. The desired product was then obtained after
recrystallization from ethanol (82% yield) (Fig 3). In 1956, Daly and Christensen proposed
synthesis of Kin from 6-chlorpurine in n-butanol with a large excess of furfurylamine. This
modified approach has been used up to now. The excess of furfurylamine was replaced by the

addition of large portion of trimethylamine to secure alkaline conditions (Wang et al., 2018).
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Figure 3 Preparation of Kin from 6-methylmercaptopurine as described in Miller et al., (1956) and
Figueroa Villar and Motta, (2000). (a) 120°C, 9h; (b) methanol-water solution, 10 °C, 1.5 h, (C)n-
butanol, 720°C, 45min. TCICA, trichloroisocyanuric acid

BAP was synthesized for the first time shortly after Kin (Daly and Christensen, 1956). BAP
was prepared from 6-chlorpurine (Daly and Christensen, 1956), 6-methylmercaptopurin
(Okumura et al., 1957), hypoxanthine (Girgis and Pedersen, 1982) as well as 6-
methylsulfonylpurine (Figueroa Villar and Motta, 2000) according to the protocol described for
Kin preparation using benzylamine instead of furfurylamine. BAP was also obtained from
adenine in the reaction with an excess of sodium benzyl oxide (55% yield). Adamska et al
(2012) first prepared the Shiff base of the BAP precursor in the reaction of adenine with
benzaldehyde in anhydrous methanol with an excess of magnesium methanolate. The obtained

imine was reduced to BAP by sodium tetrahydroborate (Fig. 4).
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Figure 4 Preparation of BAP via formation of Shiff base and subsequent reduction. (a) Mg(MeO),
MeOH, 55°C, 3 h; (b) NaBH4, 0.5 h, MeOH, rt (Adamska et al., 2012).

7-Benzyl-6-benzylamino-2-chloropurine was used as a starting material for BAP preparation in
the procedure published by Kochergin et al. (2000). The reaction was done in ethanol in the
presence KOH and a palladium catalyzer. Daly’s method of BAP preparation from the 1950s
was enhanced using microwave assisted syntheses. BAP was obtained at 95% yield as 6-
chlorpurine reacted with 10 equivalents of benzylamine for only 5 minutes at 100 °C (Huang et
al., 2007).

Back in 1959, Okumura et al. prepared a library of fourteen BAP derivatives with variously
substituted phenyl rings utilizing condensation of 6-(methylmercapto)purine with
corresponding amines. The library was extended by Dolezal at al. (2006) using a more efficient
method with 6-chlorpurine with trimethylamine in n-butanol. In this publication almost forty

different amines were attached to the adenine moiety utilizing this effective method (Fig. 5).

3.2. 6,9-disubstituted and 2,6,9-trisubstituted cytokinin derivatives

The procedure described for the synthesis of Kin and BAP (Fig. 5) via nucleophilic substitution
on 6-chlorpurine was also used for the preparation of disubstituted CKs. In Dolezal et al (2007),
forty-eight 6-benzyladenosine derivatives were prepared following this procedure using
commercially available 6-chloropurine riboside as starting material. Similarly, Vyli¢ilova et al
(2016) prepared a series of 2-chloro-N°-(halogenobenzylamino)purine ribosides using a slightly
modified method. In this study, 2,6-dichloropurine riboside was used as a starting material, n-

propanol as a solvent and EtsN was used to strengthen alkaline conditions.
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Figure 5 Recently, the most utilized method for CK preparation via nucleophilic substitution of 6-
chlorpurine by amine. R: H, chlorine; Rs:THP, THF, halogenalkyls, sugars

A method for the preparation of various 9-(tetrahydropyran-2-yl)purines (THPP) was published
by Figueroa Villar and Motta in 2000. In this procedure, 6-methylsulfonylpurine reacted with
the appropriate amine as depicted in Fig 4. The obtained product was then protected by a THP
group in the reaction with p-toluenesulfonic acid in dry 4-methyl-2-pentanone. A different
approach was introduced by Sziicova et al in 2009. Thirty-three 6-benzylamino-9-
tetrahydropyran-2-ylpurine and 9-tetrahydrofuran-2-ylpurine (THFP) derivatives, with
variously positioned hydroxy and methoxy functional groups on the phenyl ring, were prepared
via nucleophilic substitution (Sziicova et al., 2009). However, the 6-chloro-9-(tetrahydrofuran-
2-ylpurine and 6-chloro-9-(tetrahydropyran-2-yl)purine precursors were prepared from 6-
chlorpurine in the reaction with trifluoroacetic acid (TFA) and 2,3-dihydrofuran (2,3-DHF) or
3,4-dihydropyran (3,4-DHP) in ethyl acetate (Fig 6, Sziicova et al., 2009). In the next step,
chlorine in C6 position was substituted by the appropriate amine under alkaline conditions by
nucleophilic substitution (Szii¢ova et al 2009). This approach was much more efficient than the

procedure described in Figueroa Villar and Motta (2000).
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Figure 6 Preparation of 6-benzylamino-9-(tetrahydropyran-2-yl)purine (THPP) and 9-
(tetrahydrofuran-2-yl)purine (THFP) derivatives as described by Sziicova et al (2009). 3,4-DHP, 3,4-
dihydropyran; 2,3-DHF, 2,3-dihydrofuran; TCA, trifluoroacetic acid; EtOAc, ethylacetate; R»-Rs are
various positioned —OH and/or —OMe groups

The synthetic pathway for the preparation of N9-halogenalkyl derivatives of Kin as well as iP
was described by Mik et al., (2011a, 2011b). N6 substituted CK reacted with the appropriate
halogenalkylbromide in the presence of potassium carbonate in DMSO or DMF.

The synthetic route proposed by Sziicova et al., (2009, Fig 6) was exploited for the preparation
of Kin-THF derivatives with modified furan ring. 2,6-dichlorpurine was also used in this study
to obtain the appropriate 2-chloro substituted derivatives (Honig et al., 2018, I).

Method described earlier in the text for BAP preparation via Shiff base formation, was also
used for the preparation of 2°-Deoxy-N°-furfuryladenosine from commercially available 2°-
deoxyadenosine (Adamska et al., 2012).

6-chloro-9-B-D-glucopyranosylpurine  and  6-chloro-9-p-D-glucofuranosylpurine  were
prepared from chloromercaptopurine and acetbromoglucose or 2,3,5,6-tetra-O-
acetylglucofuranosyl chloride, respectively. After careful deacetylation in methanolic
ammonia, in the subsequent reaction with appropriate amines were prepared 9-
glucosides/ribosides of zeatin and BAP (Cowley et al., 1978). In the same study, direct

alkylation of 6-chlorpurine with acetbromoglucose in the presence of potassium carbonate in
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propylene carbonate was proposed. 9-Glucoside was obtained together with corresponding 7-
glucoside, using this method (Cowley et al., 1978).

Preparation of N9-glucosides and N9-galactosides was also described with peracetylated
B-D-glucose or p-D-galactose used as a starting material. Peracetylated sugars were
transformed with trimethylsilyl tri-fluoromethanesulfonate (TMSOTHT) into reactive cations,
which were combined with silylated 6-chloropurine to yield peracetylated-glucosyl- and
galactosyl-6-chloropurine derivatives. Methanolic ammonia at 0°C was used for the subsequent
deacetylation (Ando et al., 2007). The method described with some modification can also be
used for [*°N4]purine labeled CK glycosides (Tranova et al., 2019)

Schwarz et al. (2014) optimized synthesis utilizing methyl peracetylated or perbenzylated
glycoside precursors in the presence of Lewis acid (TMSOTT) to couple 6-chloropurine with
D-glucosyl, D-galactosyl and D-mannosyl residues. These authors also quantified the yields
and product ratio of the obtained o/f-stereoisomers and N7/N9-regioisomers for microwave
assisted synthesis of these purine nucleosides.

[**N4]purine labeled CK glycosides of zeatins and topolins containing a 9-p-D, 7-B-D-
glucopyranosyl, or 9-p-D-ribofuranosyl group were prepared as potential internal standards for
phytohormone analysis (Tranova 2018). The synthetic route via acetbromoglucose (Cowley
1987) was optimized to prepare both N7/N9-regioisomers of 6-chlorpurineglycoside precursors
in one pot. N labeled CKs containing 9-p-D-ribofuranosyl group were further prepared by
direct enzymatic transglycosylation from labeled CK precursors (Tranova 2018).
Fluorescently labeled CKs were also prepared as a tool for study of CK receptor properties
(Kubiasova et al., 2018, 111). Different fluorescent labels were attached to the C2 or N9 atom
of purine moiety via a C2 or C6 carbon linker. Two carbon linkers were attached to the N9
carbon of 6-chlorpurine via the Mitsunobu reaction as Boc protected 2-aminoethanol. The
fluorescent label was then attached after N6 substitution and subsequently the Boc deprotection.
C2-linker was coupled with 2-chloro-iP in the reaction with ethane-1,2-diamine or hexane-1,6-
diamine. Fluorescent labels were connected afterwards in the reaction with free amino group
on the linker. (Kubiasova et al., 2018, 111)
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Material and methods

General procedure

The chromatographic purity and mass spectra of the prepared compounds were analyzed using
the HPLC-PDA-MS method. Samples (10 pl of 3.10° M in 1% methanol) were injected onto a
reverse-phased column (Symmetry C18, 5 pm, 150 mm x 2.1 mm; Waters, Milford, MA, USA)
incubated at 25 °C. Solvent (A) consisted of 15 mM ammonium formate adjusted to pH 4.0.
The solvent (B) consisted of methanol. The flow-rate was set to 200 uL/min. A binary gradient
was used: 0 min, 10 % of B; 24 min; 90 % of B; 34 min; 90 % of B; 45 min; 10 % of B using
the Waters Alliance 2695 Separations Module (Waters, Manchester, UK). The effluent was then
introduced to the Waters 2996 PDA detector (Waters, Manchester, UK) (scanning range 210—
700 nm with 1.2 nm resolution) and a tandem mass analyser Q-Tof micro Mass Spectrometer
(Waters, Manchester, UK) with an electrospray. The cone voltage was set to 20 V. Analyses
were performed in positive mode (ESI+) or negative mode (ESI-) therefore molecular ions were
recorded as [M + H]*, [M-H] or ESI adduct ions. *H NMR spectra were measured on a Jeol 500
SS spectrometer operating at a temperature of 300 K and a frequency of 500.13 MHz The
samples were prepared by dissolving the compounds in DMSO-ds. Tetramethylsilane (TMS)
was used as an internal standard. Thin-layer chromatography (TLC) was carried out using silica
gel 60 WF2s4 plates (Merck). CHCls/MeOH (9:1, v/v) or EtOAc/MeOH/NH;3 (34:4:2, vIv) were
used as the mobile phase. Purification via column chromatography was carried out using silica
gel Davisil R LC60A 40-63 micron.

Svynthetic procedure |

6-chloro-9-(tetrahydrofuran-2-yl)purine (A) or 2,6-dichloro-9-(tetrahydrofuran-2-yl)purine (B)
were prepared according to modified protocols from Sziicova et al. (2009) and Plihalova (2016),
respectively. Only 1.5 equivalents of 2,3-dihydrofurane were used in both reactions (instead of
2.5 eq.) which allowed subsequent crystallization in EtOH at -20 °C. Thanks to this
modification, a pale yellow solid compound A was obtained..

In the next step, 6-chloropurine, A or B was refluxed with the appropriate amine (1.2 eq.) in the
n-propanol with an excessive amount of triethylamine (3 eq) for 4-6 hours as summarized in
the reaction scheme (Fig. 7). The crude reaction mixture was then concentrated in vacuo and

the product was extracted into EtOAc using liquid-liquid extraction (water : EtOAC). The ethyl
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acetate phase was then dried over MgSO4 and concentrated under vacuum. The crystallization

technique as well as column chromatography were used for final product purification and are
described in detail in Honig et al (2018, 1)
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Figure 7 Reaction scheme for the synthesis of prepared 6-substituted, 6,9-disubstituted and 2,6,9-
trisubstituted purine derivatives with 9-THF protecting group published in Honig et al., (2018, 1). a)
Et3N, propanol, 100 C,4 h (1, 2,5, 9, 10),5h (3, 4, 6, 8) and 6 h (7); b) EtOAc, CF3COOH, NH3, RT,

3.5h.

Svynthetic procedure 11

6-chloro-9-(tetrahydropyran-2-yl)purine (C) or 2,6-dichloro-9-(tetrahydropyran-2-yl)purine

(B) were prepared according to modified protocols as published in Sziicova et al. (2009) and

Bibova et al. (2018) respectively. A smaller equivalent of 3,4-dihydropyran (1.5 instead of 2.5)

was used which allowed us to obtain C as a solid compound after crystallization in EtOH at

-20 °C overnight.
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In the following step, 6-chloropurine, 2,6-dichloropurine, C or D was refluxed with appropriate
amine (1.2 eq.) and excessive amount of triethylamine (3 eq.) for 5 h in n-propanol. The crude
reaction mixture was then concentrated in vacuo and the product was extracted into EtOAc
using liquid-liquid extraction (water : EtOAc). The ethyl acetate phase was then dried over
MgSOs and concentrated under vacuum. Crystallization in different solvents or solvent
mixtures was preferably used as a last purification step. The reaction scheme (Fig. 8) and
reaction conditions are described in detail in the section Unpublished results.

Preparation of 6-(thiophen-2-ylmethylamino)-9-(tetrahydropyran-2-yl)purine (14) has been
described in the thesis of Rysava (2019). However, RySava used a longer reaction time and
utilized diethyl ether instead of ethanol for final crystallization to obtain a compound of similar

purity and yield.

Synthetic procedure 111

Acetylation of N-Acetyl-D-glucosamine was performed as described in Kong et al. (2016) for
the acetylation of N-Acetyl-D-mannosamine using acetic anhydride in pyridine. Peracetylated
N-Acetyl-D-glucosamine was attached to the purine moiety as described in Ando et al. (2007)
for reaction of 6-chloropurine with 1,2,3,4,6-penta-O-acetyl-B-D-glucose. However,
crystallization was preferably used for product purification instead of silica gel column
chromatography. The synthetic procedure is summarized (Fig. 9) and described in more detail

in the section Unpublished results.

Svynthetic procedure IV

Protection of the D-glucuronic acid carboxyl group by the allyl group and its subsequent one-
step removal was performed as described in Alaoui et al. (2006). Hydroxyl group protection
and further reaction with 6-chlorpurine was performed as described in Synthetic procedure IlI.
The synthetic route is summarized (Fig. 10) and described in more detail in section Unpublished

results.
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pH Stability

In order to evaluate the stability of prepared compounds due to the pH lability of 9-substituted
THF group, the pH stability test was slightly modified and performed according to the literature
(Sziicova et al, 2009). The pH stability of 6-(tetrahydrofuran-2-ylmethylamino)-9-
(tetrahydrofuran- 2-yl)purine (5), 6-(thiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)
purine (6) and 2-chloro-6-furfurylamino-9-(tetrahydrofuran-2-yl)purine (9) was analysed by
HPLC-PDA (System Gold; Beckman Instruments, Fullerton, CA, USA); analytes were detected
at 270 nm using a PDA detector (Beckman System Gold 168). The solution of tested compound
(102 M; DMSO) was prepared and diluted to 10 M using Mcllvaine buffer solution for the
appropriate pH (2, 3, 4, 5, 6 or 7). One hour after incubation at 25 °C, 5 pL of the solution was
directly injected onto a reversed phase column (Symmetry C18; 5 um, 150 x 2.1mm; Waters,
Milford, USA). At a flow-rate of 0.3 mL/min, the following binary gradient was used: 0
min,10% B; 0-24 min; linear gradient to 90% B; 25-34 min; isocratic elution of 90% B; 35-45
min; linear gradient to 10% B, where A was 15mM formic acid adjusted to pH 4 with
ammonium and B was 100% methanol The HPLC measurement of the solutions was repeated
after a 24 h incubation at 25 °C.

Biological activity

Evaluation of CK activity in tobacco callus bioassay, amaranthus caudatus betacyanin bioassay
and wheat leaf senescence bioassay (WLSA) was carried out according to Honig et al. (2018,
I). In the same study, are described the methods used for cytotoxicity measurement via resazurin
reduction assay on human skin cells as well as methods for phototoxicity and photoprotection
assessment. Oxygen radical absorbance capacity evaluation and protocols for oxidative stress
bioassays in Caenorhaditis elegans are also presented in this study (Honig et al., 2018; I).
Markers of damage caused by UVA and UVB irradiation including ROS production, GSH
depletion and Caspase-3-activity were studied as described in (Honig et al., 2017; V).
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Survey of published results

Publication |

Eleven Kin derivatives were prepared and properly characterized using *H NMR, mass
spectrometry combined with HPLC purity determination and elemental C, H, N
analyses. The biological activity of new compounds was studied in both plant and
animal systems. Cytokinin-like activity was determined in three CK bioassays, such as
tobacco callus, wheat leaf senescence assay and Amaranthus bioassay. It was found that
despite the saturation of furfuryl substituent in 6-(tetrahydrofuran-2-ylmethylamino)-9-
(tetrahydrofuran-2-yl)purine, this compound possessed the highest activity in WLSA.
Selected compounds were subsequently tested on normal human dermal fibroblasts
(NHDF) and keratinocyte cell lines (HaCaT) to exclude possible phototoxic effects and,
on the other hand, to reveal possible UV A and UVB photoprotective activity. Protection
against 5- hydroxy-1,4-naphthoquinone (juglone) induced oxidative stress was tested in
Caenorhabditis elegans in vivo. Compounds 6-(thiophen-2-ylmethylamino)-9-
(tetrahydrofuran-2-yl)purine, and  2-chloro-6-furfurylamino-9-(tetrahydrofuran-2-
yl)purine, were found to be the most active in human skin cell protection against
UVA/UVB irradiation and concurrently possessed highest activity in oxidative stress
protection in C. elegans. Protection of C. elegans and NHDF from oxidative and UV
stress indicate antioxidant properties. These compounds did not act as direct radical
scavengers in the ORAC assay. The obtained data suggest that the mechanism of photo-
and nematode protection against oxidative stress is indirect and triggers other

mechanisms of oxidative protection. (Honig et al., 2018, 1)

Publication Il

Antisenescent activity of natural CKs and their derivatives together with antioxidant
properties in plants were reviewed. The effect on chlorophyll content, photosystem 11
and other parts of the photosynthetic apparatus was summarized. The influence of CKs
on activation of antioxidative enzymes in senescing tissues is described as well as
changes in the levels of naturally occurring antioxidants, such as phenolic acids and
flavonoids, in plant explants. Emphasis was placed on the structure-activity relationship,

and key structural motives necessary for antisenescent activity of CKs were postulated.
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The role of different CK receptors and downstream proteins that are involved in the
antisenescent and antioxidant activity of CKs were discussed. (Honig et al., 2018, I1).

Publication 111

Several fluorescent derivatives of iP were designed and prepared and properly
characterized to study the properties of the CK receptor. Several fluorescent labels were
used and attached to the C2 or N9 atom of the adenine moiety via 2- or 6-carbon linker.
All prepared compounds were screened for affinity for the Arabidopsis thaliana CK
receptor (CREL/AHK4). Most compounds did not interact with the receptor due to
attached label. However two C2-labeled rhodamine B (with 2- and 6-carbon linker) iP
and one NO9- labeled 4-chloro-7- nitrobenzofurazan (NBD) iP interacted well.
Arabidopsis seedlings were used for in planta staining experiments in Arabidopsis
thaliana cell suspension culture using live cell confocal microscopy (Kubiasova et al.,
2018, 111).

Publication IV

The photoprotective and antioxidant properties of CKs and other natural products was
reviewed. The antioxidant properties of Kin and its THP derivative in animals especially
in human and human skin cells were discussed. These two compounds are currently
used in cosmetics for the treatment of photodamaged skin due to their ability to reduce
symptoms of skin photoaging such as fine wrinkles, rough skin texture and mottled

hyperpigmentation. (Plihalova et al, 2018, 1V).
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Publications V and VI (patent and patent application)

N9-THF substituted derivatives published in Honig et al., (2018, 1) are part of the
granted Czech patent no. 307722 and PCT application WO/2017/036434
(PCT/CZ2016/050029) as substances possessing anti-senescent and UV-
photoprotective properties that can be used in cosmetics preparations, plant protection
preparations and in preparations for the treatement/application of tissue cultures (Honig
et al., 2017, V; Honig et al., 2019, VI). 6-(Tetrahydrofuran-2-ylmethylamino)-9-
(tetrahydrofuran-2-yl)purine protected NHDF cells against UVA induced ROS
production as well as depletion of endogenous antioxidant GSH. Concurrently, in UVB
irradiated NHDF cells treated with 6-(tetrahydrofuran-2-ylmethylamino)-9-
(tetrahydrofuran-2-yl)purine, lower activity of protein caspase-3, which is activated
during apoptosis was measured (Honig et al., 2017, V; Honig et al., 2019, VI).
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Survey of unpublished results

1. 2-Chloro and/or -9-(tetrahydropyran-2-yl) substituted kinetin-like derivatives

A series of compounds complementary to those published in Honig et al (2018, 1) was prepared
where THF protective group in position N9 was replaced by THP group. Compounds were
characterized and tested for cytokinin-like biological activity as described in Honig et al
(2018, 1, Fig 8)

Compounds 17-19
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Figure 8 Reaction scheme for the synthesis of prepared 6-substituted, 6,9-disubstituted and 2,6,9-
trisubstituted purine derivatives with 9-THP protecting group. a) Et3N, propanol, 100 °C, 5 h; b) EtOAc,
CF3COOH, NH3, RT, 3.5 h (C) overnight (D)
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Preparation procedure

6-Chloro-9-(tetrahydropyran-2-yl)purine (C)

6-Chloropurine (10 g; 65 mmol) and 3,4-dihydropyran (8.9 mL; 98 mmol) were dissolved in
EtOAc (200 mL) and TFA (9.7 mL; 130 mmol) was added dropwise on ice. The reaction
mixture was stirred at room temperature for 3.5 h and then neutralized by the appropriate
amount of ammonia and water (1:1). The ethyl acetate phase was washed with water, dried over
Na2S0O4 and concentrated in vacuo. A yellow oily compound was obtained. The pure product
was obtained after crystallization from ethanol at -20 °C overnight. Yield: 61%. HPLC purity
98.9 %. MS ESI+ m/z: 239 [M+H]".

2,6-Dichloro-9-(tetrahydropyran-2-yl)purine (D)

2,6-Dichloropurine (25 g; 132 mmol) and 3,4-dihydropyran (19 mL; 203 mmol) were dissolved
in EtOAc (315 mL) and TFA (30 mL; 330 mmol) was added dropwise on ice. The reaction
mixture was stirred at room temperature overnight and then neutralized by the appropriate
amount of ammonia and water (1:1). The ethyl acetate phase was washed with water, dried over
Na2S0O4 and concentrated in vacuo. A yellow oily compound was obtained. The pure product
was obtained after crystallization from diethylether. Yield: 78%. HPLC purity 99.4%. MS ESI+
m/z: 273 [M+H]".

6-(Tetrahydrofuran-2-ylmethylamino)-9-(tetrahydropyran-2-yl)purine (12)

Prepared according to Synthetic procedure Il using C (0.5 g) as a starting material. The final
product was obtained after crystallization from diethylaether. Yield: 59%. HPLC purity 99.9%.
MS ESI+ m/z: 304 [M+H]". *H NMR (500 MHz, Chloroform-d) § 8.34 (s, 1H), 7.99 (s, 1H),
6.13 (s, 1H), 5.70 (dd, J = 10.4, 2.3 Hz, 1H), 4.20 — 4.11 (m, 2H), 3.96 — 3.84 (m, 1H), 3.81 —
3.74 (m, 2H), 3.65 (s, 1H), 2.14 — 1.97 (m, 4H), 1.96 — 1.85 (m, 2H), 1.83 - 1.71 (m, 2H), 1.71
—1.60 (m, 2H)
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2-Chloro-6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydropyran-2-yl)purine (13)

Prepared according to Synthetic procedure Il using D (0.5 g) as a starting material. The product
was obtained after crystallization from diethylether. Yield: 60%. HPLC purity 99.9%. MS ESI+
m/z: 338 [M+H]*. 'H NMR (500 MHz, Chloroform-d) & 8.00 (s, 1H), 6.61 (s, 1H), 5.68 (dd, J
=10.9, 2.4 Hz, 1H), 4.18 — 4.09 (m, 2H), 3.94 — 3.88 (m, 1H), 3.88 — 3.81 (m, 1H), 3.80 — 3.72
(m, 2H), 3.68 — 3.56 (M, 1H), 2.17 — 2.08 (m, 1H), 2.08 — 1.98 (m, 2H), 1.98 — 1.83 (m, 3H),
1.82 — 1.69 (m, 2H), 1.69 — 1.60 (m, 2H).

6-(Thiophen-2-ylmethylamino)-9-(tetrahydropyran-2-yl)purine (14)

Prepared according to Synthetic procedure 11 using C (0.5 g) as a starting material. The product
was obtained after crystallization from ethanol. Yield: 44%. HPLC purity 99.2%. MS ESI+
m/z: 316 [M+H]*. *H NMR (500 MHz, Chloroform-d) & 8.43 (s, 1H), 8.01 (s, 1H), 7.22 (dd, J
=5.0, 1.3 Hz, 1H), 7.08 (s, 1H), 6.96 (dd, J = 5.1, 3.4 Hz, 1H), 6.17 (s, 1H), 5.72 (dd, J = 10.6,
2.4 Hz, 1H), 5.02 (s, 2H), 4.18 (dt, J = 10.1, 2.3 Hz, 1H), 3.82 — 3.75 (m, 1H), 2.16 — 1.97 (m,
3H), 1.84 — 1.71 (m, 2H), 1.68 — 1.62 (m, 1H).

2-Chloro-6-(thiophen-2-ylmethylamino)-9-(tetrahydropyran-2-yl)purine (15)

Prepared according to Synthetic procedure Il using D (0.5 g) as a starting material. Solid
yellowish product was obtained after crystallization from reaction mixture at RT overnight.
Product was washed with water and propanol after filtration from reaction mixture. Yield: 73%.
HPLC purity 99.9%. MS ESI+ m/z: 350 [M+H]*. *H NMR (500 MHz, Chloroform-d) & 8.00
(s, 1H), 7.23 (dd, J = 5.0, 1.2 Hz, 1H), 7.08 (d, J = 3.1 Hz, 1H), 6.96 (dd, J = 5.1, 3.5 Hz, 1H),
6.75 (s, 1H), 5.70 (dd, J = 10.8, 2.4 Hz, 1H), 4.98 (s, 2H), 4.16 (ddt, J = 11.6, 4.0, 1.8 Hz, 1H),
3.77 (td, J=11.8, 2.7 Hz, 1H), 2.14 (d, J = 12.5, 3.1 Hz, 1H), 2.10 — 2.01 (m, 1H), 1.95 — 1.83
(m, 1H), 1.83 — 1.69 (m, 2H), 1.67 — 1.62 (m, 1H).

6-(5-Hydroxymethylfuran-2-ylmethylamino)-9-(tetrahydropyran-2-yl)purine (16)

Prepared according to Synthetic procedure Il using C (0.25 g) as a starting material. Solid white
product was obtained after crystallization from mixture of dichloromethane and petroleum
ether. Yield: 58%. HPLC purity 99.8%. MS ESI+ m/z: 330 [M+H]*. *H NMR (500 MHz,
DMSO-d6) & 8.36 (s, 1H), 8.25 (s, 2H), 6.15 (dd, J = 13.8, 7.5 Hz, 2H), 5.63 (dd, J = 11.0, 2.1
Hz, 1H), 5.13 (t, J = 5.7 Hz, 1H), 4.66 (s, 2H), 4.32 (d, J = 5.7 Hz, 2H), 4.03 — 3.97 (m, 1H),
3.71-3.62 (m, 1H), 2.32 - 2.22 (m, 1H), 2.01 - 1.89 (m, 2H), 1.79 — 1.66 (m, 1H), 1.64 — 1.53
(m, 2H).
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6-(5-Hydroxymethylfuran-2-ylmethylamino)purine (17)

Prepared according to Synthetic procedure Il using 6-chloropurine (0.5 g) as a starting material.
Solid white product was obtained after concentration in vacuo. Yield: 25%. HPLC purity
99.4%. MS ESI+ m/z: 246 [M+H]*. *H NMR (500 MHz, DMSO-d6) § 12.95 (s, 1H), 8.21 (s,
1H), 8.12 (s, 1H), 8.02 (s, 1H), 6.17 (s, 2H), 5.14 (s, 1H), 4.67 (s, 2H), 4.32 (s, 2H).

2-Chloro-6-(2-tetrahydrofuran-2-ylmethyl)aminopurine (18)

Prepared according to Synthetic procedure Il using 2,6-dichloropurine (0.25 g) as a starting
material. Solid yellowish product was obtained after crystallization from reaction mixture at
RT overnight. Product was washed with water and propanol after filtration from reaction
mixture. Yield: 82%. HPLC purity 99.3%. MS ESI+ m/z: 254 [M+H]*. *H NMR (500 MHz,
DMSO-d6) 8 13.07 (s, 1H), 8.11 (s, 1H), 8.06 (s, 1H), 4.06 (s, 1H), 3.78 (s, 1H), 3.63 (s, 1H),
3.51 (s, 1H), 3.37 (5, 1H), 2.01 — 1.73 (m, 3H), 1.62 (s, 1H).

2-Chloro-6-(2-thiophen-2-ylmethyl)aminopurine (19)

Prepared according to Synthetic procedure Il using 2,6-dichloropurine (0.25 g) as a starting
material. Solid white product was obtained after crystallization from reaction mixture at RT
overnight. Product was washed with water and propanol after filtration from reaction mixture.
Yield: 97%. HPLC purity 99.0%. MS ESI+ m/z: 266 [M+H]*. *H NMR (500 MHz, DMSO-d6)
5 13.09 (s, 1H), 8.74 (s, 1H), 8.10 (s, 1H), 7.32 (d, J= 5.1 Hz, 1H), 7.00 (s, 1H), 6.91 (t, J = 4.2
Hz, 1H), 4.73 (s, 2H).

Activity of THP derivatives in three CK bioassays (Tab. 3) is in accordance with their respective
THF derivatives published in Honig et al (2018, 1) and in accordance to SAR established for
the activity of CKs in WLSA as defined in Honig et al (2018, 11). The introduction of THP
group to N9 atom of adenine in 6-(2-Tetrahydrofuran-2-ylmethyl)aminopurine (compound 1 in
Honig et al., 2018; 1) increased its activity significantly. As compound (12) possessed even
higher activity than 6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
(compound 5 in in Honig et al., 2018; 1) with almost 90% of chlorophyll retained in detached
wheat leaves after 96 hours of cultivation in dark. For its very potent activity is this compound
now tested in field trials. Comparably to THF introduction (compound 6 in in Honig et al.,
2018; 1), compound (14) with N9-THP substitution possessed higher antisenescent properties

than its corresponding free base (compound 2 in Honig et al., 2018; 1). In agreement with this
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results, antisenescent properties of (14) were previously described in Rysava Be. thesis (2019).

The introduction of chlorine to the position C2 (13, 15) lowered the activity of respective active
derivatives (12, 14) in WLSA.
Prepared compounds showed only low activity in Amaranthus caudatus betacyanin bioassay as

described earlier for THF substituted CKs (Honig et al., 2018; I, 11) and were able to promote

cell division of tobacco callus comparably or slightly less than standard BAP.

Table 3 Relative CK bioassay activity of the prepared derivatives at the optimal concentration compared
with the activity of 6-benzylaminopurine (BAP) (100% means 10-5M BAP for the Amaranthus
betacyanin bioassay, 10-4M BAP in the case of the senescence bioassay and 10-5 M BAP for the tobacco
callus bioassay) as described in (Honig et al., 2018, 1)

Tobacco callus bioassay

Amaranthus caudatus

Wheat leaf senescence

betacyanin bioassay bioassay
Compoung  ConGETTation. Cou Concentraton Gy 7 Concentraton 22y
' [%6] ' [%0] ' [%0]
12 10° 90 + (3) 10° 36 = (0) 10 135+ (11)
13 105 91 +(9) 10° 72+ (13) 10 100 + (3)
14 10 98 + (9) 10° 64 + (13) 10 103 + (0)
15 10 90 + (14) 10° 73 £ (29) 10 79 + (1)
16 10° 91 £ (1) 10° 27 £ (5) 10% 77 £ (10)
17 10 102 + (2) 10° 80+ (11) 10 93 +(2)
18 10 100 + (2) 10° 126 10* 84 + (6)
19 10 100 + (8) 10° 71 10* 78 + (9)
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2. N-acetylglucosamine substituted CKs

A series of N-acetylglucosamine substituted CKs was prepared. Compounds were characterized
and tested for cytokinin-like biological activity as described in Honig et al (2018, |, Fig 9)
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Figure 9 Preparation of N-acetylglucosamine substituted cytokinins. i) Ac.O, Py, 4h, rt;
i) BSA, DCE, 0.5h, reflux; iii) TMSOTT, 5h, reflux; iv) 7N ammonia in MeOH, 3h; v) EtsN, n-propanol,
R-NHa.
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Preparative procedure

N-acetyl-1,3,4,6-tetra-O-acetyl-D-glucosamine (20)

Prepared as described in Kong et al (2016) with few modification. N-acetyl-D-glucosamine (4
g, 18.1 mmol) was dissolved in pyridine (40 mL) and Ac20 (20 mL) was added. Reaction
mixture was stirred at room temperature for 4 hours and then concentrated in vacuo. The residue
was dissolved in EtOAc and then washed with water. EtOAc phase was dried over Na2SO4 and
evaporated in vacuo. Solid white product was obtained in quantitative yield.

Silylation of 6-chloropurine (E)

6-chlorpurine was silylated as described in Ando et al (2007). 6-chloropurine (500 mg, 3.2
mmol) was suspended in dry dichloroethane (DCE, 50 mL) and Bis(trimethylsilyl)acetamide
(BSA, 1.2 mL, 4.8 mmol) was aded. Reaction mixture was stirred under reflux conditions for
30 min. The reaction solution was directly used for the coupling reaction with peracetylated

sugar.

6-chloro-9-(N-acetyl-1,3,4,6-tetra-O-acetyl-D-glucosamino)purine (21)

Prepared as described in Ando et al (2007) with few modifications. To the solution of silylated
6-chloropurine (E) was added peracetylated sugar (02-01, 1.5 g, 4.8mmol) and Trimethylsilyl
trifluoromethanesulfonate (TMSOTT, 880 pL, 4,8 mmol). Reaction mixture was stirred for 5
hours under reflux conditions. The reaction mixture was neutralized with Et3N and
concentrated in vacuo. Solid product was obtained after crystallization from ethanol. Yield
26%. HPLC purity 99.1%. MS ESI+ m/z: 484 [M+H]*

6-chloro-9-(N-acetyl-D-glucosamino)purine (22)
Compound (02-02, 380 mg) was deacetylated using 7N ammonia in methanol (30 mL) at 0 °C
for 3 hours. The reaction mixture was then concentrated in vacuo and pale brown product was

obtained after crystallization in hexan. Yield 92 %

6-furfuryl-9-(N-acetyl-D-glucosamino)aminopurine (23)

Compound (22, 50 mg, 0.14 mmol), furfurylamine (15 uL, 0.168 mmol) Et3N (60 uL; 0.42
mmol) were sequentially dissolved in propanol (5 mL). The mixture was refluxed for 8 h and
then concentrated in vacuo. Pale brown crystal was obtained after crystallization in
dichloromethane (DCM). Yield: 55 %. HPLC purity: 97.5 %. HPLC purity: 97.5 %. MS ESI-
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m/z: 417 [M-H]". *H NMR (500 MHz, DMSO-d6) & 8.25 (s, 2H), 8.18 (s, 1H), 7.91 (d, T = 9.3
Hz, 1H), 7.53 (dd, J = 1.8, 0.8 Hz, 1H), 6.35 (dd, J= 3.1, 1.8 Hz, 1H), 6.25 — 6.22 (m, 1H), 5.58
(d, J = 10.0 Hz, 1H), 5.24 (s, 2H), 4.68 (s, 2H), 4.25 (q, J = 9.8 Hz, 1H), 3.69 (d, J = 11.7 Hz,
1H), 3.59 — 3.52 (m, 1H), 3.46 (dd, J = 12.0, 5.8 Hz, 1H), 1.55 (s, 3H).

6-(2-thiophen-2-ylmethyl) -9-(N-acetyl-D-glucosamino)aminopurine (24)

Compound (22, 50 mg, 0.14 mmol), 2-thiophenemethylamine (17 pL, 0.168 mmol) Et3N (60
uL; 0.42 mmol) were sequentially dissolved in propanol (5 mL). The mixture was refluxed for
6 h and then concentrated in vacuo. Pale brown crystal was obtained after crystallization in
dichloromethane (DCM). Yield: 68 %. HPLC purity: 95 %. MS ESI- m/z: 433 [M-H]". *H NMR
(500 MHz, DMSO-d6) 6 8.41 (s, 1H), 8.28 (s, 1H), 8.18 (s, 1H), 7.91 (d, J = 9.3 Hz, 1H), 7.32
(dd, J=5.1, 1.2 Hz, 1H), 7.03 — 7.01 (m, 1H), 6.93 (dd, J = 5.1, 3.4 Hz, 1H), 5.58 (d, J = 10.0
Hz, 1H), 5.24 (s, 2H), 4.84 (s, 1H), 4.56 (s, 1H), 4.29 — 4.21 (m, 2H), 3.69 (d, J = 11.1 Hz, 1H),
3.56 (t, J=9.3 Hz, 1H), 3.49 — 3.43 (m, 1H), 1.55 (s, 3H).

6-(tetrahydrofuran-2-ylmethylamino)-9-(N-acetyl-D-glucosamino)aminopurine (25)
Compound (22, 50 mg, 0.14 mmol), tetrahydrofurfurylamine (17 pL, 0.168 mmol) Et3N (60
puL; 0.42 mmol) were sequentially dissolved in propanol (5 mL). The mixture was refluxed for
5 h and then concentrated in vacuo. Final product was obtained after purification via C18 SPE
1g column, 40% methanol used as eluent. Yield: 59 %. HPLC purity: 98 %. MS ESI+ m/z: 407
[M+H]*. *H NMR (500 MHz, DMS0-d6) § 8.19 (s, 1H), 8.12 (s, 1H), 7.88 (d, ] = 9.2 Hz, 1H),
7.66 (s, 1H), 5.52 (d, J=10.0 Hz, 1H), 5.21 (dd, J = 10.2, 5.4 Hz, 2H), 4.55 (t, J = 5.9 Hz, 1H),
4.21 (q,J =9.8 Hz, 1H), 4.07 - 3.99 (m, 1H), 3.73 (9, J=7.0, 6.6 Hz, 1H), 3.68 — 3.63 (m, 1H),
3.60 — 3.48 (m, 3H), 3.46 — 3.38 (m, 2H), 3.28 —3.21 (m, 1H), 1.90 - 1.70 (m, 3H), 1.63 - 1.54
(m, 1H), 1.52 (s, 3H).
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6-(3-methylbut-2-en-1-yl)-9-(N-acetyl-D-glucosamino)aminopurine (26)

Compound (22, 50 mg, 0.14 mmol), 3-methylbut-2-en-1-amine (20.5 mg, 0.168 mmol) Et3N
(60 uL; 0.42 mmol) were sequentially dissolved in propanol (5 mL). The mixture was refluxed
for 6 h and then concentrated in vacuo. Final product was obtained after purification via
preparative TLC, (CHCI3:MeOH; 6:1) used as mobile phase. Yield: 48 %. HPLC purity: 97.8
%. MS ESI+ m/z: 423 [M+H]*. '"H NMR (500 MHz, DMSO-d6) & 8.21 (s, 1H), 8.13 (s, 1H),
7.91 (d, J = 9.3 Hz, 1H), 7.81 (s, 1H), 5.56 (d, J = 10.0 Hz, 1H), 5.30 (t, J = 7.2 Hz, 1H), 5.24
(dd, J = 6.8, 5.4 Hz, 2H), 4.57 (t, J = 5.9 Hz, 1H), 4.24 (q, J = 9.8 Hz, 1H), 4.05 (s, 2H), 3.69
(dd, J = 10.5, 5.4 Hz, 1H), 3.58 — 3.52 (m, 1H), 3.49 — 3.42 (m, 1H), 3.40 — 3.34 (m, 1H), 3.31
—3.26 (m, 1H), 1.70 (s, 3H), 1.66 (s, 3H), 1.55 (s, 3H).

Prepared N-acetylglucosamine substituted CKs showed relatively low activity in both Tobacco
callus bioassay and WLSA compared to BAP (Tab. 4). However, their activity is higher than
CK glucosides (Holub et al., 1998).

Table 4 Relative CK bioassay activity of the prepared derivatives at the optimal concentration compared
with the activity of 6-benzylaminopurine (BAP) (100% means 10-°M BAP for the Amaranthus betacyanin
bioassay, 10“M BAP in the case of the senescence bioassay and 10° M BAP for the tobacco callus
bioassay) as described in (Honig 2018, 1)

. Amaranthus caudatus Wheat leaf senescence
Tobacco callus bioassay S .
betacyanin bioassay bioassay
Concentration Relgt_lve Concentration Relgt_lve Concentration Rel_at_lve
Compound [mol.I] activity [mol.I] activity [mol.I"] activity
' [%0] ' [%0] ' [%6]
22 10° 44 + (12) nt. 10% 82 £ (5)
23 10 69 +(2) nt. 10 81+ (2)
24 10 72 +(3) nt. 10 76 £ (3)
25 10° 72 £ (13) nt. 10 82 + (4)

nt.: not tested.

47



3. CKs derivatives made by glucuronic acid substitution
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Figure 10 Preparation of D-glucuronic acid substituted Kin. i) AlIBr, DBU, DMF, overnight, rt.;
ii) Ac20, Py, 5h, rt.; iii) BSA, DCE, 0.5h, reflux; iv) TMSOTf, 3h, reflux; v) Pd(PPhs)s, THF, 2h, ice;
vi) 7N ammonia in MeOH, 3h; vii) furfurylamin, EtsN, n-propanol, reflux. Abbreviations: AlIBr, Allyl
bromide; BSA, Bis(trimethylsilyl)acetamide; DCE, Dichloroethane; DBU, 1,8-
Diazabicyclo[5.4.0]undec-7-ene; Pd(PPh3)4, Tetrakis(triphenylphosphine)palladium(0); Py,
Pyridine; TMSOTHf, Trimethylsilyl trifluoromethanesulfonate
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Preparation procedure

Allyl D-Glucuronate (27)

D-glucuronid acid (6 g, 31 mmol) was dissolved in DMF (60 mL) and 1,8-
Diazabicyclo[5.4.0Jundec-7-ene (DBU, 5.1 mL,33 mmol) was added dropwise. Reaction
mixture was stirred at room temperature for 15 min, then allyl bromide (3.3 mL, 36 mmol) was
added dropwise, the mixture was stirred overnight and then concentrated in vacuo. The residue
was purified over silica gel using acetone as eluent. Final product was obtained in two isomers
as described in literature (Alaoui et al., 2006). Yield 78%. MS ESI+ m/z: 257 [M+Na]*

1,2,3,4-Tetra-O-acetyl-allyl-D-glucuronic Acid (28)

Allyl D-glucuronate (27, 5 g, 51.3 mmol) was dissolved in pyridine (50 mL) and Ac2O (30 mL)
was added. Reaction mixture was stirred at room temperature for 5 hours and then concentrated
in vacuo. The residue was dissolved in EtOAc and then washed with water. EtOAc phase was
dried over Na,SO4 and evaporated in vacuo. Solid white product was obtained in quantitative
yield consist of two isomers. MS ESI+ m/z: 420 [M+NH3]*

6-chloropurine-9-(1,2,3,4-Tetra-O-acetyl-allyl-D-glucuronate) (29)

To the solution of silylated 6-chloropurine (E, from 0.5 g of 6-chlorpurine) was added
peracetylated sugar (28, 1.56 g, 3.88 mmol) and Trimethylsilyl trifluoromethanesulfonate
(TMSOTH, 880 uL, 4,8 mmol). Reaction mixture was stirred for 3 hours under reflux conditions.
The reaction mixture was neutralized with Et3N and concentrated in vacuo. Solid product was
obtained after crystallization from methanol. Yield 26%. HPLC purity: 95.6 %. MS ESI+ m/z:
498 [M+H]*

Carboxyl group deprotection (30)

Carboxyl group was deprotected as described in Alaoui et al (2006). Compound (29, 100 mg,
0.2 mmol) was dissolved in anhydrous THF (5 mL) then a solution of Et3N (112 uL, 0.8
mmol)/HCOOH (23 pL, 0.6 mmol) in THF (100 uL) was added at 0 °C under argon. After 10
min Tetrakis(triphenylphosphine)palladium(0) (46 mg, 0.04 mmol) was added and stirring was
pursued for 30 min at 0 °C, then for 2 h at room temperature. Crude reaction mixture was
concentrated in vacuo and 10 ml of water was added. Crystals of PhsPO were filtered of and
H>O phase was after lyophilisation used for subsequent reaction without further purification.
MS ESI+ m/z: 458 [M+H]*
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6-chloropurine-9-D-glucuronate (31)

Compound (30, 100 mg) was deacetylated using 7N ammonia in methanol (10 mL) at 0 °C for
3 hours. The reaction mixture was then concentrated in vacuo and pale brown product was
obtained after crystallization in aceton. Yield 60%. HPLC purity: 96 % MS ESI- m/z:
329 [M-H]

6-furfurylaminopurine-9-D-glucuronate

Compound (31, 150 mg, 0.45 mmol), furfurylamine (50 pL, 0.54 mmol) Et3N (240 pL; 1.35
mmol) were sequentially dissolved in propanol (10 mL). The mixture was refluxed for 8 h. This
reaction unfortunately give poor conversion of starting material and final product was not
isolated. However, in reaction mixture was analyzed product with corresponding molecular
weight. MS ESI+ m/z: 392 [M+H]*

Batter conversion was not achieved even with stronger base (DIPEA), nor with higher

temperature, when reaction mixture was stirred in pressure tube in butanol.

50



Cyanine-5 N9-labeled benzylaminopurine

Both iP-Cy5 (Honig 2018, 111) and BAP-Cy5 were prepared (Fig. 11) to suit staining of
Arabidopsis suspension cell culture with GFP-labeled CK receptor as emission maximum of
Cyanine5 fluorescent label is 662 nm. Unfortunately labeled compounds did not interact with
neither AHK4 nor AHK3 CK receptors.

Cl Cl HN
S ——— Ty —— JI>
K\ N H k\ N k\ N

N HO/\/NYU N N 8

o
NHBoc NHBoc
iii

Figure 11 Preparation of BAP-Cy5 using 6-chlorpurine as a starting material. Reaction condition
i) Ph3P, DIAD, THF ii) benzylamine, Et3N, n-propanol iii) TFA, DCM iv) Cyanine 5 NHS, 0.1M
NaHCO3, DMF.

Preparation procedure

9-{2[tert-butoxycarbonyl)amino]ethyl}-6-chloropurine (32)
6-chloropurine (1 eq., 2 g, 12.9 mmol), Ph3P (2 eq., 6.77 g, 25.8 mmol) and N-Boc-
ethanolamine (1.2 eq., 2.5 g, 15.5 mmol, 2.4 mL) was sequentially dissolved in cold (0 °C) THF

51



(10ml), and DIAD (2 eq., 5.2 g, 25.8 mmol, 5.1 mL) was added dropwise. The mixture was
stirred at room temperature for 2 hours and then concentrated in vacuo. Yellowish oily residue
was precipitated from toluene (50 mL) at 4 °C overnight. The resulting white solid (Ph3PO)
was filtered of and washed with cold toluene. The filtrate was evaporated and the product was
obtained after purification via column chromatography using CHCI3/MeOH (19:1) as eluent.
Yield: 40.5%. HPLC purity: 98.3 %. MS ESI+ m/z: 298 [M+H]"

9-{2[tert-butoxycarbonyl)amino]ethyl}-6-benzylaminopurine (33)
9-{2[tert-butoxycarbonyl)amino]ethyl}-6-chloropurine  (1eq., 250mg, 0.84 mmol),
benzylamine(1.2 eq., 104.9 mg, 1 mmol, 109ul) and Et3N (5 eq., 425 mg, 4.2 mmol, 585 pl)
was dissolved in n-propanol (10 mL). Reaction mixture was stirred at reflux for 5 hours and
then concentrated in vacuo. Product was obtained after crystallization from water. Yield 85%.
HPLC purity: 98.8 %. MS ESI+ m/z: 369 [M+H]*

9-(2-aminoethyl) -6-benzylaminopurin (34)
9-{2[tert-butoxycarbonyl)amino]ethyl}-6-benzylaminopurine (xy) (1 eq., 100 mg, 0.27 mmol)
was dissolved in cold (0 °C) DCM (2.5 mL) and TFA (1.35 mL) was added dropwise. The
mixture was stirred at room temoerature for 3 hour and then concentrated in vacuo. Crude
reaction mixture was precipitated from diethylether (5 mL). Solid white product was obtained
after filtration. Yield: 89%. HPLC purity: 99.1 %. MS ESI+ m/z: 269 [M+H]*

BAP-Cy5 (35)

9-(2-aminoethyl) -6-benzylaminopurin (1 eq, 2.2 mg, 8.1 umol) was dissolved in 0.1M sodium
bicarbonate solution (4.5 mL, pH 8.5) and Cyanine 5 NHS (1 eq., 5 mg, 8.1 pumol) dissolved in
amine free DMF (0.5 mL) was added. Reaction mixture was stirred at room temperature for 4
hours and then lyophilized overnight. The residue was dissolved in water (5 mL) and extracted
into EtOAc (3 x 5 mL). Combined organic layers were dried (Na2SO4) evaporated in vacuo.
The product was via column chromatography using CHCI3/MeOH (9:1) as eluent. Yield: 41%.
MS ESI+ m/z: 734 [M+H]*. 1H NMR (500 MHz, DMSO-d6) 6 8.35 — 8.21 (m, 2H), 8.16 (s,
1H), 8.04 (s, 1H), 7.96 — 7.88 (m, 1H), 7.60 (d, J = 7.4 Hz, 2H), 7.45 — 7.15 (m, 10H), 6.54 (t,
J=12.3 Hz, 1H), 6.24 (dd, J = 33.2, 13.9 Hz, 2H), 4.65 (s, 1H), 4.17 (t, J =5.8 Hz, 2H), 4.06 —
4.00 (m, 2H), 3.58 (s, 3H), 3.57 (s, 2H), 3.55 (s, 1H), 2.00 — 1.95 (m, 2H), 1.66 (s, 12H), 1.48
—1.41 (m, 2H), 1.32 — 1.19 (m, 4H), 0.89 — 0.82 (m, 2H).
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Conclusions and perspectives

A number of new CK derivatives were prepared, including kinetin derivatives and/or
analogs with modified furfuryl ring in combination with some other substitutions
such as THF or -THP groups attached to the N9 atom of the purine moiety. In
addition, C2-chloro derivatives of these compounds were prepared as well. The
majority of the compounds were prepared for the first time.

New CK conjugates with N-acetylglucosamine and D-glucuronic acid were prepared
for the first time.

Fluorescently labeled iP and BAP were prepared with Cyanine5 dye attached to N9
atom by a two carbon linker.

The prepared compound helped us to establish the SAR of CK derivatives related to

their anti-senescent properties.

Newly prepared derivatives with significant anti-senescent properties are promising

for use in agriculture and tissue culture.

Photoprotective activity against both UVA and UVB radiation of selected prepared
compounds as well as lack of phototoxicity were described in human dermal

fibroblasts and keratinocytes.

The newly designed and prepared compounds 6-(thiophen-2-ylmethylamino)-9-
(tetrahydrofuran-2-yl)purine and 2-chloro-6-furfurylamino-9-(tetrahydrofuran-2-
yl)purine were able to protect Caenorhabditis elegans against juglone induced
oxidative stress. Furthermore, compound 6-(tetrahydrofuran-2-ylmethylamino)-9-
(tetrahydrofuran-2-yl)purine protected NHDF cells against UVA induced ROS
production and GSH depletion. In contrast, none of the tested compounds was able

to directly scavenge ROS in the ORAC assay.
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In summary, standard routes of CK bases and their C2-chloro and/or N9-THF/THP derivatives
were optimized to obtain compounds in decent yields and purity. New routes for CK conjugates
with N-acetylglucosamine and D-glucuronic acid were implemented as well as methods for
preparation of Cyanine5 labeled CKs.

Photoprotective and antioxidant activities of CK derivatives were shown on human cells and
Caenorhabditis elegans. It was suggested that the photoprotective activity of these derivatives
may be connected with their antioxidant activity, as ROS production is one of the main causes
of UVA radiation damage in human skin. However, to clarify the connection between
photoprotective and antioxidant properties of prepared CKs, additional molecular and gene

expression studies are required and will be carried out in the near future.
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ABSTRACT

Eleven 6-furfurylaminopurine (kinetin, Kin) derivatives were synthesized to obtain biologically active
compounds. The prepared compounds were characterized using '"H NMR, mass spectrometry combined
with HPLC purity determination and elemental C, H, N analyses. The biological activity of new derivatives
was tested on plant cells and tissues in cytokinin bioassays, such as tobacco callus, detached wheat leaf
chlorophyll retention bioassay and Amaranthus bioassay. The selected compounds were subsequently
tested on normal human dermal fibroblasts (NHDF) and keratinocyte cell lines (HaCaT) to exclude
possible phototoxic effects and, on the other hand, to reveal possible UVA and UVB photoprotective
activity. The protective antioxidant activity of the prepared cytokinin derivatives was further studied and
compared to previously prepared antisenescent compound 6-furfurylamino-9-(tetrahydrofuran-2-yl)
purine (Kin-THF) using induced oxidative stress (OS) on nematode Caenorhabditis elegans damaged by 5-
hydroxy-1,4-naphthoquinone (juglone), a generator of reactive oxygen species. The observed biological
activity was interpreted in relation to the structure of the prepared derivatives. The most potent
oxidative stress protection of all the prepared compounds was shown by 6-(thiophen-2-ylmethylamino)-
9-(tetrahydrofuran-2-yl)purine (6) and 2-chloro-6-furfurylamino-9-(tetrahydrofuran-2-yl)purine (9)
derivatives and the results were comparable to Kin-THF. Compounds 6 and 9 were able to significantly
protect human skin cells against UV radiation in vitro. Both the derivatives 6 and 9 showed higher
protective activity in comparison to previously known structurally similar compounds Kin and Kin-THF.
The obtained results are surprising due to the fact that the prepared compounds showed to be inactive in
the ORAC assay which proved that the compounds did not act as direct antioxidants as they were unable
to directly scavenge oxygen radicals.

© 2018 Elsevier Masson SAS. All rights reserved.

Abbreviations: AAPH, 2,2'-azobis(2-amidino-propane) dihydrochloride; ArCKs, aromatic cytokinins; BAP, 6-benzylamiopurine; BJ, human foreskin fibroblast cell line; 2-
DRA, 2-deoxyribose degradation assay; GPX, glutathione peroxidase; GSR, glutathione reductase; CAT, catalase; GSH, glutathione; HaCaT, human immortalized keratinocyte
cell line; HL-60, human promyelocytic cell line; HPLC, high performance liquid chromatography; Kin, kinetin, 6-furfurylaminopurine; LPO, lipid peroxidase; MDA, malon-
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NHDF, normal human dermal fibroblasts; NMR, nuclear magnetic resonance; ORAC, oxygen radical absorbance capacity assay; PCR, polymerase chain reaction; ROS, reactive
oxygen species; SOD, superoxide dismutase; TFA, trifluoroacetic acid; TLC, thin layer chromatography.
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1. Introduction

Cytokinins are phytohormones that are able to regulate cyto-
kinesis, cell growth and differentiation, as well as leaf senescence
and many other aspects of plant life [1]. Aromatic cytokinins
(ArCKs) such as kinetin (Kin) and 6-benzylaminopurine (BAP)
possess an aromatic substituent at the C6 atom of the purine
moiety. Kin that was for the first time isolated from heated deox-
yribonucleic acid preparations [2] and later on identified e.g. in the
endosperm liquid of fresh young coconut fruit [3], was described as
a multiactive molecule with various biological effects both in ani-
mal and plant cells [4]. In the presence of other plant hormone
auxin, Kin is able to induce cell division in plant tissue culture [2].
This aside, Kin N9-substituted ArCKs such as N9-ribosides [5], N9-
tetrahydropyran-2-yls (THP), N9-tetrahydrofuran-2-yls (THF) [6]
and N9-chlorobutyls [7], are reported to be exceptionally potent in
promoting chlorophyll retention in detached wheat leaf senescence
bioassay [3]. The ability of Kin as well as N9-halogenoethyl ArCK
derivatives to delay the senescence of excised wheat leaves in both
dark and light conditions correlated with their ability to affect
membrane lipid peroxidation which is a typical symptom of plant
senescence [8] and relates to the protection of plant cells against
oxidative stress (OS) [8,9]. ArCKs are increasingly becoming a
subject of human interest because, in addition to the regulation of
plant functions, they can also influence human and mammalian
cells. ArCKs ribosides, such as Kin riboside or 6-(2-
hydroxybenzylamino)purine riboside (ortho-topolin riboside, oTR)
display high cytotoxic activity in various human cancer cell lines
[5,10,11]. Trisubstituted ArCKs analogs such as 2-(hydrox-
yethylamino)-6-benzylamino-9-methylpurine (Olomoucine) or 6-
(benzylamino)-2(R)-{[1-(hydroxymethyl)propyl]amino}-9-
isopropylpurine (Roscovitine) were even described as cyclin-
dependent kinase inhibitors and anti-tumor agents [12,13].
Although ArCK NO9-ribosides are cytotoxic, THP, THF and N9-
chloroalkyl derivatives showed none or only marginal cytotoxicity
[21]. The antioxidant properties of Kin have been reported in both
in vitro and in vivo experiments [14—19] and the ability of Kin to
stimulate antioxidant enzymes catalase (CAT), glutathione peroxi-
dase (GPX) and glutathione reductase (GSR) has been published
[18]. Both Kin and BAP positively influenced glutathione (GSH)
content and decreased the level of lipid membrane peroxidation in
human skin fibroblasts [18]. Low Kin doses (100 nM) reduced
apoptosis and protected human Kkeratinocyte HaCaT and rat
epithelial kidney NRT cells as well as peripheral lymphocytes from
0S mediated cell death [19]. Kin retarded aging and prolonged the
lifespan of fed fruit flies and showed stimulatory effects on the
activity of CAT during the development and adult life of fruit flies
[15,16]. Kin elevates the activity of antioxidant enzymes superoxide
dismutase (SOD), CAT and GPX in rats [17].

Recently, a group of four CKs including Kin, BAP, 6-(4-
hydroxybenzylamino)purine  (para-topolin, pT) and 6-
isopentenylaminopurine (iP) was tested for their antioxidant ac-
tivity in oxygen radical absorbance capacity assay (ORAC). Among
the tested CKs, Kin showed the highest activity in the concentration
range used (up to 1 uM) [20].

Kin and its derivative 6-furfurylamino-N9-(tetrahydropyran-2-
yl)purine (Pyratine, Pyr) prepared in 2008 [21] were reported to
delay age-related characteristic of human fibroblasts in vitro
[22—24]. Using reconstructed skin equivalent Mimeskin®, a positive
effect of topical Kin treatment on both epidermis and dermis for-
mation and development was found [25]. Pyr reduced symptoms
and signs of photo damaged facial skin in vivo even more efficiently
than Kin [21,24]. In 2012, Campos et al. [26] carried out a preclinical
study on the dispersion of liposome with magnesium ascorbyl
phosphate, alpha-lipoic acid and Kin and they found that the

mixture showed free-radical scavenging properties but when
vehiculated into a cosmetic formulation, it augmented the skin
barrier function against UV damage [26]. The mechanism of action
of Kin in relation to photoprotection in human skin remains un-
known and few statistically significant trials have been published to
date.

In this study, we prepared eleven Kin derivatives with modified
or substituted furfuryl ring, in several cases combined with addi-
tional N9-substituent, to investigate the impact of structural
changes on the protection of plant, animal and human cells and
tissues. The structure activity relationship of the prepared com-
pounds was studied using several plant bioassays including tobacco
callus, chlorophyll retention (detached wheat leaves), and Amar-
anthus bioassays. The cytotoxicity of the prepared compounds
against two human skin lines (fibroblasts, BJ; keratinocytes, HaCaT)
was determined. The phototoxicity and UVA/UVB protective effect
of selected compounds was tested on normal human dermal fi-
broblasts NHDF and HaCaT.

Caenorhabditis elegans is an amenable model for biomedical
research, including screening of new molecules. It is easy and cheap
to maintain in a laboratory while being compatible with high-
throughput approaches, which allows evaluating the effect of
compounds on a whole-organism level [27,28]. The protection of
this nematode against OS was also studied as well as the oxygen
radical absorbance capacity (ORAC) of selected active compounds.

2. Results and discussion
2.1. Organic syntheses

Eleven kinetin derivatives were prepared via nucleophilic sub-
stitution of 6-chloropurine, 6-chloro-9-(tetrahydrofuran-2-yl)pu-
rine- or 2,6-dichloro-9-(tetrahydrofuran-2-yl)purine with the
appropriate amines (Scheme 1). The structures are shown in
Table 1. The prepared compounds were characterized by C, H, and N
elemental analysis, HPLC-PDA-MS, 1H NMR and *C NMR.
Elemental analysis, melting point, ESI + MS and HPLC purity data
are listed in Table 2, while 'H and 3C NMR spectral data are pro-
vided in the Experimental part and the spectral records are pro-
vided in the Supplementary data. 6-Chloro-9-(tetrahydrofuran-2-
yl)purine was prepared using a slightly modified method
described in the literature [6]. 2,6-Dichloro-9-(tetrahydrofuran-2-
yl)purine was prepared following the same procedure. We pre-
pared C6-furfurylamino, C6-(thienylmethyl)amino, C6-[2-(3-
thienyl)ethyllamino, C6-(tetrahydrofuran-2-yl)methylamino- and
C6-(cyklopentylmethyl)aminopurine derivatives. In addition, we
modified seven compounds (5—11) with tetrahydrofuran-2-yl ring
at the N9 position of purine moiety. Three compounds (9—11) were
also substituted by a chlorine atom in position C2. The preparation
of compound 1 has been described by De Roulet et al. (2015) [29]
using similar reaction conditions (R: Et3N, solvent: butanol, 12 h,
100 °C) but we used propanol instead of butanol and the reaction
time was shortened to 4 h. Compound 2 was previously prepared
via reaction of 6-chloropurine with 2-thiophenemethylamine in 2-
methoxyethanol [30]. The approach used in this paper, allowed the
use of a much lower amount of relatively expensive 2-
thiophenemethylamine but it was necessary to prolong the reac-
tion time. The preparation of compound 4 was described by De
Roulet et al. (2015) [29] as a multistep reaction of adenine with
cyclopentylmethanol. The utilization of cyclopentylmethylamine in
reaction with 6-chloropurine as described here allowed the prep-
aration of compound 4 in a simple one step reaction. The prepa-
ration of all derivatives is described in greater detail in the
Experimental section.
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Scheme 1. Reaction scheme for the synthesis of prepared 2,6- and 2,9-disubstituted and 2,6,9-trisubstituted purine derivatives. a) EtsN, propanol, 100°C,4h (1, 2,5,9,10),5h (3,4,

6, 8) and 6 h (7); b) EtOAc, CFsCOOH, NH3, RT, 3.5 h.

2.2. Stability in acidic solution

The tetrahydrofuran-2-yl (THF) group has been commonly used
in organic chemistry as a protective group, readily removable under
acidic conditions [31]. As pH may vary in particular bioassays, we
verified that THF substituted compounds are stable and do not
breakdown to a corresponding free base under chosen bioassay
conditions and we used a procedure described in the literature [6].
6-(Tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)
purine (5) was chosen as the model compound. We performed
HPLC stability measurement in 10~%M stock solution with pH
decreasing from 7 to 3. The results showed pH and time-dependent
release of free base, as determined by HPLC. These are given in
Table 3. The tested compound was stable at pH 7 and 6 even after
24 h following sample preparation. It started to decompose after
1 hat pH 3 (5.7% of the free base release) and after 24 h at pH 5 (7.4%
of the free base release). A significant breakdown of tested com-
pound occurred after 24hat pH 4 (55.7% of the free base) and
increased significantly at pH 3 (99.6% of the free base release). Since
the pH of the media in the performed bioassays varied between 6
and 7, we conclude that the prepared compounds did not disinte-
grate in the used bioassays. We also tested the pH stability of two
most biologically active compounds (6 and 9). Their stability in
water solution in pH range 6—3 showed similar pattern to model
compound 5. These compounds were therefore stable at pH higher
than 5 even after 24 h after sample preparation (Table 3).

2.3. Cytokinin activity in bioassays

The prepared derivatives were tested in three cytokinin bio-
assays (tobacco callus, detached wheat leaf senescence and Amar-
anthus bioassay) and the results are presented in Table 4. The
bioassays described above were used to test cytokinin activity and
to evaluate the structure and activity relationships of the prepared
compounds in comparison to published data.

The lowest effect of the structural changes in prepared

derivatives on cytokinin activity was observed in tobacco callus
bioassay. All the tested compounds showed comparable or slightly
higher activity than BAP that was used as a standard. The activity of
new compounds in callus bioassay is also comparable to those
obtained for Kin and Kin-THP. The little effect of substituting an
oxygen atom in the furfuryl ring by sulphur (2) in the tobacco callus
bioassay has been described [32]. However, we observed no
decrease in activity for C6-saturated ring derivatives (1, 4) in accord
with other findings [33,34]. N9-substituted derivatives were
generally less active in Amaranthus bioassay in comparison to BAP
(on average about 20% lower except for the virtually inactive
compound 5) in agreement with other reports [6,8] and observed in
the case of Kin-THF and 6-(tetrahydrofuran-2-ylmethylamino)-9-
(tetrahydrofuran-2-yl)purine (5). The biological activity of 5 in
Amaranthus bioassay was 60% lower than the activity of its free base
(1). On the other hand, 2-chloro-6-(thiophen-2-ylmethyl)-9-
(tetrahydrofuran-2-yl)aminopurine (11) was active in this bioassay
and this was comparable to BAP.

The presence of an oxygen atom in the furan ring showed this to
be a critical structural motif for slowing the breakdown of chloro-
phyll in detached wheat leaf senescence bioassay. The replacement
of an oxygen atom by sulphur or carbon resulted in a decrease of
anti-senescent activity (2, 4 and 11). On the other hand, the satu-
ration of furan ring showed no such negative impact on the anti-
senescence activity — in other words, compounds with a tetrahy-
drofuran ring slowed the breakdown of chlorophyll (1, 5 and 10).
High activity of N9-THF and N9-THP derivatives in promoting
chlorophyll retention has been reported [7,21,32] and also observed
in compounds 5 and 6. While the replacement of an oxygen atom in
the Kin molecule by sulphur in compound 2 resulted in the
reduction of anti-senescent activity by 40%, following substitution
by the THF group in the position N9 (6) increased the activity to the
level of BAP. The presence of a chlorine atom in purine molecule at
the C2 atom did not affect the activity in leaf senescence bioassay
(10). On the other hand, C2-chlorine substitution lowered or
completely reduced the anti-senescent activity of compounds 9
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Table 1
Structures of the prepared compounds and their abbreviations.
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and 11, respectively. As described [32—34] the prolongation of the
bridge between N®-substituent and N®-amino group decreased
cytokinin activity (tobacco callus and Amaranthus bioassay) (3). The
structural change also induced a complete loss of cytokinin activity
in detached wheat leaf senescence bioassay.

2.4. Protection of Caenorhabditis elegans against induced oxidative
stress

Protective activity of the compounds against chemically-
induced oxidative stress was evaluated in Caenorhabditis elegans
exposed to the lethal concentration of 5-hydroxy-1,4-
naphthalenedione (juglone; 500 uM) [35]. Worms were pre-
treated with test compounds (100 uM) 3 days prior to the juglone
exposure. In the initial screening, the effect of the compounds on
the survival of wild-type N2 worms was evaluated after 4h.
Promising results were obtained in the case of the compounds 6
and 9 (data not shown). In the follow-up experiments, those
compounds were tested on larger populations and the viability was
evaluated hourly for 12—14 h. This was also carried out with the
BA17 (fem-1) strain with temperature inducible sterility, in order to
ensure that FUDR which was used to prevent the reproduction of
wild-type worms, did not interfere with the activity of compounds.
The results were similar in both experimental settings - the com-
pounds 6 and 9 protected the worms against the oxidative stress
(Fig. 1, Supplementary data). In the experiment with BA17, the ef-
fect of the compounds was compared with earlier prepared com-
pound Kin-THF as well due to certain structural similarities, e.g.
structural fragment in N9 atom of purine moiety with protecting
furanyl group. Kin-THF was prepared and tested as the compound
that is able to delay senescence and fibroblast aging, as well as
another compound similar to Kin, 6-furfurylamino-9-(tetrahy-
dropyran-2-yl)purine (Kin-THP) but the mode of action of the
compound is still unknown even when clinically tested on human
skin and is currently used in cosmetic [21,24]. Kin-THF is also able to
delay the senescence influence membrane lipid peroxidation in
plants as we published previously [8]. Kin-THF protected the
worms against the oxidative stress comparably to both active
compounds 6 and 9.

2.5. Evaluation of toxicity of prepared derivatives on human skin
cells

The cytotoxicity of the prepared compounds was evaluated in
human diploid fibroblasts (BJ, ATTC) and keratinocyte cell lines
(HaCaT) by resazurin reduction assay after 24 h. The assay is based
on reduction resofurin into fluorescent resazurin by metabolically
active cells. The test compounds were only marginally toxic or non-
toxic (decrease in resazurin fluorescence < 10%), even at the highest
concentration tested (50 pM, data not shown).

2.6. Phototoxicity of compounds 1, 6, 8, 9 and 10 on human skin
cells

Compounds 1, 6, 8,9 and 10 were chosen out of all the prepared
compounds for phototoxicity testing with the aim of covering all
the modifications of Kin structure. The pre-treatment of NHDF and
HaCaT with the tested compounds and the follow-up exposure of
the samples to a non-toxic UVA dose did not result in any decrease
in cell viability. Neutral red (NR) incorporation into both cell types
and thus selected test compounds can be considered as non-
phototoxic in the used concentration range (3.9—125 pM). The re-
sults using NHDF/HaCaT are shown in Supplementary data
(Tables 1s and 2s). A well-known phototoxic compound, chlor-
promazine (CPZ), used as a standard in the validated NRU photo-
toxicity test, was also used here as a positive control. CPZ treatment
and following exposure to UVA radiation clearly decreased the
viability of NHDF as well as HaCaT with IC50 of 25.5 + 3.5 uM and
36.1 +4.7 uM, respectively.
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Table 2

Elemental analyses, melting points (mp) and ESI + MS of the prepared compounds.
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Compound Elemental analysis calc./measured mp [°C] Yield [%] HPLC [%] ESI + MS [M + H*]
% C % H % N

1 54.8/54.7 6.0/6.1 31.9/31.9 189-191 66 >99 220

2 51.9/51.9 3.9/4.0 30.3/30.4 251-253 88 >99 232

3 53.8/53.6 45/45 28.6/28.5 240-242 72 >97 246

4 52.2/53.3 7.7]79 27.7/28.2 215-219 81 >98 218

5 a a a <22 76 >99 290

6 55.8/55.9 4.9/4.9 23.2[22.6 119-121 61 >98 302

7 57.1/57.0 5.4/5.4 22.2[22.0 99-104 46 >98 316

8 57.1/56.9 5.4/5.3 22.2[22.0 134-139 65 >98 316

9 52.6/51.9 4.4/4.4 21.9/20.8 144—-146 57 >99 320

10 51.9/51.9 5.6/5.9 21.6/20.7 97-101 63 >97 324

11 50/50.8 4.2[4.3 20.9/20.6 158-161 56 >97 336
a: amorphous, not possible to determine.
Table 3 100 .
The pH stability of compounds 5, 6 and 9 in 10~ M neutral and acidic water solu- Kin-THF, 100 HM
tions. pH stability was measured 1 h (A) and 24 h (B) after sample preparation. The 9. 100 UM
percentage of the released free base was determined by HPLC. 80+ ’

- = 6, 100 uM
pH Compound peak area [%] S 60- coitel
5 Free base 6 Free base 9 Free base c

(A) 1h after sample preparation 5 40-

7 100 nd - - - - P

6 100 nd 100 nd 100 nd

5 100 nd 100 nd 100 nd 20

4 100 nd 99.4 0.6 100 nd

3 943 57 946 54 988 12 0 . . .

(B) 24 h after sample preparation 0 5 10 15

7 100 nd - - - - .

6 100 nd 100 nd 100 nd time (hours)

5 92.6 74 94.2 5.8 92.9 7.1

4 443 55.7 52.1 479 51.7 483 Fig. 1. Effect of compounds 6, 9 and Kin-THF against oxidative stress in Caenorhabditis

3 0.4 99.6 0.8 99.2 09 99.1 elegans (BA17). P-values were adjusted for multiple testing using Bonferroni method.

nd: not detected; -: not tested.

Table 4

Comparisons with p-values < 0.05 were considered as statistically significant.

Relative cytokinin bioassay activity of the prepared derivatives at the optimal concentration compared with the activity of 6-benzylaminopurine (BAP) (100% means 10> M
BAP for the Amaranthus betacyanin bioassay, 10~# M BAP in the case of the senescence bioassay and 10~> M BAP for the tobacco callus bioassay).

Compound Tobacco callus bioassay Amaranthus caudatus betacyanin bioassay Wheat leaf senescence bioassay
Concentration [mol.1""] Relative activity [%] Concentration [mol.1™'] Relative activity [%] Concentration [mol.1""] Relative activity [%]

Kin 107° 101+5 10> 68+3 1074 98+4
Kin-THF 103 111+7 1074 70+8 1074 125+ 11
1 1073 110+8 1074 109 + 6 107 114+8
2 107° 102+2 10> 95+3 1074 60+12
3 103 77+12 1074 80+6 - na.

4 103 100+ 1 104 97 +1 1074 71+3
5 1075 100+ 7 1074 3845 1074 116+9
6 10 105+3 1074 8145 1074 102+ 1
7 103 99+1 - nt. 1074 110+7
8 1073 103+9 - nt. 1074 75+17
9 10 112+9 1074 88+5 1074 75+12
10 103 104+8 104 83+8 1074 111+ 16
11 107° 108 +7 1074 101+12 - na.

nt: not tested, na:non-active, Kin-THF (6-furfurylamino-9-(tetrahydrofuran-2-yl)purin).

Kin (6-furfurylaminopurine).

2.7. UVA and UVB photoprotection of human skin cells by
compounds 1, 6, 8, 9 and 10

Derivatives 1, 6, 8, 9 and 10 were chosen for photoprotectivity
testing on the basis of preliminary data and due to the fact that
these derivatives illustrated an extent of performed structural de-
rivatizations of Kin molecule. The published data on Kin photo-
protectivity is ambiguous and therefore we compared the

photoprotective potential of our compounds with a well-known
standard in the field - rosmarinic acid (RA), a naturally occurring
photoprotective substance [36,37].

Firstly, NHDF and HaCaT skin cells were pre-incubated with
tested compounds and exposed to a cytotoxic dose of UVA radia-
tion. All selected compounds showed higher cell viability (amount
of incorporated NR) compared to DMSO (control). The results of
NHDF photoprotection are presented in Fig. 2 (A) while the
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photoprotection of HaCaT results are given in the Supplementary
data (Fig. 1sA, Fig. 1sB).

Prepared tested derivatives showed higher or comparable
photoprotective activity to RA. Compound 6 exhibited the highest
photoprotective effect in both cell models and in case of NHDF was
significantly more active than RA in all tested concentrations. It was
very potent even at the lowest tested concentration of 3.9 uM. At
this concentration, compound 6 was more than six times and three
times more effective than RA on NHDF and HaCaT, respectively. The
second most effective was compound 9, especially in HaCaT.
Excluding compound 10, all compounds were significantly more
effective at the lowest tested concentration.

In the second set of experiments, cells were pre-incubated with
tested compounds and exposed to a toxic dose of UVB radiation.
Similarly, application of all compounds resulted in higher NR
incorporation compared to DMSO (control) as shown in Fig. 2 (B). In
the case of photoprotection against UVB, there was less difference
between the activities of individual compounds than in the case of
UVA photoprotection. Also only compounds 1 and 6 were found to
be significantly more active than RA at the highest tested concen-
tration of NHDF protection. Compound 10 that exhibited the lowest
UVA photoprotective properties on HaCaT, had the most photo-
protective effect on HaCaT against UVB irradiation. This phenom-
enon may be linked to a different cytotoxic mechanism of UVA and
UVB radiation, as reviewed by Svobodovd and Vostdlova [38].
Compound 6 was the second most effective one. Both compounds 6
and 10 were more than twice as effective as RA at the lowest
concentration tested (3.9 uM) on HaCaT. On NHDF, the protection of
compounds 6 and 10 was comparable with RA. In addition to per-
formed experiments, we compared the photoprotective activity of
the active compounds 6 and 9 with their structurally similar but
already described compounds Kin and 6-furfurylamino-9-(tetra-
hydrofuran-2-yl)purine (Kin-THF) on NHDF cells. We observed
higher UVA as well as UVB photoprotective activity of both the
compounds 6 and 9 compared to Kin as well as Kin-THF on NHDF.
(Fig. 3).

2.8. Oxygen radical absorbance capacity (ORAC)

The radical scavenging activity of compounds 1, 6, 8, 9 and 10
also tested for phototoxicity and photoprotection together with RA
as a positive control, was determined by ORAC assay. The assay was
recently used for the evaluation of the antioxidant activity and
capacity of some natural N6-substituted adenine derivatives [20]
within the frame of cytokinin group and it was stated that the
antioxidant activity of Kin is the highest up to concentrations of

1 uM. The most active compound, RA, showed twelve times and
thirteen times higher activity than both Kin and compound 8,
respectively. The rest of the tested compounds (1, 6, 9 and 10) had
no detectable activity as shown in Table 5.

3. Conclusion

We prepared and characterized eleven ArCK derivatives. While
compounds 1, 2 and 4 were prepared according to methods
described in the literature, compounds 3, 5—11 were designed and
prepared for the first time. We tested the cytokinin activity of the
prepared compounds in three cytokinin bioassays. The changes
made in Kin structure only slightly affected activity in tobacco
callus bioassay in which the compounds were all comparably active
to the used standard BAP. In accordance with the literature, the N9
purine atom substitution by the THF group reduced the biological
activity of Kin derivatives (compounds 5, 6,9 and 10) in Amaranthus
bioassay. The presence of an oxygen atom in the furan ring proves
to be a critical structural motif for maintaining of anti-senescence
activity in detached wheat leaf senescence bioassay. The replace-
ment of an oxygen atom by a sulphur or carbon atom resulted in
reduced anti-senescent activity (compounds 2, 4, and 11). On the
other hand, the saturation of the furan ring significantly increased
the anti-senescence activity (compounds 1, 5, and 10). None of the
selected compounds (1, 6, 8, 9 and 10) was phototoxic in the con-
centration range of 3.9—125 uM used either on the NHDF or HaCaT.
Same derivatives were also used for testing UVA and UVB photo-
protective properties. Compound 6-(thiophen-2-ylmethylamino)-
9-(tetrahydrofuran-2-yl)purine (6) and 2-chloro-6-furfurylamino-
9-(tetrahydrofuran-2-yl)purine (9) showed the highest photo-
protectivity against UVA radiation on both NHDF and HaCaT. In the
case of UVB photoprotection, compounds 6 and 6-(2-
tetrahydrofuran-2-ylmethyl)aminopurine (1) were found to be
the most effective in NHDF,  while 2-chloro-6-
tetrahydrofurfurylamino-9-(tetrahydrofuran-2-yl)purine (10)
possessed high photoprotection of HaCaT. Compound 6 seems to be
the most promising as it possesses both UVA and UVB photo-
protective ability, even at low concentration (3.9 uM). Besides,
tested compounds 6 and 9 were both able to protect C. elegans
against OS in vivo. We compared the photoprotective activity of
these two derivatives with Kin and Kin-THF and we found out that
the protective activity of newly prepared derivatives was compa-
rably higher. These results indicate antioxidant properties of com-
pounds 6 and 9. Although compounds 6 and 9 protected C. elegans
and NHDF from oxidative and UV stress, they did not act as direct
radical scavengers in ORAC assay. These data suggest that the
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Fig. 2. Photoprotective effect of the prepared compounds 1, 6, 8, 9, 10 and positive control rosmarinic acid (RA) against UVA- (A) UVB— (B) induced damage to NHDF. The results
shown in the figure represent the medians of four replicates; the error bars represent the boundaries of the first and third quartiles. To prove statistical significance the Mann-
Whitney test was performed. Asterisks denote values that differ significantly from values of rosmarinic acid (Mann Whitney test; p <0.05, n =4).
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Fig. 3. Photoprotective effect of the newly prepared compounds 6, 9, Kin and Kin-THF against UVA- (A) UVB— (B) induced damage to NHDF. The results shown in the figure

represent the average of 3 replicates; the error bars represent the standard deviation.

Table 5
Radical scavenging activity of selected prepared
compounds.
Compound ORAC (TE)
RA 9.14 +(0.32)
Kin 0.71 +(0.11)
1 <0.05
6 <0.05
8 0.77 +(0.11)
9 <0.05
10 <0.05

Data are expressed as Trolox equivalents (TE) mean + SD
(n=6).

mechanism of photo- and nematode protection against OS is in-
direct and triggers other mechanisms than direct interaction with
ROS and therefore there must exist an alternative mode of action
worth study and explaining the mode of protection caused by these
compounds.

4. Experimental
4.1. General procedure

All reagents were purchased from commercial suppliers and
used as received. Elemental analyses (C, H, N) were determined on
an EA1112 Flash analyser (Thermo-Finnigan). The melting points
(mp) were determined on SMP 30 (Stuart®) apparatus. The chro-
matographic purity and mass spectra of the prepared compounds
were analysed using HPLC-PDA-MS method. Compounds (10 pul of
3.107> M in 1% methanol) were injected onto a reverse-phased
column (Symmetry C18, 5 um, 150 mm x 2.1 mm; Waters, Mil-
ford, MA, USA) incubated at 25 °C. Solvent (A) consisted of 15 mM
ammonium formate adjusted to pH 4.0. Solvent (B) consisted of
methanol. At flow-rate of 200 ul/min, following binary gradient was
used: 0 min, 10% B; 0—24 min; linear gradient to 90% B; 25—34 min;
isocratic elution of 90% B; 35—45 min; linear gradient to 10% B using
the Waters Alliance 2695 Separations Module (Waters, Manchester,
UK). The effluent was introduced then to Waters 2996 PDA detector
(Waters, Manchester, UK) (scanning range 210—700 nm with
1.2 nm resolution) and a tandem mass analyser Q-Tof micro Mass
Spectrometer (Waters, Manchester, UK) with an electrospray
source (source temperature 120 °C, desolvation temperature
300 °C, capillary voltage 3 kV). Nitrogen was used as well as cone
gas (50 1/h) and desolvation gas (500 1/h). Data acquisition was
performed in the full scan mode (50—1000 Da), scan time of 0.5 s
and cone voltage 20 V. Analyses were performed in positive mode

(ESI+) therefore molecular ions were recorded in their protonated
forms [M+H]*. "TH NMR spectra were measured on a Jeol 500 SS
spectrometer operating at a temperature of 300 K and a frequency
of 500.13 MHz The samples were prepared by dissolving the com-
pounds in DMSO-d6. Tetramethylsilane (TMS) was used as an in-
ternal standard. Thin-layer chromatography (TLC) was carried out
using silica gel 60 WF;54 plates (Merck). CHCl3/MeOH (9:1, v/v) or
EtOAc/MeOH/NH3 (34:4:2, v/v) were used as mobile phase. Purifi-
cation via column chromatography was carried out using silica gel
Davisil R LC60A 40—63 pm.

4.2. Synthesis

4.2.1. 6-Chloro-9-(tetrahydrofuran-2-yl)purine (A)

The compound was prepared according to a modified procedure
described in the literature [6]. 6-Chloropurine (10 g; 64.7 mmol)
and 2,3-dihydrofuran (7.3 mL; 97 mmol) were dissolved in EtOAc
(200 mL) and TFA (10 mL; 130 mmol) was added dropwise. The
reaction mixture was stirred on ice at room temperature for 3.5 h
and then neutralized by the appropriate amount of ammonia and
water (1:2). The ethyl acetate phase was washed with water, dried
over NapSO4 and concentrated in vacuo. A yellow oily compound
was obtained. The pure product was obtained after crystallization
from ethanol at —20°C overnight. '"H NMR (500 MHz, DMSO-d6)
6 ppm 1.95—2.05 (m, 1 H); 2.12—2.23 (m, 1 H); 2.37—2.44 (m, 1 H);
2.46—2.52 (m, 1H); 3.90 (q, J=7.54Hz, 1H); 4.15 (td, =772,
6.27 Hz, 1 H); 6.35 (dd, J=6.72, 3.67 Hz, 1 H); 8.75 (s, 1 H); 8.76 (s,
1H).

4.2.2. 2,6-Dichloro-9-(tetrahydrofuran-2-yl)purine (B)

2,6-Dichloropurine (10g; 52.9mmol) and 2,3-dihydrofuran
(6 mL; 79.4 mmol) were dissolved in EtOAc (200mL) and TFA
(8.1 mL; 105.8 mmol) was added dropwise on ice. The mixture was
refluxed for 3.5 h and then neutralized by the appropriate amount
of ammonia and water (1:2). The ethyl acetate phase was washed
with water, dried over Na;SO4 and concentrated in vacuo. A yellow
oily compound was obtained. The pure product was obtained after
crystallization from ethanol at —20°C overnight. 'H NMR
(500 MHz, DMSO-d6) 6 ppm 1.95—2.05 (m, 1 H); 2.07—2.17 (m, 1 H);
2.38—2.43 (m, 2H); 3.90 (q, J=754Hz, 1H); 4.14 (td, =787,
5.65 Hz, 1 H); 6.28—6.31 (m, 1 H); 8.78 (s, 1 H).

4.2.3. 6-(2-Tetrahydrofuran-2-ylmethyl)aminopurine (1)
6-Chloropurine (0.5g; 3.2mmol), tetrahydrofurfurylamine
(403 pl; 3.9mmol) and triethylamine (EtsN) (2.5mL; 16 mmol)
were dissolved in propanol (30 mL). The reaction was refluxed for
4h. The mixture was concentrated in vacuo. The residue was
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dissolved in water and extracted into EtOAc, dried over Na;SO4 and
evaporated in vacuo to form the white crystalline product. '"H NMR
(500 MHz, DMSO-d6) 6 ppm 1.57 (br. s., 1H); 1.69—1.92 (m, 3 H);
3.35-3.53 (m, 2 H); 3.56 (d, J=6.42 Hz, 1 H); 3.73 (d, ] =6.42 Hz,
1H); 4.02 (br. s., 1 H); 7.46 (br. s., 1 H); 8.04 (br. s., 1 H); 8.13 (br. s.,
1H); 12.86 (br. s., 1 H). 3C NMR (126 MHz, DMSO) 6 154.93, 152.83,
149.97, 139.30, 119.26, 77.40, 67.60, 44.22, 29.08, 25.58.

4.24. 6-(2-Thiophen-2-ylmethyl)aminopurine (2)

6-Chloropurine (1g; 6.47 mmol), 2-thiophenemethylamine
(730 ul; 712 mmol) and EtsN (2.24 mL; 16.175 mmol) were dis-
solved in propanol (65 mL). The reaction mixture was refluxed for
4 h. Solid yellowish product was obtained after crystallization from
reaction mixture at 4°C overnight. '"H NMR (500 MHz, DMSO-d6)
0 ppm 4.81 (br. s., 2H) 6.90 (br. s., 1H) 6.98 (br. s., 1 H) 7.29 (br. s.,
1H) 8.07 (br. s, 1H) 819 (br. s, 2H) 12.93 (br. 5., 1 H). 3C NMR
(126 MHz, DMSO) ¢ 154.32, 152.78, 150.15, 143.77, 139.55, 127.09,
125.84, 125.23, 119.34, 38.60.

4.2.5. 6-(2-Thiophen-2-ylethyl)aminopurine (3)

6-Chloropurine (1 g; 6.47 mmol), 2-thiophenethylamine (910 pl;
7.76 mmol) and Et3N (4.5mL; 32.35mmol) were dissolved in
propanol (65 mL). The reaction mixture was refluxed for 5 h.
Yellowish solid product precipitated from water and filtrated off. 'H
NMR (500 MHz, DMSO-d6) 6 ppm 3.10 (t, J=7.34 Hz, 2 H) 3.69 (br.
s, 2H) 6.89 (d, J=2.75Hz, 1H) 6.90—-6.96 (m, 1H) 729 (d,
J=5.20Hz, 1H) 7.74 (br. s., 1H) 8.05 (s, 1 H) 8.17 (br. s., 1H) 12.89
(br. s., 1H). 3C NMR (126 MHz, DMSO) ¢ 154.39, 152.87, 150.43,
142.17,139.62, 127.44, 125.62, 124.46, 118.55, 41.93, 29.81.

4.2.6. 6-Cyclopentylmethylaminopurine (4)

6-Chloropurine (0.325 g; 2.1 mmol), cyclopentanemethylamine
(403 pul; 2.5 mmol) and Et3N (1.5 mL; 10.5 mmol) were dissolved in
propanol (20 mL). The reaction mixture was refluxed for 5h and
concentrated in vacuo. White solid was precipitated from water and
filtrated off. '"H NMR (500 MHz) 6 12.85 (s, 1H), 8.13 (s, 1H), 8.05 (s,
1H), 7.61 (s, 1H), 3.66 (partial overlap, 2H), 2.28—2.15 (m, 1H),
1.69—1.58 (m, 2H), 1.58—1.48 (m, 2H), 1.48—1.37 (m, 2H), 1.30—1.16
(m, 2H). 3C NMR (126 MHz, DMSO) 6 154.56, 152.83, 150.66, 139.43,
118.24, 45.12, 30.32, 25.30.

4.2.7. 6-(Tetrahydrofuran-2-ylmethylamino )-9-(tetrahydrofuran-
2-yl)purine (5)

A (1g; 446mmol), tetrahydrofurfurylamine (554 ul;
5.36 mmol) and Et3N (3.2 mL; 22.3 mmol) were sequentially dis-
solved in propanol (50 mL). The mixture was refluxed for 4 h and
then concentrated in vacuo. The residue was dissolved in water and
extracted into EtOAc using liquid-liquid continuous extractor
(24 h). EtOAc solution was dried over Na;SO4 and evaporated in
vacuo. The product was obtained after purification via column
chromatography using EtOAc: MeOH: NHs (34:1:1; v:v) mobile
phase as eluent. '"H NMR (500 MHz, DMSO-d6), 6 ppm: 1.53—1.64
(m,1H); 1.69—1.89 (m, 3 H); 1.95—2.02 (m, 1 H); 2.11-2.23 (m, 1 H);
2.30-2.44 (m, 2H); 3.37-3.48 (m, 1H); 3.48—3.53 (m, 1H);
3.53—3.60 (m, 1 H); 3.70—3.76 (m, 1 H); 3.81-3.90 (m, 1 H); 3.98 (q,
J=7.03Hz,1H); 4.09(q,]/ =744 Hz,1H); 6.21 (dd, = 6.88, 3.82 Hz,
1H); 763 (br. s., 1H); 8.17 (br. s., 1H); 8.21 (s, 1H). >C NMR
(126 MHz, DMSO) ¢ 155.02, 152.93, 148.73, 139.53, 120.01, 84.84,
77.34, 69.16, 67.59, 44.19, 31.64, 29.07, 25.55, 24.89.

4.2.8. 6-(Thiophen-2-ylmethylamino )-9-(tetrahydrofuran-2-yl)
purine (6)

A (0.5g; 223mmol), 2-thiophenemethylamine (275 pl;
2.68 mmol) and Et3N (1.6 mL; 11.15 mmol) were sequentially dis-
solved in propanol (25 mL). The mixture was refluxed for 3 h, then

next 2-thiophenemethylamine (23 pl; 0.23 mmol) was added and
the reaction mixture was further refluxed for 2 h. Reaction mixture
was concentrated in vacuo, the residue was dissolved in water and
extracted into EtOAc, dried over Na;SO4, evaporated in vacuo and
mixed with diethyl ether. The product precipitated from diethyl
ether. '"H NMR (500 MHz, DMSO-d6) 6 ppm 1.92—2.00 (m, 1 H);
2.12-2.22(m,1H); 2.31-2.38 (m, 1 H); 2.38—2.43 (m, 1 H); 3.85 (td,
J=768, 6.34Hz, 1H); 4.08 (td, J=7.68, 6.50Hz, 1H); 4.79 (br. s.,
2H); 6.21(dd,]=6.88,3.82Hz,1 H); 6.88 (dd, ] = 5.04,3.44 Hz, 1 H);
6.97 (dd, J=3.40, 1.03 Hz, 1 H); 7.27 (dd, J=5.12, 1.22 Hz, 1 H); 8.23
(s, 2H); 8.36 (br. s., 1H). *C NMR (126 MHz, DMSO) § 154.45,
152.86, 149.00, 143.58, 139.79, 127.06, 125.85, 125.24, 120.09, 84.83,
69.16, 38.58, 31.62, 24.90.

4.2.9. 6-(5-Methylthiophen-2-ylmethylamino)-9-(tetrahydrofuran-
2-yl)purine (7)

A (0.148g; 0.66 mmol), 3-methylthiophene-2-methylamine
(0.1g; 0.79mmol) and EtsN (0.46 mL; 3.3 mmol) were sequen-
tially dissolved in propanol (10 mL). The mixture was refluxed for
6h under argon atmosphere. The mixture was concentrated in
vacuo. The residue was dissolved in water and extracted into EtOAc.
The organic fraction was dried over Na;SO4 and evaporated in
vacuo. The product was obtained after precipitation from diethyl
ether. '"H NMR (500 MHz, DMSO-d6) 6 ppm 1.93—2.00 (m, 1H)
2.13-2.19 (m, 1H) 2.20 (s, 3H) 2.31-2.43 (m, 2 H) 3.81-3.89 (m,
1H) 4.05—4.11 (m, 1 H) 4.71 (br. s., 2H) 6.21 (dd, ] = 6.88, 3.82 Hz,
1H)6.75(d,J=4.89Hz,1H) 7.15(d,J=5.20 Hz,1 H) 8.21 (br. s.,1 H)
8.22 (s, 1H) 8.31 (br. 5., 1H). 13C NMR (126 MHz, DMSO) § 154.39,
152.85, 148.94, 139.71, 136.79, 133.96, 130.22, 123.49, 120.07, 84.83,
69.17, 36.76, 31.64, 24.91, 13.98.

4.2.10. 6-(5-Hydroxymethylfuran-2-ylmethylamino)-9-
(tetrahydrofuran-2-yl)purine (8)

A (0.25g; 1.1 mmol), 5-hydroxymethylfuran-2-ylmethylamine
(0.169 g; 1.3 mmol) and Et3N (0.464 mL; 3.3 mmol) were dissolved
in propanol (10 mL). The reaction mixture was refluxed for 5h. A
crude, concentrated reaction mixture was mixed with water.
Precipitated solid white product was filtrated off. 'H NMR
(500 MHz, CHLOROFORM-d) ¢ ppm 2.08—2.15 (m, 2 H) 2.42—2.57
(m, 2H) 2.79 (br. s., 1H) 4.05 (q, J=7.64 Hz, 1 H) 4.26 (dt, ]=8.48,
6.46 Hz, 1H) 4.55 (s, 2 H) 4.80 (br. s., 2H) 6.18 (d, ] =3.06 Hz, 1 H)
6.22 (d, J=3.06 Hz, 1 H) 6.27 (dd, J=6.27, 3.21 Hz, 1 H) 6.36—6.63
(m, 1H) 7.86 (s, 1H) 8.37 (br. s., 1 H). *C NMR (126 MHz, DMSO)
0 154.83, 154.60, 152.88, 152.67, 148.95, 139.77, 120.12, 108.20,
107.72, 84.85, 69.18, 56.13, 37.10, 31.64, 24.90.

4.2.11. 2-Chloro-6-furfurylamino-9-(tetrahydrofuran-2-yl)purine
9)

B (0.5g; 1.93 mmol), furfurylamine (204 pl; 2.31 mmol) and
Et3N (1.35 mL; 9.65 mmol) were sequentially dissolved in propanol
(25 mL). The mixture was refluxed for 4 h, concentrated in vacuo
and mixed with water. A yellowish solid was filtrated off. The pure
product was acquired after recrystallization from CHCl;3 and
ethanol. 'TH NMR (500 MHz, DMSO-d6) 6 ppm 1.93—2.01 (m, 1 H);
212 (dt, J=12.38, 7.41 Hz, 1 H); 2.31-2.38 (m, 2 H); 3.82—3.88 (m,
1H); 4.07 (td, ] = 7.79, 6.11 Hz, 1 H); 4.57 (d, ] = 5.50 Hz, 2 H); 6.15 (t,
J=5.20Hz, 1 H); 621 (d, ] = 2.75 Hz, 1 H); 6.33 (br. 5., 1 H); 7.51 (dd,
J=1.83, 0.92Hz, 1H); 8.25 (s, 1H); 8.72 (br. s, 1H). >C NMR
(126 MHz, DMSO) ¢ 155.20, 153.49, 152.55, 149.87, 142.54, 140.21,
119.17, 111.04, 107.65, 84.98, 69.28, 37.16, 31.76, 24.66.

4.2.12. 2-Chloro-6-tetrahydrofurfurylamino-9-(tetrahydrofuran-2-
yl)purine (10)

B (0.5g; 1.93mmol), tetrahydrofurfurylamine (240 ul;
2.31mmol) and EtsN (1.35mL; 9.65mmol) were sequentially



954 M. Honig et al. / European Journal of Medicinal Chemistry 150 (2018) 946—957

dissolved in propanol (25 mL). The mixture was stirred under reflux
for 4 h, concentrated in vacuo, and mixed with water. The pure
product was obtained from crude precipitate after recrystallization
from petroleum ether. '"H NMR (500 MHz, DMSO-d6) ¢ ppm
1.50-1.64 (m, 1H); 1.68—191 (m, 4H); 1.92—2.02 (m, 1H);
2.07-219 (m, 1H); 2.29-2.38 (m, 2H); 3.44-3.52 (m, 1H);
3.53—-3.60 (m, 1H); 3.65-3.74 (m, 1H); 3.80—3.89 (m, 1H);
3.93—4.03 (m, 1H); 4.03—4.10 (m, 1H); 6.06—6.19 (m, 1H);
8.17—8.22 (m, 1H); 822 (s, 1H). 3C NMR (126 MHz, DMSO)
6 155.60, 153.60, 149.64, 139.96, 119.02, 84.93, 77.02, 69.25, 67.58,
4443, 31.74, 29.13, 25.51, 24.67.

4.2.13. 2-Chloro-6-(thiophen-2-ylmethyl)-9-(tetrahydrofuran-2-yl)
aminopurine (11)

B (0.5g; 193 mmol), 2-thiophenmethylamine (238 pl;
2.23 mmol) and Et3N (1.35 mL; 9.65 mmol) were sequentially dis-
solved in propanol (25mL). The mixture was refluxed for 5h.
Yellowish solid crystallized from the reaction mixture at 4°C
overnight. Pure product was obtained after re-crystallization from
hot ethanol. '"H NMR (500 MHz, DMSO-d6) ¢ ppm 1.92—2.01 (m,
1H); 2.07—2.17 (m, 1H); 2.29-2.39 (m, 2 H); 3.85 (q, = 7.34 Hz,
1H); 4.03—4.10 (m, 1H); 4.72 (d, J=5.50Hz, 2H); 615 (t,
J=5.04Hz,1H); 6.90 (dd, ] =4.74,3.52 Hz,1 H); 6.98 (d, ] = 2.75 Hz,
1H); 7.31(d,J = 4.59 Hz,1 H); 8.24 (s, 1 H); 8.87 (br.s., 1 H). 3°C NMR
(126 MHz, DMSO) 6 154.98, 153.48, 149.87, 142.42, 140.25, 12713,
126.41, 125.66, 119.13, 84.99, 69.28, 38.81, 31.75, 24.66.

4.3. pH stability of 6-(tetrahydrofuran-2-ylmethylamino)-9-
(tetrahydrofuran-2-yl)purine (5)

pH stability evaluation was slightly modified and performed
according to the literature [6]. The pH stability of compounds 5, 6
and 9 was analysed by HPLC-PDA (System Gold; Beckman In-
struments, Fullerton, CA, USA); analytes were detected at 270 nm
using PDA detector (Beckman System Gold 168). Solution of tested
compound (10~2M; DMSO) was prepared and diluted to 1074 M
using Mcllvaine buffer solution for the appropriate pH (2, 3, 4, 5, 6
or 7). One hour after incubation at 25 °C, 5 uL of the solution was
directly injected onto a reversed phase column (Symmetry C18;
5 um, 150 x 2.1 mm; Waters, Milford, USA). At flow-rate of 0.3 mL/
min, the following binary gradient was used: O0min, 90% B;
0—24 min; linear gradient to 10% A; 25—34 min; isocratic elution of
10% A; 35—45 min; linear gradient to 90% A, where A was 15 mM
formic acid adjusted to pH 4 with ammonium and B was 100%
methanol The HPLC measurement of the solutions was repeated
after a 24 h incubation at 25 °C.

4.4. Evaluation of cytokinin activity

Three standard cytokinin bioassays were performed as
described previously [39,40], based on the stimulation of tobacco
callus growth, the retention of chlorophyll in excised wheat leaves
and the dark induction of betacyanin synthesis in Amaranthus
cotyledons and used to reveal cytokinin activity as described [39].

Tobacco callus bioassay was slightly modified according to
Nisler et al. (2016) [40]. It was performed in 6-well microplates
(3 mL of MS medium containing tested cytokinin in each well, into
which 0.1g of callus was placed). Biological activity was deter-
mined from the increase in fresh callus weight after four weeks of
cultivation [39,40].

In the Amarathus bioassay the seeds of Amaranthus caudatus var.
atropurpurea were cultivated for 3 days in darkness before the roots
of the seedlings were cut off. The explants, consisting of two cot-
yledons and a hypocotyl, were than cultivated with the tested
cytokinin in a dark room. After 48 h incubation the concentration of

betacyanin was determined [39].

In the wheat leaf senescence bioassay, the tip sections of the firs
leaf of Triticum aestivum cv. Hereward seedlings were cultivated in
microtiter plates containing a cytokinin solution. After 4 days in
darkness leaves were removed and the chlorophyll retention was
determined [39].

Tested cytokinin derivatives were dissolved in DMSO and
further diluted as required in the media used for each bioassay to
the final concentration range 10~ to 10~8 M. The final concentra-
tion of DMSO in the media did not exceed 0.5%. Five replicates were
prepared for each compound concentration and the entire tests
were repeated at least three times. From the data acquired in these
bioassays, the concentration inducing the strongest biological
response was used to calculate the relative activity. The activity of
BAP (benzylaminopurine; active standard) at the optimal concen-
tration (107>M BAP for the Amaranthus betacyanin bioassay,
10~% M BAP in the case of the senescence bioassay and 10~> M BAP
for the tobacco callus bioassay) was set at 100 and the activities of
the tested compounds were related to it at their optimal concen-
trations. Optimal concentration for BAP in Amaranthus caudatus
bioassay is 107> M, while its activity falls down rapidly at the
concentration 10~ M because it becomes toxic. However the ac-
tivity of prepared compounds (excluding compound 2) grows
steadily through the whole concentration range and compounds
are not toxic at the highest concentration, hence their highest ac-
tivity is observed at 10~ M concentration. That is the reason why
the activity of different compounds was compared at different
(optimal) concentrations.

4.5. Resazurin reduction assay on human skin cells

Resazurin reduction assay is a standard test of toxicity based on
the measurement of reduction of blue weakly fluorescent resazurin
into red highly fluorescent resofurin by metabolically active cells.
Using the assay, the effects of *24 h treatments with several con-
centrations of the compounds (six fold dilution, maximal
concentration = *50 pM) on viability of human skin fibroblasts B]J
and keratinocytes HaCaT were evaluated. The cell lines were ob-
tained from the American Type Culture Collection, Manassas, VA,
USA the German Cancer Research Center (DKFZ), Heidelberg, Ger-
many, respectively. About 5000 cells were seeded per well of a 96-
well plate 24 h before the treatment. DMSO vehiculum was used as
a negative control. After 24 h, 10x concentrated solution of resa-
zurin in DMEM medium was added to the cells into the final con-
centration of 100 pM. Fluorescence (ex=570nm, em =610 nm)
was measured after 3 h incubation.

4.6. Phototoxicity and photoprotection assessment

NHDF were isolated from skin tissue specimens obtained from
healthy patients undergoing plastic surgery at the Department of
Plastic and Aesthetic Surgery (University Hospital Olomouc). The
use of skin tissue was in accordance with the Ethics Committee of
the University Hospital and Faculty of Medicine and Dentistry,
Palacky University, Olomouc and all patients signed written
informed consent. The tissue was cut into pieces of approximately
1 x 1 cm, placed in Petri dishes and cultured in the mixture of
DMEM and Ham's F12 Nutrient Mixture (1:3) supplemented with
FCS (10%; v/v), penicillin (100 mg/mL), streptomycin (100 U/mL),
amphotericin B (0.125 mg/mL), hydrocortisone (0.8 pg/mL),
adenine (24 pg/mL), insulin (0.12 U/mL), epidermal growth factor
(1ng/mL) and 3,3/,5-triiod-L-thyronin (0.136 pg/mL). The skin
fragments were incubated in a humidified atmosphere with CO,
(5%; v/v) at 37 °C. The medium was changed weekly until the fi-
broblasts reached confluence. After 2—3 weeks cells were
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trypsinized and transferred into 75 cm? cultivation flasks. Fibro-
blasts were used between the 2nd and 4th passage. Spontaneously
immortalized aneuploid human keratinocyte cell line (HaCaT) was
bought from CLS (Eppeheim, Germany). Both types of cells were
grown in cultivation medium consisted of DMEM supplemented
with fetal calf serum (10%, v/v), penicillin (100 mg/mL) and strep-
tomycin (100 U/mL). For all experiments NHDF and HaCaT were
seeded onto 96-well plates at a density of 0.8 x 10° cells/mL or
1.6 x 10° cells/mL (0.2 mL per well), respectively.

Phototoxic potential of test compounds was determined using
the validated in vitro NRU phototoxicity test as described by
Spielmann et al. with some modification [41]. Test substances
included compounds 1, 5, 6,9 and 10. Compounds were dissolved in
DMSO and then diluted in serum free medium (DMEM supple-
mented with penicillin (100 mg/mL) and streptomycin (100 U/mL)).
At 24h after seeding, the cultivation medium was changed to
serum free medium containing test compound or DMSO (a negative
control). The final applied concentration range of test compounds
was 3.9—125 pM. DMSO was used in the concentration of 0.5%, v/v).
In parallel with test compounds, CPZ a known phototoxic com-
pound, was used as a positive control in all experiments. CPZ was
used in the range of 3.9—500 pM for non-irradiated HaCaT and
0.39—100 uM for NHDF and irradiated HaCaT. The test compounds
(six replicate wells per concentration) were in parallel applied on
two 96-well plates with NHDF/HaCaT. After 60 min incubation with
test compounds medium was discarded, cells were washed two-
times with phosphate buffered saline (PBS) and then PBS supple-
mented with glucose (PBS-G, 1 mg/mL) was applied. Randomly, one
plate was then exposed to a non-cytotoxic dose of UVA radiation
(5.0 ]/cm? for NHDF and 7.5 J/cm? for HaCaT)) using a solar simu-
lator SOL 500 (Dr. Hoenle Technology, Germany) equipped with a
H1 filter transmitting wavelengths of 320—400 nm. Intensity of
UVA radiation was evaluated before each irradiation by an UVA-
meter (Dr. Hoenle Technology, Germany). The second (non-irradi-
ated) plate was for the period of irradiation incubated in dark. After
UVA exposure, PBS-G was discarded and serum free medium was
applied. After 24 h (37 °C, 5% CO;) cell damage was evaluated by NR
incorporation into viable cells. Medium was discarded and NR so-
lution (0.03%, w/v, PBS) was applied. After 60 min NR solution was
discarded, cells were fixed with a mixture of formaldehyde (0.5%, v/
v) and CaCl; (1%, m/v) in ratio 1:1 and then NR was dissolved in
methanol (50%, v/v) with acetic acid (1%, v/v). After 5min of
intensive shaking absorbance was measured at 540 nm. Experi-
ments were performed in four independent repetitions with use of
cells from four donors to minimize individual sensitivity of donor
cells. Phototoxic effect was evaluated as % of viability of control cells
that was calculated from experimental data (absorbance) according
to the following equation:

Viability (% of control) — (%) .100
C — 1B

As ... absorbance of sample (cells pre-incubated with test com-
pound in serum free medium and irradiated)Ac ... absorbance of
control (cells pre-incubated with DMSO in serum free medium and
irradiated)Ap ... absorbance of background (extraction solution)
Photoprotective effects were tested in compounds 1, 5, 6,9 and
10. Compounds were dissolved in DMSO and then diluted in serum
free medium). At 24h after seeding, cultivation medium was
changed to serum free medium containing test compound or DMSO
(a negative control). The final applied concentration range of test
compounds was 3.9—31.3 pM. DMSO was used in the concentration
of 0.5%, v/v. RA, a known photoprotective compound was used for
comparison of test compounds photoprotective effectiveness. Each
test compound was in parallel applied onto two 96-well plates with

NHDF/HaCaT. After 60 min incubation, medium with test com-
pound was discarded, cells were washed two-times with PBS and
PBS-G was applied. To study UVA photoprotection, a plate was
exposed to a cytotoxic dose of UVA radiation (7.5 J/cm? for NHDF
and 10 J/cm? for HaCaT) using a solar simulator SOL 500 (Dr. Hoenle
Technology, Germany) equipped with a H1 filter transmitting
wavelengths of 320—400nm. To study UVB photoprotection, a
plate was exposed to a cytotoxic dose of UVB radiation (150 mJ/
cm?) using the solar simulator equipped with a H2 filter trans-
mitting wavelengths of 295—320 nm. Intensity of UVA or UVB ra-
diation was evaluated before each irradiation by UVA- or UVB-
meter (Dr. Hoenle Technology, Germany). Control (non-irradiated)
plates were for the period of irradiation incubated in dark. After
UVA or UVB exposure, PBS-G was discarded and serum free me-
dium was applied. After 24h (37°C, 5% CO;) cell damage was
evaluated by NR incorporation into viable cells as described above.
The experiments were replicated four times using the cells of four
donors to minimize the extent of biological variability of donor
cells. The photoprotective effect was evaluated by comparison of
experimental data (absorbance) of test compounds with a positive
control and a negative control (according to the following equation:

As — Anc

Apc — Anc +100

Protection (%) = 100 — ’

As ... absorbance of sample (cells pre-incubated with test com-
pounds in serum free medium and irradiated)Anc ... absorbance of
negative control (cells pre-incubated with s DMSO in serum free
medium and non-irradiated = incubated in dark)Apc ... absorbance
of positive control (cells pre-incubated with s DMSO in serum free
medium and irradiated)

4.7. Oxidative stress bioassays in Caenorhabditis elegans

Wild-type (N2) strain and BA17 (fem-1) strain obtained from
Caenorhabditis Genetic Center were used in the experiments.
Buffers and media used in this assay were prepared according to
literature [42]. Worms were maintained at 20 °C on NGM plates
seeded with Escherichia coli OP50 which was used as a food source.
Age synchronized L4 larvae obtained by hypochlorite treatment
were washed from NGM plates with S-complete medium and
number of worms in 10 drops of 10 ul volume was counted. Bac-
terial suspension and medium was added to the worm suspension
to achieve 110 worms/mL with 6 mg/mL E. coli OP50 as a food
source. In experiments with N2 strain, suspension was supple-
mented with 25 pg/mL of 2’-deoxy-5-fluorouridine (FUDR) to pre-
vent reproduction of worms. Age synchronized BA17 worms were
cultivated in 25 °C which lead to feminisation of the population and
addition of FUDR was not necessary. Bacterial suspension in S-
complete medium was prepared thusly: overnight culture of E. coli
OP50 in LB medium was centrifuged and bacterium pellets were
washed twice with sterile distilled water. After removing the excess
of water, the pellets were weighed and re-suspended in S-complete
medium. The test compounds were added three days prior to the
exposure to 500 uM of 5-hydroxy-1,4-naphthalenedione (juglone)
that is routinely used as a ROS-generating agent in stress assays
with C. elegans [35]. Vehicle (DMSO) was used as a negative control.
The worms were counted under the inverted microscope and the
animals that failed to respond to the light stimulus were scored as
dead. The protective effect of the compounds was evaluated after
4h in the initial screening on populations of approximately 110
worms per experimental condition. The experiment was repeated 3
times. Statistical significance of the difference between proportions
of living worms was determined using z-test. In the follow-up ex-
periments on a larger populations worms (approximately 250 or
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190 worms on average), the activity of selected promising com-
pounds was evaluated hourly for 12—14 h. Log-rank test was used
to determine the statistical significance of differences in the sur-
vival distributions. P-values were adjusted for multiple testing us-
ing Bonferroni method. Comparisons with p-values < 0.05 were
considered as statistically significant. OASIS 2 was used for the data
analysis [43].

4.8. Oxygen radical absorbance capacity (ORAC)

The oxygen radical absorbance capacity (ORAC) was determined
as described previously [44]. Briefly, fluorescein (100 pL, 500 mM)
and solutions of tested compounds diluted in phosphate buffer
were added into each working well of a 96-well microplate. The
reaction was started by the addition of 2,2’-azobis (2-amidino-
propane) dihydrochloride (AAPH; 25 pL, 250 mM) and the decrease
in fluorescence (ex. 485 nm, em. 510 nm) was recorded every 3 min
over 90 min by using Infinite M200 Pro (Tecan, Switzerland). The
net area under the curve was used to calculate antioxidant capacity
which was compared to Trolox and expressed as Trolox equivalents
(TE). Thus, a value higher than 1 means that the tested compound
was more active than Trolox on equimolar basis.
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Abstract: Cytokinins modulate a number of important developmental processes, including the last
phase of leaf development, known as senescence, which is associated with chlorophyll breakdown,
photosynthetic apparatus disintegration and oxidative damage. There is ample evidence that
cytokinins can slow down all these senescence-accompanying changes. Here, we review relationships
between the various mechanisms of action of these regulatory molecules. We highlight their
connection to photosynthesis, the pivotal process that generates assimilates, however may also
lead to oxidative damage. Thus, we also focus on cytokinin induction of protective responses against
oxidative damage. Activation of antioxidative enzymes in senescing tissues is described as well as
changes in the levels of naturally occurring antioxidative compounds, such as phenolic acids and
flavonoids, in plant explants. The main goal of this review is to show how the biological activities of
cytokinins may be related to their chemical structure. New links between molecular aspects of natural
cytokinins and their synthetic derivatives with antisenescent properties are described. Structural
motifs in cytokinin molecules that may explain why these molecules play such a significant regulatory
role are outlined.

Keywords: cytokinin; derivative; antisenescent; antioxidant; structure and activity relationship;
genes; antioxidant enzymes; photosynthesis; plant defence

1. Introduction

Naturally occurring cytokinins (CKs) are purine based plant growth regulators that influence
almost all of the developmental stages of plant life, e.g., development of vasculature, differentiation
of embryonic cells, maintenance of meristematic cells, shoot formation and leaf senescence delay.
CKs were first discovered as substances that promoted cell division in tissue cultures in the
presence of auxin [1]. Naturally occurring CKs are purine based molecules that are substituted
at the C6 atom either by an isoprene side chain (ISCKs) or aromatic core (ARCKs). ISCKs are
represented by naturally occurring 6-(E)-4-hydroxy-3-methylbut-2-enylaminopurine (trans-zeatin, tZ),
6-(Z)-4-hydroxy-3-methylbut-2-enylaminopurine (cis-zeatin, cZ) and 6-(2-isopentenylamino)purine
(iP). ARCKSs include 6-benzylaminopurine (BAP), 6-furfurylaminopurine (kinetin, Kin) and o-, m- and
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p-hydroxylated or methoxylated derivatives of BAP, called topolins [2]. Although BAP and Kin are
not traditionally considered as naturally occurring CKs, exogenous treatment with them showed such
strong effects on plant tissues that these molecules were often used experimentally and formed the basis
of the first generation of synthetic ARCKs [3]. Nucleosides, nucleotides and other sugar conjugates
of many CKs have been found in plants, and metabolic networks exist for their interconversions [1].
Moreover, the presence of a purine moiety enables a number of possible modifications, including
substitution at the C2, N1, N3, C6, N7 or N9 atoms of the original purine heterocycle [3]. The family
of CK compounds includes a large array of natural and synthetic purine and phenylurea derivatives.
The most effective phenylurea CK is thidiazuron (TDZ) [4]. The majority of these compounds are
not considered as naturally occurring, however they possess significant CK activity [1]. The action of
CKs is often influenced by interaction with other hormones, e.g., auxins or ethylene [4]. One of the
most valued features of CK action and the focus of this review is regulation of senescence, especially
senescence delay, owing to the potential for economic benefits [5-8]. Leaf senescence is the final step
in leaf development and is often accompanied by colour changes from green to yellow or brown [9].
Leaf yellowing is not only age dependent, it can also be induced by a number of other factors, including
biotic stress, mechanical damage, harvesting and environmental stress [10]. Leaf senescence seems to
be directly related to a decrease in CK concentration and activity. Generally, CKs are more effective
when applied to detached plant organs [5,11], however they can also delay the senescence of attached
leaves. CKs are also effective in delaying the breakdown of chlorophyll, suggesting that they may play
a role in maintaining the photosynthetic apparatus of plants [5]. Many of the biological activities of
CKs in plants can be explained by their involvement in cellular oxidative stress, and the antioxidant
capacity of these molecules has already been described [12]. Leaf senescence is accompanied by
a gradual decline in antioxidants and an increase in reactive oxygen species (ROS) and content of
malondialdehyde (a decomposition product of lipid peroxidation) in certain plants [13,14]. Increased
lipid peroxidation and H,O, formation have been demonstrated along with a decline in the activities
of enzymes, such as catalase (CAT) and ascorbate peroxidase (APX), as well as glutathione (GSH)
content during senescence in pea and Arabidopsis leaves [13,15].

Regulation of the onset of senescence is important owing to its impact on dynamic nutrient
relocations during the degradation of cellular components [9]. Leaf senescence can be regulated in
a number of ways that include ethylene production and expression of senescence associated genes
(SAGs). Important roles are played by antioxidant enzymes, such as CAT, APX and superoxide
dismutase (SOD), and compounds related to oxidative stress, such as phenolic acids, flavonoids and
H,0O;. Changes in chlorophyll are inseparably linked to photosynthesis. Exogenous treatment with
CKs and their derivatives or genetic engineering to create plants that overproduce CKs can lead to
significant senescence delay. In this review, we focus on the main mechanisms of action by which CKs
and their derivatives delay leaf senescence.

2. Antisenescent and Antioxidant Activity of Natural Cytokinins (CKs), Kinetin (Kin) and
6-Benzylaminopurine (BAP)

The first evidence for the antisenescent activity of CKs was provided by Richmond and
Lang [16] in an experiment testing exogenous application of Kin on excised leaves of cocklebur plants
(Xanthium pensylvanicum) and tobacco. The results showed that this led to re-greening in yellowing
tobacco leaves, however not in Xantium pensylvanicum [17]. The need to measure the ability of CKs
in retarding chlorophyll degradation in various plant tissues prompted the development of several
different senescence bioassays. CKs can be applied as droplets on leaves or by floating leaves (or their
parts) on a CK solution or by inserting the base of a detached leaf into a CK solution [18]. The latter
method has been optimized with wheat leaf segments [19], known as the wheat leaf senescence assay
(WLSA), and is widely used to assess the antisenescence properties of CKs. Briefly, a tip section of
a seven-day-old wheat leaf is inserted into a solution of CK and is placed in the dark for five days.
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Afterwards, any chlorophyll remaining in the leaf tips is extracted by 80% ethanol and its content is
determined spectrophotometrically at 665 nm [19].

Comparison of the antisenescent activity of different CK free bases in the WLSA performed
according to protocol described by Holub et al. showed that tZ clearly had the highest activity, followed
by 6-(3-hydroxybenzylamino)purine (meta-topolin, mT), of which its activity was only marginally lower
than that of tZ [19]. BAP and Kin had similar activity in the WLSA, however both compounds were less
active than tZ and mT [19]. In contrast, 6-(2-hydroxybenzylamino)purine (ortho-topolin, 0T), cis-zeatin
and iP were considered as CKs with low or no antisenescent effect [19-21]. The activities of tZ, c¢Z, mT,
BAP and Kin in the WLSA are compared in Figure 1A. Holub et al. [19] further showed that 9-ribosides
of tZ, BAP, mT and oT were more active than their free bases [19]. In the case of {Z and trans-zeatin
riboside (fZR), this was in accord with results of Spichal et al. [22] and Kim et al. [23]. Both tZ and {ZR
strongly activated the Arabidopsis CK receptor AHK3, which was shown by Kim et al. [23], to play a
crucial role in CK-mediated leaf longevity through phosphorylation of the CK response regulator ARR2.
Conversely, benzylaminopurine riboside (BAPR) and mTR did not activate the AHK3 receptor [22],
however they were found to be active in the WLSA [19]. DoleZal et al. [24] suggested that ARCKs,
especially o-, m-methoxy and halogeno derivatives of BAP, may protect against the degradation of
the photosynthetic apparatus. This was based on findings that substituted ARCKs had antisenescent
activities similar to or higher than those of tZ yet activated Arabidopsis CK receptors AHK3 and
CRE1/AHK4 only weakly [22,24].

Better understanding of CK involvement in plant senescence was provided by analyses of CK
concentration levels through plant development and tissues. These studies revealed an inverse
relationship between CK levels and the progression of senescence in a variety of tissue and plant
species [5,25]. The importance of naturally occurring ISCK sugar conjugates, dihydrozeatin riboside
(DHZR) and zeatin riboside (ZR), in xylem sap during plant senescence was identified in experiments
on soybean [26]. CK levels in the xylem sap of soybean (Glycine max) decreased rapidly with the
onset of leaf senescence [26]. Reduction in endogenous CKs (zeatin (Z), dihydrozeatin (DHZ), ZR,
DHZR) was also observed in tobacco leaves during the progression of leaf senescence [27]. However,
in exogenous CK application experiments, it was unclear how much of the hormone was actually
transported to and taken up by the plant tissues. Moreover, these factors may differ in different species
or under different experimental conditions [25]. Podlesakova et al. published a study on the acropetal
transport of 6-(3-methoxybenzylamino)purine (meta-methoxytopolin, mMT), 9-(4-chlorobutyl) and
9-(tetrahydropyran-2-yl, THP) derivatives of mMT. It was shown that the derivatives allowed the
gradual release of the active base and had a significant impact on the distribution and amount of
endogenous ISCK in various plant tissues [28]. Although a relationship between CK levels and
senescence progression was found, the regulatory role of CKs in plant senescence was clarified using
transgenic plants. Cloning of the Agrobacterium IPT (isopentenyl transferase) gene encoding a CK
producing enzyme provided a way to genetically engineer plants in which endogenous levels of these
hormones could be increased [6]. The effect of CK treatment on these genetically altered plants is
discussed in the text below.

Since naturally occurring CKs contain heterocycles in their structure and are able to regulate leaf
senescence, questions were raised about their possible antioxidant activity. Increased levels of HyO,,
lipid peroxidation and membrane leakiness were observed during leaf senescence in tobacco, rice, pea,
sunflower and barley [13,29-33]. External application of BAP increased the activity of CAT and APX
enzymes and reduced the level of H,O, during dark senescence of wheat leaves. It was suggested that
externally applied CKs may protect the cell membranes and photosynthesis system from oxidative
damage during the delay of senescence in the dark [34,35]. However, in dexamethasone-inducible
IPT transgenic tobacco plants with increased levels of endogenous CKs, higher concentrations of
H,0O, were detected, especially in chloroplasts. Moreover, the increased levels of H,O, resulted into
elevated lipid peroxidation [36]. It was shown by the analysis of the end-product of lipid peroxidation,
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malondialdehyde (MDA), that lipid peroxidation is not associated with leaf senescence in stay-green
tobacco plants [14].
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Figure 1. Evaluation of the biological activity of (A) classical cytokinins, (B) 3-fluoro derivatives of
BAP and BAPR and (C) urea based cytokinins in the wheat leaf senescence assay performed in the dark
(according to [19]). The dotted line indicates where the chlorophyll content in the leaves is 50% of that
in fresh control leaves, while 100% represents the chlorophyll content in fresh control leaves. Dashed
lines indicate values for the control treatment (DMSO control) with no added compound. Error bars
show the S.D. of the mean for four replicate determinations.

3. Antisenescent and Antioxidant Activity of C2, C8 and N9 Purine-Based CK Derivatives

Since ISCKs and ARCKSs appear to be crucial to senescence regulation, a number of their
derivatives have been prepared to study the structure and activity relationship of these processes.
In 1989, Zhang et al. measured the antisenescent activity of nine substituted CK derivatives using
soybean leaf discs. Of the 14 BAP derivatives tested, including 9-alanine, 9-tetrahydropyranyl and
9-tetrahydrofuranyl, the last two derivatives were found to be the most active in the bioassay due
to their great stability and ability to gradually release free BAP [37]. In the same year, another
series of 9-substituted derivatives of four common naturally occurring CKs were tested in the
soybean callus assay. Specifically, 9-(2-Carboxyethyl), 9-(2-carbo-t-butoxyethyl) and 9-(2-nitroethyl)
derivatives of tZ, cZ, DHZ and iP all reduced the biological activity of the parent compounds [38].
Another 33 6-BAP-9-tetrahydropyranyl (THP) and 9-tetrahydrofuranyl (THF) derivatives with
variously positioned hydroxyl- and methoxy-functional groups on the benzyl ring were prepared by
Sziiova et al. [39]. The majority of the prepared derivatives showed higher antisenescent activity
than the standard BAP or parent CKs (exceptions were derivatives substituted in p- positions or
derivatives with a blocked N6-H atom) [39-41]. In contrast, derivatives shorter by a CH, group,
i.e., 6-anilinoaminopurine derivatives, prepared by Zatloukal et al. were shown to be inactive in
the WLSA [42]. Eight Kin derivatives were prepared by the addition of various halogenoalkyls,
ethoxyethyl, carboxyl or THF groups to the N9 atom of the purine moiety. Some of these derivatives,
especially those bearing THF, ethoxyethyl and chloroethyl, were highly active in the WLSA (reaching
110-131% of the original Kin) [34]. Moreover, compounds that were active in the senescence bioassay
significantly reduced peroxidation of membrane lipids under dark conditions [34].

In addition to N9-substitution, a number of BAP derivatives were prepared by DoleZal et al.
with substitutions (halogen(s), methyl or methoxy group(s)) in various positions on the N6-benzyl
ring [24]. Among them, 3-fluoro-BAP (3F-BAP) exhibited the highest antisenescent activity in the
WLSA (Figure 1B). Some derivatives also possessed increased antisenescent activity compared to BAP
(for details, see [24]). One year later, DoleZal et al. published similar work on the preparation
and testing of BAPR derivatives [43]. Unsurprisingly, BAPRs were found to be more effective
than the corresponding BAPs (Figure 1B). Specifically, 3F-BAPR was the most active compound
in the WLSA, with antisenescent activity up to 220% of that of BAP [43] (Figure 1B). Vyli¢ilova et
al. [44] prepared 14 halogenated derivatives of BAPR by the addition of chlorine at the C2 atom
of purine. The compounds exhibited increased antisenescence activity in the WLSA compared
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to BAPs, however lower activity than BAPR derivatives. In other words, chlorine substitution at
C2 decreased the antisenescent activity of BAPR and counteracted the positive activity of ribose.
The antisenescent activity of 2-chloro-6-(3-fluorobenzylamino)purine-9-riboside (2cl-3F-BAPR) is thus
similar to the activity of 3F-BAP. For clarity, we have again compared the antisenescence activity of
BAP, BAPR, 3F-BAP a and 3F-BAPR in one WLSA according to Holub et al. [19] (Figure 1B). In addition,
Vylicilova et al. further showed that the introduction of chlorine to the C2 position of the purine moiety
dramatically decreased the toxicity of several toxic previously prepared BAPs and BAPRs [24,43,44].
The antisenescent activity of 2-chloro-6-(3-fluororbenzylamino)purine-9-riboside (2C1-3F-BAPR) was
similar to the activity of 3F-BAP. However, this study of Vyli¢ilova et al. was the first to uncover
possible targets of the BAPR derivatives in the inhibition of chlorophyll degradation [44]. Genome-wide
expression profiling showed that the synthetic halogenated derivatives of BAPR affected transcription
of a unique combination of genes coding for components of the photosystem II (PSII) reaction centre,
light-harvesting complex II (LHCII) and oxygen-evolving complex, as well as several stress factors
responsible for regulating photosynthesis and chlorophyll degradation [44].

More recently, 11 Kin derivatives were prepared and tested in the WLSA. The presence of an
oxygen atom in the furan ring was shown to be a critical structural motif for slowing the breakdown
of chlorophyll in the WLSA. Replacement of the oxygen atom by sulphur or carbon resulted in
decreased antisenescent activity. On the other hand, saturation of the furan ring did not have
such a negative impact on the antisenescent activity. Moreover, 9-THF substitution had no effect
or slightly improved the antisenescent activity of 6-(tetrahydrofuran-2-ylmethyl)aminopurine, Kin and
6-(thiophen-2-ylmethyl)aminopurine (thiokinetin). The addition of chlorine at the C2 atom of purine
moiety lowered or completely reduced the antisenescent activity of the prepared compounds. Furthermore,
the prolongation of the C-bridge carrying the N6-substituent of 6-(2-thiophen-2-ylethyl)aminopurine led
to the complete loss of the antisenescent activity in the WLSA [45].

Synthetic CK analogues, particularly 6-alkynyl and 6-alkenylaminopurines, some of which were
also substituted at the N9 atom of the purine moiety, have been tested for their antioxidant activity as
potential diphenylpicrylhydrazyl (DPPH) scavengers and as inhibitors of 15-lipoxygenase enzyme,
together with naturally occurring CKs BAP, Kin and tZ [46]. Whereas naturally occurring CKs were
unable to scavenge DPPH, some of the prepared compounds were significantly more active than BAD,
Kin and fZ. The most active compounds were 6-(3-thienylethenyl)purine, with 18% scavenging activity
after 15 min, however also derivatives incorporating 2-furyl in their structure [46].

Substitution of the C6 atom of the purine moiety seems to be crucial for the antisenescent
properties of the prepared derivatives. A unique example of an inactive CK is isopentenylaminopurine
(iP). Neither iP nor its derivatives are active in the WLSA. To test this, a series of
N6-(3-methylbut-2-en-1yl)amino)purine (iP) derivatives substituted at the N9 atom of the purine
moiety was prepared in 2011 [21]. As expected, none of these compounds were active in the WLSA,
although the prepared compounds were evaluated as active CKs in other CK bioassays [21].

Recently, another 58 CK derivatives substituted at the C8 atom of the purine moiety, 27 of
which were 9-tetrahydropyranyl precursors of CKs, were published by Zahajska et al. [47].
The introduction of C8 substitution led to a decrease or even the complete loss of antisenescent
activity in the majority of compounds compared to the corresponding free bases. However,
6-benzylamino-7,9-dihydro-8H-purin-8-one (8-oxo-BAP) exhibited higher activity than BAP by 34%.
Concurrently, among Kin derivatives, methoxy- and 2-hydroxyethyloxy-C8 substituents did not
decrease the activity of Kin. With some exceptions, compounds with a 9-(tetrahydropyran-2-yl)
protective group exhibited even lower activity in the WLSA than their THF deprotected analogues [47].
This observation is in contrast to previous studies, in which the introduction of 9-THP or 9-THF
protective groups was found to not decrease the antisenescent activity of the corresponding free
bases [37,40,45,48].

According to the above, the crux of the antisenescent activity of CKs appears to be appropriate
substitution at the N6 atom. Concurrently, the N6-H hydrogen must stay unsubstituted. Substituents at
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nearby atoms, such as N6, must contain an oxygen atom incorporated into oxo-, hydroxyl or methoxy
groups and/or halogen atoms, such as fluorine or chlorine. Further, tZ, Kin and topolins are typical
examples of CKs shown to be very active in antisenescent bioassays. Substitution at C8 drastically
reduces the antisenescent properties of nearly all, even the active CKs, with one exception: compounds
substituted by oxygen at C8 remain active. Substituents at the N9 atom can vary, however they do not
normally affect the antisenescent properties much if the N6 substitution is “antisenescent”, with the
exception of ribosides, which in some cases are more active. Questions arise concerning whether other
sugars at the N9-position may have a similar or even better effect. The structural trends described
above show that the antisenescent effects are probably connected with the presence of electronegative
atoms, oxygen and halogens, which are close to the N6 and/or N9 atoms of purine. Both the N6H
and N7H hydrogen atoms are present and “free to operate” in all active compounds. The second
condition is the presence of -O-, -OH, —-X or -OCHj substitutions close to this area. These two
factors can lead to the concentration of electron density and increase of antisenescent activity in such
compounds. The electron density enhancement at these strategic atoms is most probably responsible
for the antisenescent effects.

Based on the available literature and a large amount of data, it is evident that the antisenescent
properties of some CK derivatives are not directly associated with their CK activity. Moreover, iP and
its derivatives are active CKs, however they are inactive in the WLSA [21,47]. Conversely, some
derivatives of BAP, BAPR, 9-THF (THP)—BAP and Kin exhibit low CK activity at the receptor level,
lower or average activity in other CK bioassays, however increased antisenescence activity [34,39,43].

An example of such phenomena—the presence of an oxygen containing group and lack of relation
of CK activity to the antisenescent activity—was provided recently by Nisler et al. [49]. They showed
that urea derived compounds are extremely active in the WLSA (Figure 1C) if they contain a methoxy
group (a compound called ASES), hydroxyl or other electron-rich groups. Interestingly, the compounds
also needed to have a second NH not substituted (like the N6H in purines) to be active in the WLSA.
It was also shown that the compounds exhibited none or very low CK activity in almost all CK assays.
Analysis of chloroplast membrane proteins showed that one way in which these urea derivatives
delay senescence is by inhibition of photosystem II degradation [49]. This study agrees with that of
Vylictilova [44] and, at the protein level, supports and complements results at the transcriptional level.

Finally, it is worth noting that according to the literature, CKs (as well as other compounds
with antisenescent properties) inhibit chlorophyll degradation by several mechanisms that may act
synergistically. Some have been identified and well described, whereas others await discovery.

4. Antisenescent Activity of Urea Based CKs and Their Derivatives

Urea based compounds represent another class of highly active synthetic CKs. The best known
are TDZ, N-(2-chloropyridin-4-yl)-N’-phenylurea (phenylurea, CPPU) and N-(2,6-dichloro-pyridin-
4-yl)-N’-phenylurea (DCPPU). So far, TDZ appears to be the best representative of the synthetic
CKs in terms of CK receptor activation [22], promotion of CK dependent callus growth [50,51]
and, most importantly, inhibition of plant senescence [52-55]. In most CK bioassays, including
the WLSA, TDZ exhibits even higher activity than tZ [22,49]). This may be due to a number of reasons,
e.g., TDZ exhibits strong CK activities in several bioassays, however in contrast to tZ, cannot be
degraded by cytokinin oxidase dehydrogenase (CKX, a key enzyme involved in CK degradation in
plants [56,57]). TDZ cannot be deactivated by O-glucosylation and can maintain a higher content of
endogenous CKs in plant tissue by inhibiting the function of CKX [58-60]. Owing to its high CK and
particularly antisenescence activity, TDZ has been extensively studied and used to prolong the life of
cut flowers [55]. In this field, no other substance has received as much attention as TDZ.

Several mechanisms for explaining how TDZ delays plant senescence have been shown in studies
of various plant species [61]. In Matthiola incana cut flowers, TDZ reduced stress responses by inhibiting
abscisic acid production, resulting in a higher content of chlorophyll and carotenoids [61] in stem leaves.
Like ethylene, abscisic acid promotes senescence [62], occurs as a response to stress and is considered
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to be a marker of stress-induced senescence [63]. It was further shown that in Pelargonium cuttings,
TDZ induced strong expression of PhETR1 (a negative acting ethylene receptor gene), thus decreasing
the sensitivity of Pelargonium leaves to ethylene [64]. Ethylene is known to accelerate and accompany
senescence [65,66]. In Pelargonium zonale, TDZ was shown to increase the levels of APX and SOD,
which are enzymes of the antioxidant defence system [67]. Another complex study was carried out
on stems and florets of cut Chrysanthemum morifolium plants. Both BAP and TDZ were found to
increase the activity of antioxidant enzymes SOD and peroxidase (POD), reduce production of H,O,,
minimize lipid peroxidation and maintain high levels of sugars in cut stems and florets. Treated
plants also showed increased water uptake and prolonged the post-harvest quality of florets and
leaves. In this study, TDZ again exhibited higher activity and in lower concentrations than BAP [68].
The antisenescent activity of CPPU, DCPPU, TDZ and ASES was compared in one WLSA (Figure 1C)
according to Holub et al. [19].

To conclude, from the literature reviewed, it appears that TDZ delays senescence in plants by the
same mechanisms as described previously for purine-derived CKs. However, its activity is higher,
most probably because it cannot be enzymatically inactivated.

5. Ability of CKs and CK Derivatives to Improve the Antioxidant Capacity and Secondary
Metabolite Content

CKs and their derivatives are often prepared for plant biotechnological applications and
preferentially used in tissue cultures [3]. When particular CKs or their derivatives are employed
in the micropropagation media of species with known antioxidant properties, plants exhibit
increased antioxidant capacity through the explants grown [69]. In particular, a number of
medicinal plants and often those high in antioxidants must be grown using micropropagation
techniques due to their endangered status in nature. Such effects have been observed during
the tissue culture and acclimatization of Merwilla plumbea, a plant widely used in traditional
African medicine in Southern Africa and currently threatened in the wild because its medicinal
use includes the bulbs [70]. Five CKs and their derivatives were evaluated during M. plumbea
micropropagation: BAP, iP, mT, 3-mTR and 6-(3-methoxybenzyl)-9-(tetrahydropyran-2-ylamino)purine
(meta-methoxytopolin THP, mMTHP) [70]. The antioxidant activity and phenolic acid content during
the tissue culture and acclimatization of the plantlets were determined. The findings indicated that
the phytochemical content during in vitro propagation of M. plumbea were influenced by the CKs
and the majority of the phenolic acids were higher in the tissue culture than in the acclimatized
plantlets [70]. Similar effects on the secondary metabolite content were found in a study on
micropropagated “Williams” banana. However, the activity of specific compounds differed for
different plant species [69]. The influence of CKs from tissue culture media on flavonoid levels
of micropropagated plantlets is important as flavonoids have been identified as compounds that are
able to scavenge free radicals. [71]. TDZ was found to significantly influence shoot multiplication
and accumulation of secondary metabolites in Scutellaria altissima culture. Scutellaria plants express
several pharmacologically and clinically important phytochemicals [72]. In particular, the flavonoid
verbascoside possesses strong anti-inflammatory, antibacterial, antiviral and antioxidant activity [73].
Under the conditions used in the study, 2.5 times more flavonoids and six-times more verbascoside
were accumulated in shoots that were grown on the medium supplemented with CKs than in
shoots that were grown on CK free medium [74]. In further work on Scutellaria altisima explants,
a higher level of other important flavonoids, such as baicalin and wogonoside, were observed in
12-week-old micropropagated plants. The shoot cultures were grown on MS agar medium that
was supplemented with BAP [75]. Wogonoside in particular is interesting as this flavonoid is
very active against lipid peroxidation [76]. The medicinally important plant Eucomis autumnalis
has been treated with 0.01, 0.1 and 10 uM of 2-chloro-6-(3-methoxyphenylamino)purine (INCYDE)
and CK antagonist 6-(2-hydroxy-3-methylbenzylamino)purine (PI-55) alone or in combination with
BAP or naphthaleneacetic acid and the antioxidant response was evaluated in 10-week-old in vitro
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regenerates [77]. The levels of phytochemicals, especially those of flavonoids, were significantly
affected by both tested compounds PI-55 as well as INCYDE. Besides, INCYDE application significantly
increased the antioxidant activity of E. autumnalis in the DPPH test. On the other hand, the beta-carotene
test was unaffected by INCYDE, however it was enhanced by BAP when it was used as a control [77].
Significantly improved antioxidant activity in the oxygen radical absorbance capacity (ORAC) assay
was observed after one application of INCYDE in field-grown lettuce [78]. Both Kin and BAP
enhanced the production of hypericins in Hypericium maculatum and hyperforin in H. hirsutum shoot
cultures [79]. Naphthodianthrones (hypericin and pseudohypericin) and phloroglucinol hyperforin are
valuable compounds that are associated with antiviral, antioxidant and other biological activities [80].
The increased flavonoid content and antioxidant activity of the common European herb sage (Salvia
officinalis L.) has also been assessed during micropropagation [81]. The effects of four different CKs,
i.e,, TDZ, BAP, Z and iP, were evaluated. Levels of phytochemicals apigenin and its derivatives
apigenin 7-methyl ether, scutellarein 6-methyl ether, scutellarein 6,7-dimethyl ether and luteolin were
found to be comparable to those measured in plants grown on media without added CKs. On the other
hand, BAP added to the media caused the production of hardened plants that successfully adapted in
ex vitro conditions [81].

Aside from the above effects, CKs and their derivatives are able to influence the activity of
antioxidant enzymes [35,82]. It was observed that the application of BAP prevents the degradation of
chlorophyll in wheat senescent leaves and increases the activity of enzymes CAT and APX [35,83-85].
Increased SOD activity was observed after addition of tZR to the grass Agrostis palustris [86]. BAP
also increased levels of the APX enzyme after four and six days’ incubation of wheat leaves [35].
Application of BAP reduced H,O, accumulation and lipid peroxidation of Litchi [83]. Furthermore,
higher activity of SOD, CAT and APX and DPPH radical scavenging capacity were found in BAP
treated Litchi. Data showing the influence of antioxidant compounds in different plant species are
summarized in Table 1. It is apparent that the activity of individual CKs varies depending on the plant
species and secondary metabolite group. However, whereas H,O, and lipid peroxidation levels usually
decrease after CK treatment, antioxidant enzymes CAT, APX and SOD, and antioxidant secondary
metabolites, such as phenolic acids and flavonoids, increase.

Table 1. Effects of cytokinins on levels of antioxidant related enzymes, secondary metabolites and
antioxidant activity in different assays. Arrows show 1 increase or | decrease in concentration
or activity.

Concentrations of Antioxidant Related Enzymes,

Cytokinin Plant Secondary Metabolites and Antioxidant Activity Reference
St John’s-wort (Hypericum . o
hirsutum sc.) Thyperforin (7]
St John's-wort (Hypericium Tpseudohypericin, hyperforin [79]

macalatum sc.)

Wheat (Triticum aestivum L.) leaves 1CAT, TAPX, llevel of H,O, [35]
1SOD, 1CAT, $APX, DPPH assay

Litchi (Litchi chinensis Sonn). fruit Uevel of HyO,, {lipid peroxidation [83]
BAP Skullcap (Scutellaria altisima) L . " -
explants Tbaicalin, Twogonoside Jlipid peroxidation [76]
Eggplant (5"11‘;1’; ‘;’t”smel"”g’m L) Jlipid peroxidation, 1SOD, 1CAT, 1POD, tAPX [84]
Wheat (JM20) plants lipid peroxidation, 1SOD, TCAT, 1POD, TAPX [85]
Summer maize (hybrids
DengHai605, Zheng-Dan958) Jlipid peroxidation, 1SOD, 1CAT, 1POD [87]

plants
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Table 1. Cont.

Concentrations of Antioxidant Related Enzymes,

Cytokinin Plant Secondary Metabolites and Antioxidant Activity Reference
Rice (Oriza sativa cv. Taichung . N
BAP Native 1) leaves Jipid peroxidation [88]
Tphenolic acids (PA, VA)
iP Maerwilla (Merwilla plumbea) Tphenolic acid (CafA) [70]
mTR explants tphenolic acids (PA, FA, 4CA), ORAC
T ORAC
m
Banana (Musa spp. AAA cultivar Ttotal phenolics, Tproanthocyanidins [69]
‘Williams’) explants Ttotal phenolics, Ttotal flavonoids, Tproanthocynidins
mMTTHP Maerwilla (Merwilla plumbea) L
explants Tphenolic acids (4CA, FA) [70]
Creeping Bentgrass (Agrostis . I
- palustris L) plants Jlipid peroxidation, |electrolyte leakage, 1SOD, TCAT [86]
t
Creeping Bentgrass (Agrostis . - o
palustris L) plants lipid peroxidation, 1SOD, TCAT [89]
TDZ Skullcap (Scutellaria alpina) Tflavonoids (BC, WO) fverbascoside [75]
explants
Maize (Zea mays L.) seedlings lipid peroxidation, |level of H,O,, TCAT [90]
CPPU Tomato (Lycopersicon esculentum . I
Mill) leaves Hipid peroxidation, 1SOD, TAPX [91]
Lettuce (Lactuca sativa) 14CA, TFA, ORAC [78]
INCYDE
Eucomis autumnalis explants tflavonoids, DPPH and p-carotene acid antioxidant assay [77]
PI-55
St John’s-wort (Hypericum .
hirsutum sc.) Thyperforin [79]
St John’s-wort (Hypericum - .
macalatum sc.) Tpseudohypericin, hyperforin [79]
. . Hevel of HyO,, [lipid peroxidation, Jelectrolyte leakage,
Kin Tomato (Solam{;nnltz copersicum L.) 150D, 1CAT, Tascorbate-glutathione cycle, Ttotal phenols, [92]
p Tflavonoids
Oat (Avena sativa L. cv. Victory) Uipid peroxidation, 1SOD, 1CAT, [29]
leaves
Anthurium (Anthurium +APX [82]

andraeanum Lindl.) leaves

4CA, 4-coumaric acid; APX, ascorbate peroxidase; BAP, 6-(benzylamino)purine; BC, baicalin; CAT, catalase;
CafA, caffeic acid; CPPU, N-(2-chloropyridin-4-yl)-N’-phenylurea; DPPH, 2,2-diphenyl-1-picrylhydrazyl; FA,
ferulic acid; INCYDE, 2-chloro-6-(3-methoxyphenylamino)purine; iP, 6-(2-isopentenylamino)purine; Kin, kinetin;
mMTTHP, 6-(3-hydroxybenzylamino)purine-9-THP; mT, meta-topolin, 6-(3-hydroxybenzylamino)purine; mTR,
6-(3-hydroxybenzylamino)purine riboside; ORAC, oxygen radical absorbance capacity; PA, protocatechuic acid;
PI-55, 6-(2-hydroxy-3-methylbenzylamino)purine; POD, peroxidase; sc, shoot culture; SOD, superoxide dismutase;
TDZ, thidiazuron; tZR, trans-zeatin riboside; VA, vanillic acid; WO, wogonoside.

6. CKs and (A)Biotic Stress Responses

CKs play an important and complex role in abiotic stress responses [93]. Endogenous CK
levels decrease when the plant is under abiotic stress, such as mineral, salt or drought stress.
Transgenic plants overexpressing an IPT gene under the control of a maturation and drought-induced
promoter were shown to recover from drought [94]. In addition, CKs were shown to enhance
immunity to biotic stress [94]. Some pathogens are able to “use” host plants to produce high
levels of CKs, such as the gram-negative bacterium Agrobacterium tumefaciens [95]. A. tumefaciens
uses AHK3 and AHK4-dependent transcription reprogramming to make host cells more receptive
to infection [96,97]. A similar situation occurs during infection by the gram-positive bacterium
Rhodococcus fascians, which uses a higher CK production pool for leaf gall formation and extending the
ectopic growing shoot primordia [97-99]. Some fungal pathogens also produce CKs, such as the ergot
fungus Claviceps purpurea, which infects the ovaries of rye [100]. These pathogens reprogramme the
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biosynthesis of CKs for more extensive infection. On the other hand, exogenous application of CKs
affects salicylic acid mediated defence responses, e.g., in Pseudomonas syringae pv. tomato [97,101].

CKs have been suggested to be instrumental in mediating host susceptibility to fungal biotrophs
by generating a green island around infection zones [102,103]. Although CKs are undoubtedly involved
in defence mechanisms against biotic stress, their production often accompanies attack by particular
phytopathogens. There is evidence that the reduction in photosynthesis in infected leaves results
from increased invertase activity [103]. Paradoxically, infection seems to have a positive effect on
antisenescent processes in the host plant as part of the protection of chlorophyll against disintegration
(green islands). This antisenescent “improvement” is probably induced by the pathogen to gain more
plant material for spreading its infection. However, although we know some of the ways by which
these pathogens affect antisenescent responses, much remains unknown.

7. CKs and Photosynthesis

The main function of leaves is to provide assimilates for plant growth through photosynthesis.
CKs affect the functional as well as the structural aspects of photosynthesis at several levels. CKs
induce cell division and differentiation even in the early stages of leaf development. Chernyaev
et al. studied and reviewed the effect of CKs at the level of the whole leaf and found that they
changed the leaf structure to have a greater number of cells per leaf area [104] and a larger number
of vascular bundles and xylem and phloem elements [105]. Another structure closely connected to
photosynthesis at the leaf level is the stomata. CKs acting as antagonists of abscisic acid can increase
stomatal conductance [61,92,106-108] and, thus, modulate leaf gas exchange and the availability of
CO,—the essential substrate for photosynthetically active tissue [6].

At the cellular level, CKs have a major effect on chloroplasts. As early as 1969, Boasson and
Laetsch [109] reported that when etiolated tobacco leaves were transferred to light, the application
of CKs increased the number of chloroplasts. Further research confirmed that CKs promoted the
differentiation of etioplasts, their transition to chloroplasts [110-112], chloroplast division [113] and,
finally, increased the number of chloroplasts [114]. In the presence of BAP, greening and plastid
biogenesis in Lupines lutus and Cucumis sativus were substantially promoted [115,116]. Concurrently,
a higher concentration and slower degradation of light-sensitive protochlorophyllide oxidoreductase,
a key enzyme in chlorophyll biosynthesis, was observed in Lupines lutus and Cucumis sativus
cotyledons [115,116].

At the level of the thylakoid membrane, it has been observed that CKs promote grana
formation [110,117,118] and increase the content of photosynthetically active pigments [118-120]
and starch grains [117,121-124]. CK regulation of chloroplast development, chlorophyll biosynthesis
and nuclear plastid-related as well as plastid genes have been reviewed recently (for further reading,
see [125]). CKs are reported to affect pigment-protein complexes involved in the light (primary) phase
of photosynthesis, as well as enzymes of the dark (secondary) phase. Of the genes most upregulated
by CKs, the most widely documented genes are those coding for the light-harvesting chlorophyll
a/b binding proteins of photosystem II (CAB) and small and large subunits of RUBISCO (RBCS,
RBCL) [112,126,127].

A close relationship between CKs and chloroplasts was confirmed by work showing that
chloroplasts contain CKs of endogenous origin [128-130]. Chloroplasts of Arabidopsis contain four of
seven IPT enzymes (AtIPT1, AtIPT3, AtIPT5 and AtIPT8) that catalyse the rate-limiting step of CK
biosynthesis [129]. Senescence as the final stage in leaf development is accompanied by a decrease in
CK content. Ananieva et al. [131,132] showed that progression of senescence of zucchini cotyledons
correlated with a gradual decrease in the concentration of physiologically active CKs, together with
an increase in the storage CK O-glucosides. Similarly, the content of active CK forms decreased in
detached wheat and Arabidopsis leaves senescing in darkness [133,134].

As the photosynthetic apparatus is a possible source of ROS that may lead to destruction
of assimilates that are intended for transport to growing or store tissue, its decomposition
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during senescence is highly regulated. In this regulation, CKs again play an important part.
During senescence, changes in the chloroplast ultrastructure are well-documented, such as alterations
in size and shape, disorganization of the thylakoid membrane, increased number of plastoglobuli and
decreased chlorophyll content and photosynthesis function (for a review, see [135]). Application of
exogenous CKs usually slows down typical senescence-induced changes, e.g., chlorophyll content
decrease [119,123,136-138], plastoglobuli formation [118,121,139] and drop in key photosynthetic
parameters, such as the rate of CO, assimilation (A) [6,87,92,140,141], photochemical quenching
(gP) and maximal photochemical efficiency of PSII (Fy/Fm) [87,91,92,123,142,143]. The senescence
decelerating effect of CKs is not only connected to the upregulation of genes for biosynthesis and
protection, however also to the downregulation of SAGs [144,145] and CK-mediated inhibition
of degrading enzymes (e.g., activity of chlorophyllase, Mg-dechelatase, chlorophyll degrading
peroxidase [146], RNase activity [147] and expression of pheophytinase [148]).

The effect of each CK ligand depends not only on its structure and concentration, however it
also may be species-specific. Various CKs show modified ligand affinity for their receptors, e.g.,
in A. thaliana, Brasica napus, maize and potato [22,149-151]. The diverse effects of particular CKs
regarding physiological responses to exogenous application have also been documented. Whereas
BAP is widely known for its antisenescence effect on leaves of, e.g., broccoli, bean, barley, maize and
wheat [85,87,137,152,153], after application to lettuce, no or only a weak effect was found [152,154].
Similarly, kin has repeatedly been reported as very active in senescence deceleration (e.g., [155-157]),
however it showed an ambiguous effect on Anthurium [82]. It should be noted that the CK effect also
depends on the age of cells and leaves [158] and light conditions [123,158,159].

8. Mechanisms and Genes Implicated in the Antisenescent and Antioxidant Activity of CKs

The ability of plants to perceive CKs acts through a modified bacterial two-component pathway
that functions via a multi-step phosphorelay [160]. CK molecules in Arabidopsis are perceived by
sensor histidine kinase receptors, named AHK2, AHK3 and CRE1/AHK4 [161-163]. Gene responses
to CK treatment have been examined and reported a number of times [93,161,164]. The first genes
to be induced by CKs (IBC genes), now known as A response regulator genes ARR5 and ARR4,
were identified in 1998 [161,165]. AHKS3 in particular was found to be the major Arabidopsis CK receptor
connected with the antisenescent effect of CKs. It also plays a major role in CK-mediated leaf longevity
through specific phosphorylation of a type-B response regulator, ARR2 [23,166]. Zwack et al. [167]
showed that cytokinin response factor 6 (CRF6), the expression of which is downstream of the
perception of CKs by AHKS, is involved in negative regulation of senescence. Recent research
demonstrated that AHK2 and AHKS3 are implicated in the routine repair of D1 protein, which is
necessary for the functioning of photosystem II (PSII). This protective function of CKs during light stress
depends on type B ARR1 and ARR12 [168]. On the other hand, the receptor CRE1/AHK4 probably
affects oxidative damage during senescence. Janeckova et al. [134] studied Arabidopsis mutants with
two non-functional and only one functional CK AHK receptor and observed that the dark senescence
induced increase in lipid peroxidation was retarded in the mutant with solely functional CRE1/ AHK4
and also partially in the mutant with solely functional AHK2 receptor. Different patterns of hormonal
regulation suggest that CKs may act transcriptionally to alter responses to ROS that are often
produced during abiotic stress [93]. Over the last 10 years, using the model Arabidopsis plant, several
transcriptomic datasets related to CKs have been generated from different technological platforms,
culminating in RNA sequencing [164]. It is well-known today that both exogenous application of active
CKs and an increase in their endogenous content can delay senescence [6,134,169]. Current molecular
genetics strategies to manipulate leaf senescence are based either on enhancing CK production [6,7]
and perception [170] or exogenous application of CKs and their derivatives [6,171]. It was shown
that it is possible to genetically engineer IPT plants to overproduce CKs [6,7]. These IPT plants as
well as exogenously added CKs, e.g., BAP, can be used in vegetables such as broccoli to effectively
delay senescence as well as postharvest senescence owing to their antagonistic effect on ethylene [172].
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Functional analysis of differentially expressed genes in BAP supplied postharvest broccoli showed
regulation in the expression of genes involved in CK signalling, nutrient transport and photosynthesis.
The addition of BAP caused downregulation of the gene responsible for ethylene synthesis [172].
Flowers of Petunia x hybrida transformed with PSAG12-IPT that overproduced endogenous CKs during
the senescence period and produced the same amount of ethylene as wild-type flowers, however were
less sensitive to exogenous ethylene and had a much longer lifetime [173]. This demonstrates that
endogenous CKs lower the sensitivity of plants to ethylene and extend their lifetime.

Many genes associated with senescence (SAGs) have been identified [174]. SAGs are genes that
are expressed during senescence [170] that encode for degradative enzymes, such as RNAses [175],
proteinases [176-178] and lipases [179], and products involved in nutrient translocation processes [180].
Temporal control of senescence was achieved when the promoter of the SAG12 gene was linked to an
IPT gene [94]. The SAG12:IPT autoregulatory senescence inhibition system has also been successfully
implemented in a number of important crops, such as rice, ryegrass, tomato, alfalfa, cauliflower,
wheat, cassava and cotton [171,181]. Currently, it is used to delay senescence in green vegetables,
such as lettuce and broccoli [94]. Psac12-IPT tobacco plants that were grown in a growth-limiting
nitrogen supply showed delayed senescence-associated declines in nitrogen, protein and Rubisco
levels and photosynthesis rates [182]. Weaver and Gan published the expression of several Arabidopsis
thaliana SAGs in attached and/or detached leaves and compared the response to age, dehydration,
darkness, abscisic acid, cytokinin (BAP) and ethylene treatment [144]. BAP inhibited SAG expression
in dark detachment experiments and the inhibition was generally greater in younger leaves. Thus,
there is an indisputable connection between CK action and the light influence on senescence as the key
factors in senescence regulation [134]. Lara et al. demonstrated that CKs upregulate the expression of
extracellular cell wall invertase and that this enzyme is required for the delay of senescence caused by
CKs [183]. This enzyme plays a crucial role in source-sink regulation, which has been shown to be
a key molecular mechanism in CK senescence inhibition [183]. Vyli¢ilova et al. prepared a series of
2,6-disubstituted ARCK derivatives in 2016 and investigated the relation between the antisenescent
effect of these compounds derived from CKs and their influence on photosystem II [44]. For most of
the active compounds, regulation of gene expression in senescent Arabidopsis leaves was observed.
In agreement with previously published data, it was shown that CK derivative treatment upregulated
CK response regulators and other CK responsive genes, such as ARR15, ARR5, ARRS, ARR7, ARR4,
ARR6, ARRY, CKX4, CRE1/AHK4, CRF2 and CRF5, however also genes encoding components of the
photosystem II light harvesting complex (LHCII), i.e., At2g05070, At5g54270, Atl1g44575, At3g55330
and At2g39470, even though BAP had a negligible effect on these genes [44]. This supports the
abovementioned suggestion of the need for electronegative atoms (which BAP lacks) in the vicinity of
N6H and N7H.

Transgenic plants have also been used to examine the influence of endogenous CKs on antioxidant
defence systems. CKs induced the activity of antioxidant enzymes in transgenic plants, e.g., during
plant ontogeny of Pssu-ipt tobacco [184]. Whereas the control plants showed a decline in total CK
content, the transgenic plants exhibited at least a 10 times higher content of CKs than the controls,
especially of Z and ZR. The transgenic plants also showed elevated activity of antioxidant enzymes,
such as glutathione reductase (GR), SOD and APX [184]. Old tobacco leaves of Psag12-IPT plants had
a much longer lifespan and the concentrations of antioxidants ascorbate and GSH were higher than in
wild-type leaves. At the same time, the chlorophyll and protein contents together with photosynthetic
rate were increased. The decline in activity of antioxidative enzymes APX, GR and SOD during
senescence was slowed down by CKs that were produced in Pspg12-IPT plants [185]. It was shown
that old leaves of PspG12-IPT plants and their chloroplasts maintained higher physiological parameters
than in the control due to the extension of the period of greater antioxidant protection [186]. In a field
study, stay-green cv. P3845 of Zea mays with enhanced levels of endogenous CKs showed higher CAT
and SOD activities than earlier senescent cv. Hokku 55 [187].
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The effects of exogenous CKs on photosynthetic capacity and antioxidant enzyme activities were
evaluated in WN6 (a stay-green wheat cultivar) and JM 20 (control wheat, [85]). WN6 reached a higher
grain mass, mainly due to a higher photosynthetic rate resulting from a maximal quantum yield of
PSII photochemistry. Exogenously applied BAP enhanced antioxidant enzyme activities and decreased
MDA content, as well as increased endogenous tZ levels [85].

9. Conclusions

Here, we review a family of important plant growth regulators—CKs—that are inseparably
linked with plant senescence. The emphasis is on the interconnections between the CK influence on
the photosynthetic apparatus, determinable antisenescent properties measured by several bioassays,
antioxidative enzyme regulation, levels of antioxidant secondary metabolites in a number of plants
or their explants and genes involved in plant senescence and its regulation. We highlight several
molecular aspects that may represent new connections in the mechanism of action of these amazing
small molecules that are indisputably involved in plant defence against biotic and abiotic stress.
The role of systematic study and synthesis of new CK derivatives in relation to their biological
functions is discussed, especially their antisenescent properties, together with their structural changes
in comparison to the original molecules. Links between changes in structure and biological activities,
especially effects on photosynthetic apparatus, secondary metabolite production and senescence
related gene involvement, are described with regard to the overall functions of CKs within plants.
Common structural motifs in CK molecules that could serve as a guide to specifically why these
molecules have antisenescent properties are outlined. The involvement and ability of biotic stresses to
enter the transcriptional process of CK production are also mentioned. This is especially relevant to
green island formation and the influence on photosynthesis, which continue to be important issues.
However, many questions remain which need further exploration of these interesting molecules with
ancient perception and regulatory systems.
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2CI-3F-BAPR 2-chloro-6-(3-fluorobenzylamino)-9-3-D-ribofuranosylpurine

3F-BAP 6-(3-fluorobenzylamino)purine

3F-BAPR 6-(3-fluorobenzylamino)-9-3-D-ribofuranosylpurine

AHK Arabidopsis histidine kinase

APX ascorbate peroxidase

ARCK aromatic cytokinins

ARR Arabidopsis response regulator

BAP 6-(benzylamino)purine

CAT catalase

CK cytokinin

CPPU N-(2-chloropyridin-4-yl)-N’-phenylurea

CRF cytokinin response factor

cZ 6-(Z)-(4-hydroxy-3-methylbut-2-enylamino)purine (cis-zeatin)
DCPPU N-(2,6-dichloro-pyridin-4-y1)-N’-phenylurea

DHZ 6-(4-hydroxy-3-methylbutylamino)purine (dihydrozeatin)
DHZR 6-(4-hydroxy-3-methylbutylamino)-9-f-D-ribofuranosylpurine (dihydrozeatin-riboside)

GSH glutathione
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INCYDE 2-chloro-6-(3-methoxyphenylamino)purine

iP 6-(2-isopentenylamino)purine

IPT isopentenyl transferase

ISCK isoprenoid cytokinins

Kin 6-(furfurylamino)purine (kinetin)

MDA malondialdehyde

mT 6-(3-hydroxybenzylamino)purine (meta-topolin)

mTR 6-(3-hydroxybenzylamino)-9-3-D-ribofuranosylpurine (meta-topolin-9-riboside)

ORAC oxygen radical absorbance capacity

oT 6-(2-hydroxybenzylamino)purine (ortho-topolin)

PI-55 6-(2-hydroxy-3-methylbenzylamino)purine

POD peroxidase

ROS reactive oxygen species

SAGs senescence-associated genes

SOD superoxide dismutase

TDZ 1-phenyl-3-(1,2,3-thiadiazol-5-yl)urea (thidiazuron)

THF tetrahydrofuran-2-yl

THP tetrahydropyran-2-yl

tZ 6-(E)-(4-hydroxy-3-methylbut-2-enylamino)purine (trans-zeatin)

tZR 6-(E)-(4-hydroxy-3-methylbut-2-enylamino)-9-3-D-ribofuranosylpurine (trans-zeatin-9-riboside)

WLSA wheat leaf senescence assay

Z 6-(4-hydroxy-3-methylbut-2-enylamino)purine (zeatin)

ZR 6-(4-hydroxy-3-methylbut-2-enylamino)-9--D-ribofuranosylpurine (zeatin-9-riboside)
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Isoprenoid cytokinins play a number of crucial roles in the regulation of plant growth and development.
To study cytokinin receptor properties in plants, we designed and prepared fluorescent derivatives of 6-
[(3-methylbut-2-en-1-yl)amino]purine (N®-isopentenyladenine, iP) with several fluorescent labels
attached to the C2 or N9 atom of the purine moiety via a 2- or 6-carbon linker. The fluorescent labels
included dansyl (DS), fluorescein (FC), 7-nitrobenzofurazan (NBD), rhodamine B (RhoB), coumarin (Cou),
7-(diethylamino)coumarin (DEAC) and cyanine 5 dye (Cy5). All prepared compounds were screened for
affinity for the Arabidopsis thaliana cytokinin receptor (CRE1/AHK4). Although the attachment of the
fluorescent labels to iP via the linkers mostly disrupted binding to the receptor, several fluorescent de-
rivatives interacted well. For this reason, three derivatives, two rhodamine B and one 4-chloro-7-
nitrobenzofurazan labeled iP were tested for their interaction with CRE1/AHK4 and Zea mays cytokinin
receptors in detail. We further showed that the three derivatives were able to activate transcription of
cytokinin response regulator ARR5 in Arabidopsis seedlings. The activity of fluorescently labeled cyto-
kinins was compared with corresponding 6-dimethylaminopurine fluorescently labeled negative con-
trols. Selected rhodamine B C2-labeled compounds 17, 18 and 4-chloro-7-nitrobenzofurazan N9-labeled
compound 28 and their respective negative controls (19, 20 and 29, respectively) were used for in planta
staining experiments in Arabidopsis thaliana cell suspension culture using live cell confocal microscopy.

© 2018 Elsevier Ltd. All rights reserved.

Abbreviations: ABA, abscisic acid; 2-AmEtAm, 2-aminoethylamino-; 6-AmHexAm, 6-aminohexylamino-; AHK, histidine-kinase receptor from A. thaliana; AFCS, Alexa
Fluor 647 labeled castasterone; ARR5:GUS, Arabidopsis response regulator 5: B-glucuronidase; ARCKs, aromatic cytokinins; BRI1, protein brassinosteroid insensitive 1; Cou,
coumarin; Cou-OH, coumarin-3-carboxylic acid; CK(s), cytokinin(s); Cy5, cyanine 5 dye; Cy5-NHS, NHS ester; DCC, N,N'-dicyclohexylcarbodiimide; DCM, dichloromethane;
DIAD, diisopropyl azodicarboxylate; DMSO, dimethylsulfoxide; DEAC, 7-(diethylamino)coumarin; DEAC-OH, 7-(diethylamino)coumarin-3-carboxylic acid; DAP, 6-
dimethylaminopurine; DS, dansyl; DS-Cl, dansyl chloride; NBD, 7-nitrobenzofurazan; NBD-Cl, 7-nitrobenzofurazan chloride; ESI"-MS, electrospray ionization mass spec-
trometry (positive mode); EtOAc, ethyl acetate; FC, fluorescein; FITC, fluorescein isothiocyanate; HPLC, high-performance liquid chromatography; IAA, indole-3-acetic acid;
ISCK, isoprenoid cytokinins; iP, 6-[(3-methylbut-2-en-1-yl)amino]purine, N°-isopentenyladenine; MeOH, methanol; NAA, naphthalene acetic acid; NHS, N-hydrox-
ysuccinimide; NMR, nuclear magnetic resonance; PrOH, n-propanol; RhoB, rhodamine B; RhoB-NHS, rhodamine B NHS ester; RT, room temperature; TFA, trifluoroacetic acid;
TLC, thin layer chromatography; THF, tetrahydrofuran; tZ, trans-zeatin.
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1. Introduction

Naturally occurring isoprenoid cytokinins (ISCK), such as 6-[(3-
methylbut-2-en-1-yl)amino]purine (iP), trans-zeatin (tZ) and cis-
zeatin, are plant signaling molecules. For this reason, they have
attracted the attention of biologists owing to their importance in
numerous aspects of plant growth and development, cell division,
seed germination, the formation and activity of shoot and root
meristems, apical dominance, auxiliary bud release, nutrition
mobilization, leaf senescence and responses to pathogens (Davies,
2007). Fluorescently labeled ISCK may be a useful alternative tool
for research into cytokinin perception and signaling in plants.
Although several cytokinin receptors have been already described,
e.g., in species such as Arabidopsis (Inoue et al., 2001; Suzuki et al.,
2001), maize (Yonekura-Sakakibara et al., 2004), legumes Medicago
truncatula (Gonzalez-Rizzo et al., 2006), Lotus japonicus (Murray
et al., 2007; Tirichine et al., 2007) and rice (Du et al., 2007), there
remains the need for mapping the receptor domain in order to
understand the relation between the chemical structure and ac-
tivity of cytokinin derivatives. This approach is indispensable
developing new strategies in plant biotechnology, such as plant
tissue culture, modern agriculture and plant protection against
stress (Plihalova et al., 2016). Fluorescent labeling is an important
tool in cell biology research, e.g., staining and immunostaining
techniques (Doskocilova et al., 2013; Mason, 1999; Ovecka et al.,
2014; Samajova et al., 2014), and for visualizing of small bioactive
molecules. It offers several advantages over traditional radio-ligand
binding techniques, i.e., fluorescence labels are relatively safe and
inexpensive compared to tritiated or iodinated compounds and a
wide range of fluorophores are available to suit different experi-
mental setups (McGrath et al., 1996; Daly and McGrath, 2003).
Fluorescent ligands are continually being developed to meet the
demands of the pharmacological community and are being used to
study pharmacological receptor systems (Daly and McGrath, 2003).
Hiratsuka and Kato used a fluorescent analogue of colcemid with 7-
nitrobenzo-furazan (NBD, NBD-colcemid) to visualize tubulin
(Hiratsuka and Kato, 1987). Fluorescent labeling of small active
molecules has been shown to be effective for visualizing plant
hormones, such as auxins, abscisic acid, jasmonates, gibberellins,
brassinosteroids and even strigolactones. In one such study,
abscisic acid (ABA) was coupled with fluorescein isothiocyanate
(FITC) and used to study direct interaction of ABA with the plasma
membrane as although ABA receptors were unknown at the time,
they were predicted to lie in the membrane (Asami et al., 1997).
Fluorescent brassinosteroid was prepared by labeling castasterone
with Alexa Fluor 647 (AFCS) and the endocytosis of BRI1-AFCS
complexes in living cells was visualized (Irani et al., 2012). Fluo-
rescent labeling at the cellular level has also been done using gib-
berellins labeled with FITC (Pulici et al., 1996). 1,4-Dithiobutylene
and 1,3-dithiopropylene spacers were employed between the
fluorescent label and gibberellin, particularly for the compound 17-
mercaptobutylthio-3¢,10-dihydroxy-20-norgibberella-7,19-dioic
acid-19,10-lactone. It was shown that derivatives with longer
spacers between gibberellin and FITC were more active in the
ability to induce o-amylase activity in the embryoless half grain, a
process known to be specifically induced by active Gas synthesized
by the embryo. However, an approximately 10-fold higher con-
centration of the fluorescent probe than GA3 was needed to obtain a
comparable biological effect (Pulici et al.,, 1996; Lace and Prandi,
2016). Synthesis of fluorescently labeled strigolactone analogs
(DS, FC, BODIPY) has been used to search for possible strigolactone
receptors in vivo (Prandi et al., 2013). Rhodamine and fluorescein
auxin derivatives have been synthesized by direct conjugation of
FITC and rhodamine B to the NH group of IAA (Sokolowska et al.,
2014). Both fluoroprobes were shown to retain auxin activity in

three different bioassays (Sokolowska et al., 2014). Tsuda and
Hayashi introduced an NBD label into 5-hydroxy-IAA and 7-
hydroxy-NAA but the prepared auxin analogs were found to be
inactive toward auxin receptors (Tsuda et al., 2011; Hayashi et al,,
2014; Lace and Prandi, 2016). Fluorescently labeled jasmonate has
been synthesized by bonding jasmonoyl-L-isoleucine to coumarin
343 via the carboxyl group of isoleucine (Liu et al, 2012). The
fluorescent probe was examined in cabbage using a root growth
inhibition bioassay and the effect of fluorescently labeled probe on
the root growth of cabbage seedlings was similar to that of the
methyl jasmonate, the standard bioactive jasmonate. Like ap-
proaches to other plant growth regulators, in preparing a fluores-
cent probe for visualizing a cytokinin receptor, the compound has
to possess cytokinin activity and high affinity for the receptor while
nonspecific binding to other cellular structures needs to be mini-
mized. When the first attempts to prepare a cytokinin fluorescent
probe failed in the 1970s, a different strategy based on the con-
struction of mimetic adenine-like molecules was developed (Skoog
et al, 1975; Specker et al., 1976). Modifications of cytokinins,
particularly in the purine moiety, has led to the preparation of
fluorescent imidazo[4,5-g]- and imidazo[4,5-f]-quinazolines, 4-
substituted  2-methylthiopyrido[2,3-d|pyrimidines and  7-
phenylethynylimidazo[4,5-b]pyridines and their ribosides, which
were shown to have only weak or negligible cytokinin activity in a
tobacco callus bioassay (Specker et al., 1976; Hamaguchi et al., 1985;
Nishikawa et al., 2000). Zawadski's group prepared synthetic
cytokinin N-phenyl-N'-(4-pyridyl) urea labeled with 4-chloro-7-
nitrobenzofurazan and rhodamine B fluorescent labels and detec-
ted binding of the cytokinin-specific protein VrCSBP by fluores-
cence correlation spectroscopy (Zawadski et al., 2010). It has been
suggested that the loss of biological activity could be prevented by
separation of the pharmacophore from the fluorescent moiety
through the introduction of a spacer or linker (Leopoldo et al.,
2009). However, so far, only a few studies have systematically
evaluated spacer length for fluorescent probes and none have
directly evaluated purine based cytokinins. Spacer length and po-
sition of the spacer (label) in the purine moiety can both have a
large impact on the biological activity of such cytokinin derivatives.
Appropriate positional attachment of fluorophores to small mole-
cule ligands is critical for retaining both receptor binding affinity
and efficacy (Leopoldo et al., 2009). In addition to standard fluo-
rophores such as fluorescein and rhodamine, we have also
endeavoured to find new efficient fluorolabels with fewer limita-
tions for use in biological systems and during confocal microscopy
imaging. For example, fluorescein is known to self-quench after
bioconjugation (Lace and Prandi, 2016; Sjoback et al., 1995) as the
emission properties of fluorescein greatly depend on environ-
mental pH (Lavis et al., 2007) and it often exists as an equilibrium
between lactone and quinoid forms (Lace and Prandi, 2016).
Although rhodamine dyes are less sensitive to pH than fluorescein,
they are poorly soluble in water (Lace and Prandi, 2016). Despite
these limitations, both are widely used for labeling bioactive mol-
ecules. We have also used the small heterocyclic molecule 4-chloro-
7-nitrobenzofurazan (NBD-Cl), which is a benzoxadiazole com-
pound with low molecular weight. Derivatives of NBD-Cl have been
used for the preparation of novel kinase substrates, lipid probes and
fluorescent analogs of native lipids and the study of a variety of
processes (Chattopadhyay, 1990; Lavis and Raines, 2008; Lace and
Prandi, 2016).

In this work, we prepared fluorescently labeled iP derivatives
because iP is known to bind to Arabidopsis thaliana CRE1/AHK4, Zea
mays  ZmHK1 and other cytokinin  receptors. 6-
Dimethylaminopurine (DAP) analogs with no cytokinin activity
were also prepared to obtain fluorescent negative controls for re-
ceptor bioassays. The prepared compounds contained a 2- or 6-
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carbon linker between the iP or DAP molecule and the fluorescent
labels. The fluorescent labels used included dansyl (DS), fluorescein
(FC), 7-nitrobenzofurazan (NBD), rhodamine B (RhoB) and
coumarin (Cou), 7-(diethylamino)coumarin (DEAC) and cyanine 5
dye (Cy5). We selected the C2 or N9 atom of the purine moiety for
linker attachment to prepare 2,6- and 6,9-disubstituted purine
derivatives. The ability of all prepared compounds to bind the
cytokinin receptor CRE1/AHK4 was tested. The three most suc-
cessful derivatives were also tested for interaction with CRE1/AHK4
and ZmHK1 in detail as well as for their ability to activate the
expression of the ARR5 gene, which is the primary cytokinin
response regulator in Arabidopsis (D'Agostino et al., 2000). Two
active C2-fluorescent probes labeled with RhoB and one active N9-
fluorescent probe labeled with NBD together with their fluorescent
controls were used for staining of Arabidopsis thaliana cell sus-
pension culture and live cell imaging using confocal microscopy.

2. Results and discussion
2.1. Synthesis

We prepared thirty new 2,6- or 6,9-disubstituted adenine de-
rivatives with the linker attached to an appropriate fluorescent
label either at the C2- or N9-atom of the purine moiety and
elemental analyses, fluorescent label, length of the linker, ESI-MS
and spectral data are shown in Table 1. In addition to the fluo-
rescently labeled iP derivatives, we also prepared DAP analogs
labeled with the same fluorescent labels as the iP derivatives for use
as negative controls in future experiments. The syntheses of fluo-
rescently labeled iP and DAP derivatives consisted of several steps,
as described in the Experimental section and in the Supplementary
data. In the first step, an appropriate intermediate substituted with
a linker terminating in an amino group was prepared (Schemes 1
and 2). This derivative was labeled with an appropriate fluores-
cent label (Schemes 3 and 4). For substitutions at the C2 atom of the
purine moiety, only fluorescent labels that could be attached to an
amino group were used, e.g., NBD-Cl, NHS activated coumarin-3-
carboxylic acid, DS-CI, NHS activated DEAC, FITC and NHS acti-
vated RhoB. For the N9 position of the purine atom moiety, we used
an appropriate linker terminating in an amino group and NBD-CI,
Cy5-NHS, RhoB-NHS and FITC as fluorescent labels. Since the two
carbon linker has proved to be more efficient in the case of C2
derivatives, we have adopted this design strategy for N9 fluorescent
probes (25—28 and 30). Compound 29, i.e., DAP-N9-NBD, was also
prepared as the only negative control (specifically for comparison
with the only active compound 28).

2.2. Live cell hormone binding assays

Cytokinin—receptor interaction is a crucial step in the initiation
of cytokinin signaling in plant cells (Romanov et al., 2005). The
functionality and ability of intended fluorescent probe to enter the
cells can be verified by activation of the appropriate receptors.
Therefore, the prepared compounds were tested in a direct binding
assay with E. coli expressing functional CRE1/AHK4 or AHK3 re-
ceptors from A. thaliana to test their ability to compete with the
radiolabeled natural ligand trans-zeatin (2-[*H]tZ). Unlabeled trans-
zeatin, isopentenyladenine (iP), adenine and DMSO were used as
positive and negative controls, respectively (Fig. 1A and B; Spichal
et al., 2009).

We compared the activity of fluorescently labeled DAP de-
rivatives 3, 4, 7, 8, 11, 12, 15, 16, 19, 20 and 29 prepared as the
negative controls with iP fluorescently labeled probes at CRE1/
AHK4 receptor. DAP as well as iP derivatives were fluorescently
labeled via a two or six carbon linker attached to the C2 or N9 atom

of the purine moiety. DAP control derivatives were chosen given
that the isopentenyl substituent is considered to be responsible for
the cytokinin receptor binding properties (Hothorn et al., 2011;
PDB:3T4]J). As predicted, all control derivatives (black columns in
Fig. 1A) were inactive.

Some of the desired fluorescently labeled derivatives of iP,
namely 2, 5, 6, 9, 13, 14, were also found to be unable to compete
with 2-[3H]tZ at the CRE1/AHK4 receptor (Fig. 1A). Whereas DS and
DEAC fluorescent labels deactivated iP probes regardless of the
linker length, iP derivatives of NBD (1, 28), Cou (10), RhoB (17, 18)
and FC (21 and 22) showed at least partial affinity to the cytokinin
receptor CRE1/AHK4. Although the RhoB labeled C2-derivatives 17
and 18 were active in competing with 2-[>H]tZ at the receptor
binding site, the iP RhoB labeled N9-derivative 27 was inactive. The
FC labeled derivatives behaved similarly.

Whereas the activity of both RhoB labeled derivatives 17 and 18
was comparable, the FC labeled derivative 21 with a shorter two-
carbon linker exhibited a higher affinity than the derivative 22
with a six-carbon linker. A similar trend was observed for the NBD
labeled iP fluorescent probes: the two-carbon linker of 1 was found
to be more efficient than the six-carbon linker of 2, which was
inactive. C2-labeled iP derivative 21 exhibited highest affinity for
the receptor, displacing more than 65% of 2-[*H]tZ from the re-
ceptor at a 20 uM concentration. The compound 21 thus appeared
to be a promising candidate for fluorescent staining until we found
that the substance was chemically unstable and spontaneously
decomposed during storage. Another promising active compound
was N9-labeled 28. This compound (bearing the NBD label) was the
only N9 derivative to exhibit affinity for the CRE1/AHK4 receptor,
displacing approximately 57% of 2-[H]tZ from receptor binding site
at 20 UM concentration. As shown in Fig. 1A, with the exception of
compound 28, the other prepared N9-substituted compounds, i.e.,
25—27 and 30, appeared to be non-active in displacing 2-[>H]tZ in
the competition assay. In contrast to 28, compound 29, (negative
control), was found to be inactive.

Finally, we selected two RhoB labeled C2-derivatives 17 and 18
and one NBD labeled N9-derivative 28 to test their interaction with
CRE1/AHK4 within a wider concentration range (Fig. 1B). The
compounds affinity for the receptor was compared to the affinity of
adenine (negative control) and iP (positive control). The affinity of
compounds 17 and 18 for CRE1/AHK4 was relatively weak
compared to the control, better results were achieved with com-
pound 28, whose affinity was approximately ten times higher than
compound 18. Compound 28 decreased the binding of 2-[*H]tZ to
the receptor to 55% at 10 uM concentration. Cytokinin iP decreased
the binding of 2-[?H]tZ to the receptor to 45% at 10 nM concen-
tration. Compound 28 showed approximately 1000 times lower
affinity to the CRE1/AHK4 receptor than iP and although the affinity
of 28 appeared to be low, we showed that it was sufficient for in
planta staining studies. Although the effective concentrations of the
active fluorescent probes were high in relation to the positive
standard iP, the selected micromolar concentration was necessary
for effective visualization of target cellular structures during
confocal or fluorescent microscopy staining. Similar approaches
have been reported for other phytohormone-based fluorescent
probes (Irani et al., 2012).

This aside, the results of the competition assay corresponded to
the published structure of the CRE1/AHK4 sensor domain (Hothorn
et al., 2011; PDB:3T4J). The crystal structure of the CRE1/AHK4
sensor domain in complex with iP showed four hydrogen bonds
formed between the receptor cavity and the adenine moiety and
these interactions appeared to be critical for receptor function. Both
N6H and N7H hydrogen bonds are linked to Asp262 while N1H
atom and N3H hydrogen bonds are linked to water molecules.
While C2 and N9 point out of the receptor cavity, they might be
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Table 1
Table of prepared fluorescently labeled purine derivatives. 2AmEtAm — 2-aminoethylamino-; 6AmHexAm — 6-aminohexylamino-; NBD — 7-nitrobenzofurazane; Cou —
coumarin; DEAC — 7-(Diethylamino)coumarin; DS — dansyl, RhodB — Rhodamine B; FC — fluorescein, v.w.f.: very weak fluorescence.

Comp. Cc6 Cc2 N9 Fluorescent label HPLC purity [%] ESI-MS Spectral properties ~ Aempyax [nm]
L = - - -
[M -+ H] AeXmax [nm]

1 (3-Methylbut-2-en-1-yl)amino- 2AmEtAm H NBD 98.2 425 460 525
2 (3-Methylbut-2-en-1-yl)amino- 6AmHexAm H NBD 99.2 481 465 525
3 Dimethylamino- 2AmEtAm H NBD 98.4 385 v.w.f. v.w.f.
4 Dimethylamino- 6AmHexAm H NBD 99.9 441 464 526
5 (3-Methylbut-2-en-1-yl)amino- 2AmEtAm H DS 99.9 495 257 507
6 (3-Methylbut-2-en-1-yl)amino- 6AmHexAm H DS 99.9 551 256 507
7 Dimethylamino- 2AmEtAm H DS 99.8 455 254 508
8 Dimethylamino- 6AmHexAm H DS 99.6 511 255 505
9 (3-Methylbut-2-en-1-yl)amino- ~ 2AmEtAm H Cou 99.9 434 v.w.f. v.w.f.
10 (3-Methylbut-2-en-1-yl)amino- 6AmHexAm H Cou 99.4 490 290 406
11 Dimethylamino- 2AmEtAm H Cou 99.9 394 v.w.f. v.w.f.
12 Dimethylamino- 6AmHexAm H Cou 98.9 450 290 407
13 (3-Methylbut-2-en-1-yl)amino- 2AmEtAm H DEAC 99.9 505 416 464
14 (3-Methylbut-2-en-1-yl)amino- 6AmHexAm H DEAC 98.2 561 416 464
15 Dimethylamino- 2AmEtAm H DEAC 99.9 465 416 464
16 Dimethylamino- 6AmHexAm H DEAC 99.9 521 416 464
17 (3-Methylbut-2-en-1-yl)amino- 2AmEtAm H RhoB 98.0 686 544 566
18 (3-Methylbut-2-en-1-yl)amino- 6AmHexAm H RhoB 98.1 742 546 546
19 Dimethylamino- 2AmEtAm H RhoB 95.0 646 546 568
20 Dimethylamino- 6AmHexAm H RhoB 98.0 702 544 566
21 (3-Methylbut-2-en-1-yl)amino- 2AmEtAm H FC 92.4 651 544 566
22 (3-Methylbut-2-en-1-yl)amino- 6AmHexAm H FC 97.7 707 497 518
23 Dimethylamino- 2AmEtAm H FC 914 612.1 498 518
24 Dimethylamino- 6AmHexAm H FC 92.0 668.3 497 518
25 (3-Methylbut-2-en-1-yl)amino- H 2AmEtAm DS 98.3 481 342 500
26 (3-Methylbut-2-en-1-yl)amino- H 2AmEtAm FC 97.0 636 v.w.f. v.w.f.
27 (3-Methylbut-2-en-1-yl)amino- H 2AmEtAm RhoB 96.5 672 554 588
28 (3-Methylbut-2-en-1-yl)amino- H 2AmEtAm NBD 96.8 410 475 552
29 Dimethylamino- H 2AmEtAm NBD 98.0 370 v.w.f. v.w.f.
30 (3-Methylbut-2-en-1-yl)amino- H 2AmEtAm Cy5 97.7 713 270 641
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Scheme 1. Reaction scheme for the synthesis of 2,6-disubstituted purine precursors for fluorescent labeling. a) R-H, Et3N, n-PrOH, 100 °C, 4 h; b) ethane-1,2-diamine, hexane-1,6-
diamine, 165°C, 3 h.
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Scheme 2. Reaction scheme for the synthesis of 6,9-disubstituted purine precursors for fluorescent labeling. a) Boc-2-aminoethanol, PPhs, DIAD, THF, 2 h; b) R-H, Et3N, n-PrOH,
100°C, 4 h; c) Dowex 50W X8, DCM, reflux followed by 4 M methanolic ammonia, overnight.
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Scheme 3. Preparation of C2-fluorescently labeled purine derivatives. a) NBD-Cl, NaHCOs;, MeOH, 50 °C 1 h followed by RT overnight; b) NHS activated coumarin-3-carboxylic acid,
DMSO, MeCN, carbonate buffer pH 8.6, overnight; c) dansyl chloride, Et;N, MeOH, DCM, overnight; d) NHS activated DEAC-OH, DMSO, MeCN, carbonate buffer pH 8.6, overnight; e)
FITC, EtsN, MeOH, overnight; f) NHS activated rhodamine B, MeCN, carbonate buffer pH 8.6, overnight.

R
|
L. 0 L 0

0
N L9
N

(28, 29) \\H\N Ly (25) \\\ \éo

’ Y
(@)

HO

)
\

\
\
>

/W
=z

Z

/
(@]

§

o O R: =
O~
g () )
Scheme 4. Fluorescently labeled N9-substituted derivatives. a) 4-chloro-7-nitrobenzofurazan, NaHCO3;, MeOH, 50°C, 1 h; b) dansyl chloride, 2 M Na,COs, acetone, water, RT,
overnight; c) cyanine 5 NHS, 0.1 M sodium bicarbonate in water, DMF; d) NHS activated rhodamine B, MeCN, carbonate buffer pH 8.6, overnight; e) FITC, MeOH, NaHCOs, 50°C, 1 h.
Kation of compound 30 was compensated by [BF4] anion that was which was omitted to simplify the scheme.
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Fig. 1. The ability of the compounds to bind to the cytokinin receptor CRE1/AHK4 in live cell hormone binding assay. (A) Fluorescently labeled DAP and iP derivatives (both 20 uM)
competed with 2nM 2-[>H]tZ. (B) Selected compounds in more detail. Negative control (19) for compound 17 is not shown but, exhibited the same affinity pattern as negative
control 20. Adenin (Ade) and DMSO were used as negative controls. The value obtained with DMSO was set as 100% (dashed line). The value obtained with 10 uM iP was set as 0%
and was used to discriminate the non-specific binding of 2-[>H]tZ on the bacteria. Error bars show SD values for three replicates.

accessible for linkers bearing spherically advantageous fluorescent
labels in molecules 17, 18 and 28.

The C2-substituted derivatives were also tested with Arabi-
dopsis cytokinin receptor AHK3, however none showed any affinity
toward this receptor (data not shown).

Compounds 17,18 and 28 were further tested as to whether they
interact with the cytokinin receptor ZmHK1, a maize orthologue of
CRE1/AHK4 receptor to extend the potential use of the prepared
fluorescent cytokinins to other plant species (Yonekura-Sakakibara
et al., 2004). In the assay, we functionally expressed ZmHK1 in
E. coli strain KMIOO1 (Podlesakova et al., 2012). Unfortunately, in
the bacterial receptor competitive assay, compound 17 showed no
affinity to the receptor (data not shown) while compound 18
exhibited an affinity for the ZmHK1 receptor comparable to
adenine (Fig. 2A). This result contrasted with the results from CRE1/
AHK4 competition assay, where both compounds showed higher
affinity than adenine. However, derivative 28 decreased binding of
2-[2H]tZ to the receptor by approximately 70% at 10 uM concen-
tration, while adenine had the same effect at 100 uM concentration.
In the higher concentration ranges, 28 was also more effective than
adenine, decreasing binding of 2-[*H]tZ to the receptor by
approximately 50% at 50 uM concentration (Fig. 2A). The effect of
28 (and its negative control, 29) at 100 uM concentration was not

evaluated as the compounds were not completely soluble in the
tested system at such high concentrations.

In ZmHK1 receptor activation assay, we made several unex-
pected observations. First, compound 18 was able to activate the
receptor (Fig. 2B), even though the ligand-receptor interaction did
not seem to be specific; compound 18 was a 100 times weaker
activator of ZmHK1 than iP. In contrast, compound 28 was unable to
activate this receptor (data not shown), although it exhibited sig-
nificant affinity for this receptor. Therefore, the compound bound
to the cytokinin receptor without triggering its activation in a
manner we have described and characterized as anti-cytokinin
behavior (Nisler et al., 2010). This may be advantageous for fluo-
rescently labeled cytokinin probes, because it allows for specific
interaction with the cytokinin receptor and at the same time limits
potential constraints linked to high intracellular cytokinin
concentrations.

2.3. Activation of the cytokinin primary response gene ARR5

We employed transgenic Arabidopsis (Arabidopsis thaliana)
plants harboring the ARR5:GUS reporter gene (D'Agostino et al,,
2000) to gain more information as to whether compounds 17, 18
and 28 are able to trigger the cytokinin signaling pathway in planta.
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Fig. 2. Interaction of the selected compounds with the cytokinin receptor ZmHK1. Adenine (Ade) and DMSO were used as negative controls. (A) The ability of the compounds to
bind to the receptor in live cell hormone binding assay. The value obtained with DMSO was set as 100% (dashed line). The value obtained with 10 uM iP was set as 0% and was used
to discriminate the non-specific binding of 2-[>H]tZ on the bacteria. Error bars show SD values for three replicates. (B) The ability of the compounds to activate the receptor. The
value obtained with DMSO was set as 0% activation. The value obtained with 10 uM iP was set as 100% activation. Compound 17 activated the receptor similarly to compound 28 and

for clarity is not shown. SD values did not exceed 15%.

ARR5 is a primary response gene with a cytokinin-dependent
promoter, activation of which integrates the responses of several
putative cytokinin signaling pathways.

As shown in Fig. 3, compounds 17, 18 and 28 were able to acti-
vate transcription of the ARR5:GUS gene in Arabidopsis in a con-
centration dependent manner, demonstrating their ability to
trigger the cytokinin response in Arabidopsis. Negative controls for
the compounds were inactive in this assay. BAP and iP showed
maximal activity at 1 uM concentration. None of the tested com-
pounds was able to attain this activity even in 100 uM concentra-
tion. However, the selected compounds exhibited activity (20—30%)
starting from a concentration of 10 uM. The compounds were
approximately 1000 times weaker than iP, which showed activity
from 10 nM concentration (Fig. 3) in this assay. Biologically insig-
nificant activity of compound 28 (compared to 17 and 18) is not
surprising, and it is consistent with the negative results of the
ZmHK1 receptor activation assay.

2.4. Visualization of cellular structures by fluorescent cytokinin
derivatives

We used Arabidopsis suspension cell culture that allowed for fast
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Fig. 3. The ability of the compounds to activate transcription of cytokinin primary
response gene ARR5 in Arabidopsis seedlings three days after germination. The value
obtained with DMSO was set as 0% activation. The value obtained with 1 uM BAP was
set as 100%. Adenine (Ade) and iP were used as negative and positive controls,
respectively. Error bars show SD values for three replicates.

and homogenous staining of individual cells, gave us insight into
the distribution of the fluorescent signal at the subcellular level and
we adopted a simple staining procedure for visualizing the sub-
cellular structures with selected florescent probes. For staining
experiments, we first observed compounds 17 and 18 and their
corresponding DAP fluorescent derivatives 19 and 20, respectively,
that were used as negative controls to filter out nonspecific back-
ground signals. Arabidopsis cells were treated with 5 uM solution of
fluorescent probe or negative control, immediately applied on
slides and observed under confocal microscope. The internalization
of RhoB-based compounds was relatively fast, reaching apparently
constant pattern after approximately 15—20 min of treatment. The
fluorescent signal was rather weak in all staining experiments and
increased concentration of the fluorescent probe (up to 20 uM) did
not significantly change the signal distribution. The signal recorded
for the fluorescent probes, compounds 17 and 18, and their
respective negative controls, derivatives 19 and 20, appeared to be
similar in all cases and we observed cytoplasmic distribution of the
signal combined with a characteristic patchy-pattern (Fig. 4). We
hypothesize that RhoB derivatives may not represent a good
candidate for synthesis of cytokinin-based fluorescent probes due
to possible nonspecific interactions with cell components that
prohibit efficient and specific binding to cytokinin-binding sites.
For this reason, we introduced derivative 28, an NBD-based
green fluorescent cytokinin probe, for in planta screening. Based
on the results from the cytokinin CRE1/AHK4 competitive bioassay
(Fig. 1A) only compound 28 proved to be significantly active in
displacing radiolabeled tZ out of all synthesized C2- and N9-based
NBD fluorescent probes and concurrently stable. Compound 29,
showed negligible binding to the cytokinin receptor and for this
reason, it was used as a negative control. The results from live cell
imaging of NBD-based probes are shown in Fig. 4. Similar to RhoB-
based probes, staining of Arabidopsis cells with the NBD fluores-
cent probe was fast, reaching a plateau of the intracellular signal
intensity after approximately 10 min of a continuous treatment
with 5uM of compound 28 (Fig. 4). While the negative control
showed only weak cytoplasmic fluorescent signal, the NBD-based
fluorescent probe at the same concentration showed a clear
signal distribution represented by typical mesh-like structures at
the cell cortex suggestive of ER structures (Fig. 4 arrows). This is in
accordance with the reported localization pattern of the three
known cytokinin HK receptors in Arabidopsis (Wulfetange et al.,



8 K. Kubiasova et al. / Phytochemistry 150 (2018) 1-11

Compound 17 Compound 18

Ctrl — Compound 19 Ctrl — Compound 20

Compound 28 Compound 28 +iP

Ctrl — Compound 29

Fig. 4. Confocal fluorescence images of Arabidopsis suspension culture cells treated with different fluorescent probes (Compound 17, 18 and 28) and their controls (Ctrl - Compound
19, 20 and 29), all in 5 umol concentrations and observed after 15—20 min. Rhodamine B-based compounds are shown in red, 7-nitrobenzofurazan (NBD)-based compounds are
shown in green. A mesh-like localization pattern (marked by arrows) characteristic for endoplasmic reticulum was visible in the cell cortex after treatment with compound 28, but it
was lost when compound 28 was co-administered together with equimolar concentration of isopentenyladenine (iP). Scale bars, 5 pm.

2011; Caesar et al., 2011). Further, co-administration of compound
28 together with natural cytokinin iP led to moderate decrease of
the fluorescent signal and the signal seemed to be less focused
(Fig. 4). This suggests that compound 28 is transported to the cell
even in the presence of the endogenous iP, but the competition
with intracellular iP leads to the unspecific staining pattern.
Therefore, it seems that some NBD-based cytokinin probes can be
used for the visualization of the cytokinin HK receptors, but further
experiments will be needed to confirm the specificity of the ligand-
receptor interaction. N9-based cytokinin fluorescent probes may be
particularly suitable for the live cell imaging as the introduction of
fluorescent label into N9 position should prevent metabolic con-
version of the cytokinin analogue through N-glycosylation that
prevents entry into the receptor domain cavity.

3. Conclusion

Thirty new 2,6- and 6,9-disubstituted fluorescently labeled
purines bearing fluorescent labels, such as dansyl (DS), fluorescein
(FC), 7-nitrobenzofurazan (NBD), rhodamine B (RhoB), coumarin
(Cou), and cyanine 5 dye (Cy5) were synthesized. These fluorescent
derivatives and their negative controls prepared by labeling of DAP
were synthesized with the aim to design probes with ligand affinity
to the histidine kinase receptor domain. We prepared several de-
rivatives that were able to bind in the active sites of two different
cytokinin receptors - CRE1/AHK4 from Arabidopsis thaliana and
ZmHK1 from Zea mays, and to trigger cytokinin response in planta.

Promising derivatives, two 2,6-iP derivatives 17, 18 and one 6,9-
iP derivative 28 underwent more precise binding study in three
cytokinin receptors and were found to be active, although at higher
concentration ranges than the positive iP control. Overall, our re-
sults showed that it is possible to prepare biologically active fluo-
rescent cytokinins by the attachment of a fluorescent label to their
purine moiety via an appropriate linker without causing extensive
structural change. The activity of the prepared probes depended on
the position and type of attached label on the adenine moiety.
Therefore, the choice of label is also very important for maintaining
cytokinin receptor affinity. We used compounds 17, 18 and 28 and

their controls for in planta staining but only compound 28 was an
effective competitor as confirmed by radiolabeled tZ receptor
binding experiments. Staining of Arabidopsis cells with compound
28 was fast, showed clear intracellular signal distribution repre-
sented by typical mesh-like structures at the cell cortex suggestive
of ER after approximately 10 min of a continuous treatment with
5 uM fluorescent probe while negative fluorescent control 29 at the
same concentration levels showed only weak cytoplasmic fluo-
rescent signal. This is in agreement with reported localization
pattern of the three known cytokinin HK receptors in Arabidopsis
but further data are needed to confirm the ER localization of
receptor-ligand complexes.

4. Experimental procedures

Chemicals and general procedures used in this manuscript are
given in Supplementary material.

4.1. Syntheses of purine based intermediates and fluorescent probes

Synthesis of necessary intermediates required for fluorescent
marker attachment are given in Supplementary material including
their yields, m.p. HPLC purity, ESI+ MS m/z and 'H and 3C NMR
data.

4.1.1. C2 fluorescently labeled derivatives

C2-labeled compounds were prepared according to Scheme 3.
An appropriate fluorescent label was reacted with amino groups
terminating the above mentioned prepared intermediates. Gener-
ally, C2-derivatives marked with NBD were prepared as follows:
0.36 mmol of the appropriate intermediate (I, II, III, IV), 1.2 equiv. of
NBD-Cl (1-4) and 3 equiv. of NaHCO3 were stirred in methanol at
50°C for one h and then stirred at RT for additional 16 h. After-
wards, the solvent was evaporated under reduced pressure and the
residue treated with ice cold water (5mL). The resulting solid
material was filtered, washed with ice cold water (4 x 1 mL) and
then dried at 50 °C. The crude material was purified by silica col-
umn chromatography using CHCl3/MeOH (4:1) as the mobile phase,
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starting from pure chloroform with a methanol gradient.

1 : NO®-(3-methylbut-2-en-1-yl)-N*-{2-[(7-nitrobenzo[c][1,2,5]oxa-
diazol-4-yl)aminoJethyl}-9H-purine-2,6-diamine: Reddish solid;
yield 74%.

2 . NO-(3-methylbut-2-en-1-yl)-N?-{6-[( 7-nitrobenzo[c][1,2,5 Joxa-
diazol-4-yl)amino Jhexyl}-9H-purine-2,6-diamine: Reddish solid;
yield 65%.

3 : NS NO-dimethyl-N°-{2-[(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)
aminojethyl}-9H-purine-2,6-diamine: Reddish solid; yield 81%.
4: NS NO®-dimethyl-N°-{6-[(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)
amino]hexyl}-9H-purine-2,6-diamine (4): Reddish solid; yield
75%.

C2-derivatives marked with DS-Cl were prepared as follows:
0.36 mmol of I, II, IIl or IV and Et3N (2 equiv.) were dissolved in dry
MeOH (0.4 mL) and dry DCM (3 mL) under an argon atmosphere
and added to a mixture of DS-CI (1.5 equiv.) in DCM (2 mL). The
reaction mixture was protected against light and stirred at RT for
16 h. Afterwards, the solvents were removed under reduced pres-
sure, the residue was treated with ice cold water (5 mL) and then
keptat4 °C for 2 h. The resulting solid material was filtered, washed
with 5% NaHCOs3 (3x 1 mL), ice cold water (5 x 1 mL) and dried in a
desiccator over 4 A molecular sieve. The crude material was puri-
fied by silica column chromatography using CHCl3 - MeOH as the
mobile phase with methanol gradient.

5 :  5-(dimethylamino)-N-[2-({6-[(3-methylbut-2-en-1-yl)amino]-
9H-purin-2-yl}amino)ethyl] naphthalene-1-sulfonamide: Pale
yellow solid, yield 64%.

6 : 5-(dimethylamino)-N-[6-({6-[(3-methylbut-2-en-1-yl)amino]-
9H-purin-2-yl}amino)hexyl] naphthalene-1-sulfonamide: Pale
yellow solid, yield 52%.

7 :  5-(dimethylamino)-N-(2-{[6-(dimethylamino )-9H-purin-2-yl]
aminoj}ethyl)naphthalene-1-sulfonamide: Pale yellow solid.

8: 5-(dimethylamino)-N-(6-{[6-(dimethylamino )-9H-purin-2-yl]
amino}hexyl)naphthalene-1-sulfonamide: Pale yellow solid, 63%.

C2- derivatives marked with coumarin was prepared as follows:
0.208 mmol)of coumarin-3-carboxylic acid and NHS (1 equiv.) were
dissolved under an argon atmosphere in dry MeCN (6 mL) at 45 °C.
DCC (1.16 equiv.) was added and the resulting mixture heated at
45 °C for 1 h, then stirred at RT for 20 h. Next, the solid was filtered
off and washed carefully with dry MeCN (3 x 5 mL). Coumarin-3-
carboxylic acid NHS ester: white solid, yield 90%'H NMR
(300 MHz, DMSO-dg) & (ppm): 2.89 (s, 4H), 7.43—7.50 (m, 2H), 7.83
(t,J=7.2Hz,1H), 8.03 (d,] = 79 Hz,1H), 9.13 (s, 1H). A solution of N-
hydroxysuccinimidyl coumarin-3-carboxylic acid ester
(0.208 mmol) in MeCN (4 mL) was dropwise added to I, II, III or IV
(1 equiv.) dissolved in a mixture of carbonate buffer pH 8.6 (2 mL)
and DMSO (2 mL). The reaction mixture was protected against light
and stirred under an argon atmosphere at RT for 20 h. After dilution
with cold water (5 mL) and storing at 4 °C for 2 h, a solid compound
was formed. The crude material was purified by silica column
chromatography using CHCl3/MeOH as the mobile phase with
methanol gradient.

9: N-[2-({6-[(3-methylbut-2-en-1-yl)amino]-9H-purin-2-yl}
amino )ethyl]-2-oxo-2H-chromene-3-carboxamide: pale yel-
low solid, yield 92%.

10 : N-[6-({6-[(3-methylbut-2-en-1-yl )Jamino|-9H-purin-2-yl}
amino )hexyl]-2-oxo-2H-chromene-3-carboxamide (10): Pale
yellow solid, yield 64%.

11 :  N-(2-{[6-(dimethylamino)-9H-purin-2-yl]Jamino}ethyl)-2-
0x0-2H-chromene-3-carboxamide: pale yellow solid, yield
69%.

12: N-(6-{[6-(dimethylamino )-9H-purin-2-ylJamino}hexyl)-2-

0x0-2H-chromene-3-carboxamide: pale yellow solid, yield 63%.

C2-derivatives marked with DEAC were prepared as follows:
DEAC-OH (0.208 mmol) and NHS (1.04 equiv.) were dissolved under
an argon atmosphere in dry MeCN (6 mL) at 45 °C. DCC (1.16 equiv.)
was added and the arising mixture was heated at 45 °C for 1 h and
then stirred at RT for 20 h. The arising solid was filtered off and the
filtrate was evaporated under reduced pressure to give the NHS
ester of DEAC-OH: a yellow solid. A solution of N-hydrox-
ysuccinimidyl DEAC-OH ester (1 equiv.) in MeCN (4mL) was
dropwise added to a solution of I, II, IIl, IV (1 equiv.) dissolved in a
mixture of carbonate buffer pH 8.6 (2 mL) and DMSO (2 mL). The
reaction mixture was protected against light and stirred under an
argon atmosphere at RT for 20 h. After dilution with cold water
(5mL) and storing at 4°C for 2 h, a solid was formed. The crude
material was purified by silica column chromatography using
CHCl3/MeOH as the mobile phase with methanol gradient.

13 : 7-(diethylamino)-N-[2-({6-[(3-methylbut-2-en-1-yl)Jamino]-
9H-purin-2-yl}amino Jethyl]-2-oxo-2H-chromene-3-
carboxamide: pale yellow solid, yield 61%.

14 : 7-(diethylamino)-N-[6-({6-[(3-methylbut-2-en-1-yl)Jamino]-
9H-purin-2-yl}amino)hexyl]-2-oxo-2H-chromene-3-
carboxamide: pale yellow solid, yield 72%.

15 : 7-(diethylamino)-N-(2-{[6-(dimethylamino)-9H-purin-2-yl]
amino}ethyl)-2-oxo-2H-chromene-3-carboxamide: pale yel-
low solid, yield 48%.

16: 7-(diethylamino)-N-(6-{[6-(dimethylamino)-9H-purin-2-yl]

aminohexyl)-2-oxo-2H-chromene-3-carboxamide (16): pale yel-

low solid, yield 52%.

C2-derivatives marked with rhodamine B were prepared as
follows: The compound was prepared according to a slightly
modified procedure described in the literature (Meng et al., 2007).
Briefly, 0.209 mmol of rhodamine B and 0.109 mmol of N-hydrox-
ysuccinimide were dissolved in 3 mL of dry acetonitrile at 45°C1,16
equiv. of DCC in 1 mL of acetonitrile was added and the reaction
mixture heated at 45 °C for one h and then stirred at RT for 20 h.
The solid was filtered off and the filtrate was evaporated under
reduced pressure to give NHS rhodamine B ester: a dark green
metallic solid. Afterwards, a solution of NHS rhodamine B ester in
MeCN (1 mL) was dropwise added to a solution of 1 equiv. of I, I, III
or IV in 1 mL of carbonate buffer (pH = 8.6). The reaction mixture
was stirred at RT for 4 h and then cooled in an ice bath. The ob-
tained solid was filtered off, washed with cold MeCN, cold water
and dried at 50 °C.

17 . 3',6'-bis(diethylamino)-2-{2-[(6-((3-methylbut-2-en-1-yl]
amino}-9H-purin-2-yl)amino) ethyl)spiro[isoindoline-1,9'-
xanthen]-3-one: pink solid; yield 99%.

18 :  3',6'-bis(diethylamino)-2-{2-[(6-((3-methylbut-2-en-1-yl]
amino}-9H-purin-2-yl)amino hexyl)-spiro[isoindoline-1,9'-
xanthen|-3-one: pink solid; yield 99%.

19 : 3',6'-bis(diethylamino )-2-(2-{[6-(dimethylamino)-9H-purin-
2-yl)aminoJethyl}spiro-[isoindoline-1,9'-xanthen|-3-one: pink
solid, yield 73%.

20: 3',6'-bis(diethylamino)-2-(2-{[6-(dimethylamino)-9H-purin-

2-ylJamino}hexyl)spiro-[isoindoline-1,9'-xanthen]-3-one: ~ pink

solid; yield 86%.
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C2-derivatives marked with FITC were prepared as follows: 1
equiv. of FITC was added to a mixture of I, II, Il or IV (0.136 mmol)
and Et3N (2.76 equiv.) in dry MeOH (2 mL) under an argon atmo-
sphere. The reaction mixture was protected against light and stir-
red at RT for 20 h. Afterwards, the solvent was evaporated under
reduced pressure, the residue was re-suspended in acetate buffer
(pH 4.0, 5mL) and then kept at 4°C for 1h. The resulting solid
material was filtered, washed with acetate buffer pH 4.0 (5 x 1 mL)
followed by water (5 x 2 mL) and dried at 50 °C.

21 : 2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)-5-{3-[2-({6-[(3-
methylbut-2-en-1-yl)amino]-9H-purin-2-yl}amino Jethyl]thio-
ureido}benzoic acid: orange solid; yield 95%.

22 : 2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)-5-{3-[6-({6-[(3-
methylbut-2-en-1-yl)Jamino]-9H-purin-2-yl}amino )hexyl|thio-
ureido}benzoic acid: orange solid; yield 98%.

23 : 5-[3-(2-{[6-(dimethylamino )-9H-purin-2-ylJamino}ethyl)
thioureido]-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic
acid: orange solid; yield: 98%.

24: 5-[3-(6-{|6-(dimethylamino)-9H-purin-2-ylJamino}hexyl)thi-

oureido]-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl )benzoic acid: or-

ange solid, yield: 98%.

4.1.2. N9 fluorescently labeled derivatives
N9 labeled compounds were prepared according to Scheme 4
and given below:

4.1.2.1. 5-(Dimethylamino)-N-{2-[6-((3-methylbut-2-en-1-yl]
amino}-9H-purin-9-yl)ethyl)naphthalene-1-sulfonamide (25).
Compound 25 was prepared according to a procedure described in
the literature (Bartzatt, 2001). Briefly, a solution of DS-CI (1.2 equiv.)
in acetone (2 mL) was added to a solution of V (0.406 mmol) dis-
solved in a mixture of water (5.5 mL) and 2 M NapCOs (2 mL). The
flask was protected from light and the reaction mixture was stirred
at RT overnight. The mixture was then extracted with diethyl ether
(3 x 10 mL). The combined organic layers were washed with water
(2 x 5mL) followed by brine (2 x 5mL), dried over Na,SO4 and
concentrated in vacuo. The product was purified by silica flash
column chromatography using CHCl3/MeOH (9:1) as the mobile
phase. Pale yellow solid; yield 65%.

4.1.2.2. 2-(6-Hydroxy-3-oxo-3H-xanthen-9-yl)-4-[3-(2-{6-[(3-
methylbut-2-en-1-yl)amino]-9H-purin-9-yl}ethyl)thioureido]benzoic
acid (26). Compound V (0.406 mmol) was stirred in MeOH (3 mL)
with FITC (1.1 equiv.) in the presence of NaHCO3 (3 equiv.) at a
temperature of 50 °C for 1 h. The pH of the reaction mixture was
adjusted to pH 4 by adding 1 M HCL. The resulting orange solid was
filtered and then washed with MeOH. The pure compound was
obtained after flash chromatography using CHCl3/MeOH (4:1) as
the mobile phase. Orange solid: yield 65%.

4.1.2.3. 3,6'-Bis(diethylamino)-2-(2-(6-((3-methylbut-2-en-1-yl)
amino)-9H-purin-9-yl)ethyl)spiro[isoindoline-1,9'-xanthen|-3-one
(27). A solution of NHS rhodamine B ester (1 equiv.) dissolved in
MeCN (1 mL) was dropwise added to a solution of iP (0.105 mmol)
dissolved in carbonate buffer pH 8.6 (1 mL). The resulting mixture
was stirred at RT for 4 h and then cooled to form pink solid; yield
25%.

4.1.2.4. N°®-(3-Methylbut-2-en-1-yl)-N°-{2-[(7-nitro-2,1,3-
benzoxadiazol-4-yl)aminoJethyl}-9H-purin-6-amine  hydrochloride
(28) and N°-(dimethylamino )-N°-{2-[(7-nitro-2,1,3-benzoxadiazol-4-
yl)aminoJethyl}-9H-purin-6-amine (29). Compounds 28 and 29
were prepared according to a protocol described in the literature

(Bem et al., 2007). Briefly, V or VI (0.39 mmol) was dissolved in
MeOH (3 mL) containing 4-chloro-7-nitrobenzofurazan (1.1 equiv.)
in the presence of NaHCOs3 (2.5 equiv.) at a temperature of 50 °C for
1 h. The reaction mixture was cooled in an ice bath and 1 M HCl was
added dropwise up to the formation of an orange solid. The
resulting solid was filtered, washed with ice cold MeOH (3 x 1 mL)
followed by ice cold water (4 x 1 mL) and dried at 50 °C. 28: reddish
solid; yield 52%, 29: a reddish solid; yield 75%.

4.1.2.5. 3,3-Dimethyl-1-{6-[(2-{6-[(3-methylbut-2-en-1-yl)amino]-
9H-purin-9-yl}ethyl)amino]-6-oxohexyl)-2-[(1E,3E)-5-((E)-1,3,3-
trimethylindolin-2-ylidene )penta-1,3-dien-1-yl]-3H-indole(30).
Compound V (16.2 umol) was dissolved in 0.1 M sodium bicar-
bonate solution (4.5 mL, pH 8.5) to which was added cyanine 5 NHS
(1 equiv.) dissolved in amine free DMF (0.5 mL). The reaction
mixture was stirred at RT for 4 h and then lyophilized overnight.
The resulting residue was dissolved in water (5 mL) and extracted
using EtOAc (3 x 5mL). The product was purified by semi-
preparative HPLC. Dark blue solid; yield 50%.

4.2. Live cell hormone binding assays

Receptor direct binding assays were conducted using the E. coli
strain KMIOO1 harboring the plasmid pIN-III containing a coding
sequence for the cytokinin receptor CRE1/AHK4 (Yonekura-
Sakakibara et al., 2004) or ZmHK1 (Podlesakova et al., 2012 or the
plasmid pSTV28 containing a coding sequence for AHK3 (Suzuki
et al., 2001; Yamada et al., 2001). Bacterial strains were kindly
provided by Dr. T. Mizuno (Nagoya, Japan). The assays were per-
formed according to a published procedure (Nisler et al., 2010). The
competition reaction of the tested compounds was allowed to
proceed with 2 nM 2-[H]tZ. Labeled tZ was provided by the Isotope
Laboratory, Academy of Sciences, Czech Republic.

4.3. ZmHK1 receptor activation assay

The assay was performed with E. coli strain KMIOO1 harboring
the plasmid pIN-III containing a coding sequence for the cytokinin
receptor ZmHK1 according to a previously published protocol
(Spichal et al., 2009; Podlesakova et al., 2012).

4.4. ARR5:GUS reporter gene assay

The assay was performed according to a published protocol
(Romanov et al., 2005).

4.5. Confocal laser scanning microscopy

Cell suspension culture of Arabidopsis thaliana ecotype Lands-
berg erecta were cultivated under continuous darkness at 23 °Con a
rotary shaker with subculture intervals of 3 days in 1 x Murashige
and Skoog (MS) medium (Duchefa) containing 3% (w/v) sucrose.
Fluorescent probes at concentration of 5 pM were used for in situ
staining procedure — stained cells in MS medium were immedi-
ately mounted onto microscope slides, with a cover slip, and
observed with a Zeiss 710 CLSM platform (Carl Zeiss, Jena, Ger-
many) equipped with Plan-Apochromat 40x/1.4 Oil (Carl Zeiss,
Germany) objective, using excitation laser 458 nm and 514 nm and
emission filters 501-573 nm and 531—703 nm for NBD-based and
rhodamine B-based fluoroprobes, respectively. The post-processing
of images was done using ZEN 2010 software, Photoshop 6.0/CS,
and Microsoft PowerPoint.
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CYTOKININOVE DERIVATY

JAKO MOZNE MODULATORY
PREDCASNEHO STARNUTI KUZE

Plihalov4, L., Honig, M.", Vostalov4, J., Rajnochova Svobodova, A.?

SOUHRN: UV zareni (UVA a UVB), které je slozkou sluneéniho svétla dopadajiciho na zemsky povrch,
ma vysokou energii. Diky této skuteénosti miiZze pfimo reagovat s biomolekulami (DNA, lipidy nebo
proteiny), pfipadné vyvolavat tvorbu reaktivnich forem kysliku (ROS), které mohou tyto biomoleku-
ly poskozovat, coz se projevi nevratnymi zménami kiZe vedoucimi k jejimu pfedéasnému starnuti,
v hor$im pripadé ke karcinogenezi. Ve snaze potlaéit nezadouci tcinky sluneéniho zareni se vyuzivaji
rizné pfistupy ochrany kize. Kromé anorganickych a organickych UV filtrii jsou zkoumany pfiroze-
né se vyskytujici nizkomolekularni latky rostlinné povahy, které mohou eliminovat nezadouci uéinky
sluneéniho zafeni. Rostlinné hormony cytokininy, zejména kinetin (Kin), ktery je N6-substituovanym
derivatem adeninu, jsou znamy pro svou schopnost zpomalovat pfirozené starnuti bunék, to znamena,
Ze vykazuji tzv. antisenescencni vlastnosti. Nedavno bylo prokazano, Zze nékteré cytokininy a jejich
derivaty maji ochranné vlastnosti viiéi UVA i UVB zafeni. Jejich vyuZiti pfi zpomaleni pfedéasného
starnuti kaze pisobenim sluneéniho zafeni je predmétem intenzivniho studia.

KLICOVA SLOVA: cytokininy — kinetin — syntetické derivaty — fotoprotekce — UV zéfeni — piedGasné starmuti

SUMMARY: UV radiation (UVA and UVB), is an integral part of the sunlight reaching the earth's sur-
face containing high energy photons. Owning to the high energy, the photons they can directly interact
with biomolecules like DNA, lipids, and proteins and/or generate reactive oxygen species (ROS) causing
oxidative damage and irreversible changes in the skin. The changes can lead to premature skin ageing
(photoageing) and even skin cancer. Adequate protection of the skin is hence of paramount importance.
Exogenous protection approaches that are being developed include organic and inorganic sunscreens as
well as various naturally occurring low molecular weight compounds of plant-origin. The plant hormones,
cytokinins, especially kinetin (Kin), which is a N6-substituted adenine derivative, are known for their anti-
senescence and antioxidant effects. Some cytokinins and their derivatives, in addition, have been shown
to have photoprotective properties against UVA and UVB radiation. Their application in the prevention of
photoageing is being intensively studied.

KEY WORDS: cytokinins — kinetin — synthetic derivatives — photoprotection — antisenescence — UV
radiation — photoageing
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UV zareni a jeho pusobeni na lidskou kuzi

Priblizné 5 % slunecniho zareni dopadajiciho na
zemsky povrch je tvoreno ultrafialovym (UV) za-
fenim o vinovych délkach od 295 do 400 nm.
UV zéfeni Ize rozdélit podle vinové délky na UVB
(295-315 nm) a UVA (315-400 nm). Ackoliv
UVB reprezentuje mensi ¢ast slunecniho UV zafeni
rovnani s UVA. VétSina UVB zareni je absorbovana
v epidermalni vrstvé kiiZe, ktera je tvofena zejména
rlizné diferencovanymi keratinocyty a v mensi mife
melanocyty a Langerhansovymi bufikami. UVB fo-
tony s vysokou energii jsou schopny vyvolat ne-
vratné zmény v zakladnich stavebnich jednotkach
DNA, protein(i a lipidd (1). Baze DNA mohou pfimo
absorbovat energii UVB foton(, coZ vede ke vzni-
ku cyklobutanpyrimidinovych dimerd a pyrimidin-
-pyrimidonovych (6-4) fotoproduktli, které jsou
odstraiovany mechanismem nukleotidové excizni
reparace (NER). Pfi tomto druhu opravy DNA do-
chazi k vyStépeni az 30 nukleotidd v misté poSko-
zeni molekuly DNA. V nasledujicim kroku jsou od-
stranéné nukleotidy op&tovné dosyntetizovany (2).
UVB zafeni vyvolava také nepfimé poskozeni; pfi
fotosensitizaci endogennich biomolekul (chromo-
for()) dochazi k produkci reaktivnich forem kysliku
(ROS), které oxidacné modifikuji baze nukleovych
kyselin, vznika tak napfiklad 8-hydroxydeoxygua-
nosin. Na odstranéni oxidacné modifikovanych
bazi bunky vyuZivaji bazovou excizni repara-
ci (BER). U BER na rozdil od NER je odstranéna
a nasledné nahrazena pouze konkrétni modifiko-
vana baze (3). Nejvétsim rizikem spojenym s p(-
sobenim UVB zareni na kiZi je tedy vznik mutaci,
které nejsou rozpoznany a odstranény reparacni-
mi systémy a mohou vést k vzniku rakoviny kize
incidence melanomu za poslednich 40 let vyrazné
stoupla a v Ceské republice tomu neni jinak (4).

Fotony UVA tvofi dominantni ¢ast (95-99 %) UV
zareni dopadajiciho na zemsky povrch. Toto zareni
ma menSi energii nez UVB zafeni, ale pronika do
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hlubSich vrstev kiize a zasahuje nejen epidermalni,
ale i dermalni vrstvu tvofenou fibroblasty a bilko-
vinami extracelularni matrix (kolagen, elastin, aj.).
Uginek UVA zafeni neni primarné spojen s geno-
toxicitou; toto zareni je absorbovano chromofory
v biomolekulach a vede k jejich excitaci s nasled-
nou produkci ROS. Vzniklé ROS oxidacné modifikuji
biomolekuly, které ztraci nebo méni své fyziologic-
ké vlastnosti a ¢asto se akumuluji v tkani. Soucas-
né dochazi k stimulaci syntézy degradacnich enzy-
mi, které Stépi komponenty extracelularni matrix,
coZ vede k pred¢asnému starnuti kize (5).

Predcasné starnuti k(ize

Starnuti neboli senescence je pfirozeny, komplex-
ni proces probihajici zcela nezavisle, prakticky od
narozeni az do smrti jedince. Po cely Zivot je or-
ganismus vystaven pisobeni stresovych faktord,
které se déli na vnitni (metabolické) a vnéjsi (envi-
ronmentalni — vyZiva, xenobiotika, slunecni zareni,
aj.). Vnitfni a vnéjSi faktory vyvolavaji postupné
zpomaleni bunécného metabolismu, sniZeni ener-
getického potencidlu bunék (dysfunkce mitochon-
drii), zvySeni produkce reaktivnich sloucenin, sni-
Zeni antioxidacni ochrany, pokles kapacity/rych-
losti opravy a eliminace poSkozenych biomolekul
vedouci k jejich akumulaci, naruSeni komunikace
mezi burikami aj. Starnuti jako takové nelze zasta-
vit. Mluvime-li o antisenescencnim G¢inku, mame
na mysli zpomaleni ¢i zmirnéni téchto zmén. Latky
zpomalujici starnuti vykazuji ¢asto pleiotropni efekt.
Podili se na eliminaci neZadoucich stresovych fak-
tord (reaktivni slouceniny) nebo aktivaci/stimulaci
ochrannych, reparacnich a regeneracnich drah (6).

UV zéfeni je povaZovano za jeden z hlavnich ri-
zikovych faktorl predéasného starnuti. S vékem
klesa kapacita a acinnost reparanich mecha-
nism{ (NER, BER), coz je spojeno nejen se vzni-
kem mutaci, ale i s tvorbou nefunkénich protei-
nd (enzymy, receptory, pfenaseCe aj.) a jejich
akumulaci, pfipadné se zménami v diferenciaci
a proliferaci bunék. PoSkozeni DNA, které neni
opraveno reparacnimi mechanismy, vede k akti-
vaci tumor supresorovych genli p53 a p16, které
jsou nezbytné pro aktivaci apoptozy. Buriky, které
nejsou eliminovany apoptoticky a soucasné je
u nich inhibovana proliferace, jsou ve stavu zva-
ném bunétna senescence. Tyto buriky produkuiji
do svého okoli rizné prozanétlivé medidtory (in-
terleukin-6, interleukin-8, nadorovy supresorovy
faktor alfa (TNFa), ristové faktory a chemoki-
ny), které pfispivaji k rozvoji chronického zanétu
v kiiZi a jejimu starnuti (7). UV zafeni poSkozuje
také lipidy, coZ je spojeno se vznikem lipidovych
peroxid(, které mohou reagovat s okolnimi bio-
molekulami a modifikovat je. Peroxidace fosfoli-
pidd membran vede k zhorSeni/naruSeni funkce
membran. Produkty oxidace lipidd se hromadi
v tkdnich jako tzv. lipofuscin, ktery je povazovan
za marker senescence (8). Pdsobenim UV foto-
ni a vznikajicich ROS dochazi k poskozeni kom-
ponent extracelularni matrix (kolagen, elastin),
k zméné jejich vlastnosti (elasticita, pruZnost),
k snizeni syntézy kolagenu a k indukci/aktivaci
metaloproteinas (MMP). MMP degraduji kom-
ponenty extracelularni matrix. U chronicky expo-
nované kiize dochazi k hromadéni poskozenych
elastickych viaken a vzniku tzv. elastozy (9).
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Na histologické a fyziologické Urovni je mozné
v koZni tkani pozorovat: atrofii stratum spinosum,
zpomaleni obnovy epidermalnich bunék, abytek
fibroblastl, mastocytd a melanocytd, snizeni
schopnosti produkovat melanin, vyhlazeni der-
mo-epidermalniho spojeni, abytek kolagennich
vlaken, zmény morfologie elastickych vlaken,
vznik amorfni zméti elastickych vldken, zmény
ve stavbé koznich cév a atrofii vaziva v podkozni
tkani spojené s tvorbou hlubokych vrasek, snizeni
bariérové funkce stratum corneum a snizeni hyd-
ratace kiize (10).

Na kdZi opakované vystavené sluneénimu za-
feni (nejCastéji v oblasti obliCeje, krku a rukou)
jsou pozorovany makroskopické zmény spoje-
né s predéasnym starnutim, které jsou odliSné
od kbZe chranéné pred plisobenim slunecniho
zareni. KiZe je suSSi, hrubSi a méné elasticka,
S VEtSim poCtem vrasek, které jsou hlubsi, mela-
nin je nepravidelné distribuovan a dochazi k vzni-
ku hyperpigmentacnich skvrn a soldrniho lentiga.
V kone¢ném disledku dochazi k vzniku koznich
novotvari: aktinicka keratoza, bazaliomy, spina-
linomy, riizné typy melanomu, ale i jinych benig-
nich atvard (11).

Protekce klze proti UV zareni

K(iZe si vyvinula viici nezadoucim G¢inkim sluneg-
niho zareni riizné zplsoby ochrany jako je zesileni
zrohovatélé vrstvy epidermis stratum corneum,
syntéza pigmentu melaninu, antioxidacni systém
tvoreny nizkomolekularnimi a vysokomolekularni-
mi molekulami aj. Tyto jednotlivé sloZky jsou spolu
vzajemné propojeny a soucasné spolupracuiji s re-
paracnimi systémy. Pfi intenzivni a dlouhodobé ex-
pozici kiize slunec¢nimu zafeni dochazi k prekroceni
jejich ochrannych schopnosti, coZ vede k vzniku
erytému, pfipadné k spaleni kiize. Proto je snaha
posilit vlastni ochranné mechanismy kize. Jednou
z mozZnosti je pouZziti pfipravk( obsahuijicich latky,
které sniZuji nebo eliminuji a¢inky slunecnich foto-
ni. Jedna se o tzv. UV filtry.

UV filtry se déli podle povahy na anorganickeé a or-
ganické. Anorganické UV filtry, vétSinou ve formé
mikro nebo nano¢astic oxidd kovd, napfiklad oxidu
titaniCitého nebo zineCnatého, odrazeji fotony UV
zareni, zatimco organické latky, zpravidla aromatic-
ké povahy, absorbuji energii UV foton( a tu uvolriuji
ve formé tepla. BohuZel, nékteré studie prokazaly
nestabilitu nékterych organickych filtri pouZziva-
nych v ochrannych pfipravcich. Po jejich aplikaci
a expozici slunecnimu zafeni mize dochazet k fo-
toaktivaci spojené s fototoxickou a/nebo fotoaler-
gickou reakci (5). Proto je snaha pouzivat v kosme-
tickych a dermatologickych pfipravcich kombinace
anorganickych a organickych filtrG s antioxidanty.
Ochrana kiize se muze zvysSit také pouZitim latek,
jejichz aplikace vede k aktivaci reparaCnich me-
chanism(, napf. aplikaci fragment(i DNA &i vyizo-
lovanych reparacnich enzymd v liposomech. Také
u peroralniho antidiabetika acetohexamidu, inhibito-
ru DOPA-dekarboxylasy, byla zjiSténa aktivace BER
(12, 13). Extrakt z rostliny fimbaby obecné (Chry-
santhemum parthenium) snizoval poskozeni DNA
vyvolané UV zarenim aktivaci primarni antioxidacni
drahy Nrf2-Keap1-ARE (14). Dal3i strategie je zalo-
Zena na aplikaci latek inhibujicich MMP které hraji
vyznamnou roli pfi regeneraci tkani, hojeni, tvorbé
jizev Ci zanétu, €imZ dochazi k sniZeni poSkozeni
bazalni membrany, epidermalni hyperplazie, degra-
dace kolagenu a tvorby vrasek (15). Dal3i moznosti
je inhibice produkce medidtord, které stimuluji se-
nescenci. Napfiklad simvastatin, kortikosteron ¢i
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kortizol inhibuiji tvorbu prosenescencnich faktori
veetné prozanétlivych cytokind (16, 17). Jiné pii-
stupy se zaméfuji na specifické odstranéni nebo
zpomaleni kumulace senescencnich bunék i neut-
ralizaci prozanétlivych cytokind (18).

Ovlivnéni pred¢asného starnuti

kaze prirodnimi latkami

Cela fada pfirozené se vyskytujicich nizkomoleku-
larnich latek byla studovana ve vztahu k ochrané
kize pred Gcinky UV zareni. Kromé schopnosti ab-
sorbovat UV zafeni méla vétSina z téchto sloucenin
[acni Gcinky. Vyznamnou skupinu téchto pfirodnich
latek tvori polyfenoly. Tyto slouCeniny jsou schopné
stimulovat nékteré cytoprotektivni signaini drahy,
napf. Nrf2-Keap1-ARE, coZ je draha reagujici na
oxidoredukcni statut buiky a fidici nejen syntézu
antioxidacnich enzymii a bilkovin, ale i proteind, kte-
ré se podili na opravé biomolekul a na biotransfor-
maci a exkreci latek. Polyfenoly jsou také schopny
pfimo absorbovat energii UV foton(i (5). Pfi topické
aplikaci se vyuzivaji jak Cisté polyfenoly (kyselina
ferulova, rozmarynova Ci kavova, rutin, kvercetin,
resvertrol, katechin, epigalokatechin galat aj.), tak
smési Ci extrakty z rostlin (Cajovnik ¢insky (Camelia
sinensis), rozmaryn lékarsky (Rosmarinus officina-
lis), Salvéj lékarska (Salvia officinalis), grandtové
jablko (Punica granatum), teCkovka zlatad (Poly-
podium leucotomos), borovice pfimofska (Pinus
pinaster) a dalsi. Pfi pouZiti smési Ci extrakt(i byl

pozorovan synergicky efekt jednotlivych obsaho-
vych slozek, které se zde nachazi v nizkych koncen-
tracich. Tyto obsahové latky diky svym rliznorodym
vlastnostem ovliviluji vétSi poCet molekularnich
cild, coZ se odrazi v ucinné&jsi ochrané kize pred
piisobenim vnéjSich faktorii a zpomalenim procesu
staruti (19). Zajimavou pfirodni latkou, kterd ma
vyrazné protektivni acinky, je derivat stilbenu resve-
ratrol, ktery se vyskytuje napfiklad v jadérkach révy
vinné (Vitis vinifera), v ¢erném rybizu, borlvkéch,
moruSich nebo v grapefruitu. Resveratrol ma silné
antioxidacni acinky, potlaCuje lipidovou peroxidaci
a sniZuje poSkozeni retinalnich pigmentovych epite-
lidinich bunék (19). Jiné prace zase popisuji schop-
nost resveratrolu nejen branit karcinogenezi, ale
dokonce snizovat incidenci koZnich tumord (19).
Pokud se prokazi ochranné vlastnosti pfirodni latky,
jsou Casto pripraveny jeji nové syntetické derivaty
s cilem zvySeni ucinnosti, pripadné biodostupnosti
a stability.

Cytokininy

Cytokininy predstavuiji dilezitou skupinu rostlin-
nych hormonti, které moduluji celou fadu proces(
v rostlinach. Poprvé byly popsany v roce 1955.
Prirozené se vyskytujici cytokininy jsou adeni-
nové derivaty, které jsou v rostlindch obsaZeny
v nepatrnych koncentracich. Ovliviiuji napfiklad
bunééné déleni, stimuluji diferenciaci chloroplast(
a zejména inhibuiji listovou senescenci (konkrétné
se jedna o prevenci degradace chlorofylu, ktera je
privodnim jevem starnuti listu) (20). Cytokininy
a jejich synteticky pfipravené derivaty se pouZi-
vaji ke stimulaci ristu rostlinného kalusu a déleni
rostlinnych pletiv, aklimatizaci vegetativné vypés-
tovanych rostlin a v dalSich biotechnologickych
oblastech souvisejicich s tkariovymi kulturami. (E)-
-2-Methyl-4-(7H-purin-6-ylamino)but-2-en-1-ol
(zeatin, obr. 2), isoprenoidni cytokinin, byl pojme-
novan podle svého vyskytu v kukufici (Zea mays).
Dnes se cytokininové derivaty prvni generace, tzn.
ty prvné objevené nebo pfipravené, jako jsou Kin,
benzylaminoadenin nebo zeatin, pouZivaji napfiklad
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v tzv. mikropropagaci banan(, jahod, jablek, rizi,
melound, léCivych rostlin, aj. (21, 22). Zeatin
a Kin nasly své uplatnéni také v dermatologii. Pfi
dlouhodobé kultivaci lidskych koznich fibroblast(
se zeatinem byly potlaceny typické morfologické
zmény provazejici starnuti bunék (velikost bunék,
mnozstvi odpadnich vakuol, polymerizace aktinu,
odolnost v{ci oxidacnimu stresu) (23). Zeatin in-
hiboval expresi MMP-1 stimulovanou UVB zarenim
v lidskych koznich fibroblastech, coz miZe byt spo-
jeno se schopnosti zeatinu modulovat mitogenem
aktivované proteinkinazy (24). Zeatin aplikovany na
lidské keratinocyty zvySoval expresi akvaporinu-3,
proteinu regulujiciho pienos vody pies membranu
a soucasné potlacoval jeho snizeni vyvolané UV
zarenim, ¢imz pfiznivé ovlivnil proces hojeni v UV
ozarenych buikach (25). V klinické studii byl zea-
tin (0,1%) aplikovan spolu s UV filtrem (SPF 30)
dobrovolnikim; po 12 tydnech bylo pozorovano
zZlepSeni vzhledu kize (snizeni drsnosti a hrubosti
kize a vyskytu jemnych vrasek) (26).

Pouziti kinetinu na zivocisnych

a lidskych bunkach

Kin byl objeven v padesatych letech minulého
stoleti pfi experimentech Folke Skooga, Carlose
Millera a jejich spolupracovnikd (27). Carlos Miller
experimentoval s kokosovym milékem a zjistil, Ze
obsahuje puriny, a Ze koncentraty z kokosového
miléka jsou aktivni ve tkaroveé kulture tabakové dre-
né, ktera nebyvale rostla. Pozdéji tito védci izolovali
Z autoklavované DNA bilou krystalickou latku, Kin,
a zjistili, Ze podporuje déleni bunék, cytokinezi, pro-
to pro danou skupinu latek dnes pouZivame termin
cytokininy (27). Po objeveni Kin byla identifikovana
a v laboratofi pfipravena celd fada cytokininovych
derivatl a popsany jejich biologické acinky na
rostlinné i zivoCisné bunky (28). Kin v celé fadé in
vitro a in vivo experimenti prokazal vyrazné antioxi-
dacni vlastnosti. Kin chranil izolovanou DNA pied
poSkozenim vysoce aktivnimi a toxickymi hydro-
xylovymi radikaly, vyvolanym pfitomnosti tranzit-
nimi kovi (Fe2+, Cu+, Fentonova reakce) (29,

CYTOKININOVE DERIVATY JAKO MOZNE MODULATORY PREDCAS-
NEHO STARNUTI KUZE

30). Kin také inhiboval oxidacni a glykooxidacni
poskozeni proteind (30). Ochranné vlastnosti Kin
vii¢i oxidacnimu poSkozeni souvisi pravdépodob-
né s jeho schopnosti stimulovat tvorbu, pfipadné
aktivitu antioxidacnich enzymi. U octomilek, do
jejichz stravy byl pfidan Kin, doSlo ke zvySeni ak-
tivity enzymu katalasy (KAT) (31, 32). Po inkubaci
lidskych fibroblastd s Kin doslo k zvySeni aktivity
KAT spolu s dalSimi antioxidacnimi enzymy jako
glutathionperoxidasa (GPX) €i glutathionredukta-
sa (GSR) (33). V takto oSetfenych fibroblastech
doslo k zvySeni hladiny endogenniho glutathionu
a k snizeni peroxidace lipidd, coZ se projevilo pokle-
sem hladiny malondialdehydu (MDA) (33). Kin zvy-
Soval aktivitu enzymu superoxiddismutasy (SOD),
KAT i GPX u laboratornich krys. Soucasné doSlo
k snizeni peroxidace lipidd a hladiny MDA (34).
Pridani Kin k starnoucim lidskym fibroblastiim zpii-
sobilo oddaleni senescence a snizeni charakteris-
tik spojenych se starnutim bunék. Oproti kontrole



doslo ke sniZeni tvorby pigmentu lipofuscinu, avSak
jiné vyrazné morfologické zmény bunék nebyly po-
zorovany (35). U starnoucich lidskych keratinocytti
byla po aplikaci Kin v kombinaci s vapnikem zazna-
menana vyrazna stimulace jejich diferenciace, jez
byla prokazana méfenim obsahu specifickych pro-
teind keratinu 10 a 14 a involukrinu (36). Vysledky
dalsi studie na rekonstruované lidské kiizi ukézaly,
Ze Kin ovliviiuje jak pokozku, tak Skaru. Kin zvySo-
val mnoZstvi elastinu a fibrillinu | v dermis a mirné
zvySil mnozstvi laminu 5. Tyto zmény mély pozitivni
vliv na tvorbu bazélni membrany a sit elastinu ve
vrchnich vrstvach Skary. V epidermis ovlivnilo oSet-
feni Kin proliferaci keratinocytd a jejich diferenciaci
(37). Kiize dobrovolnikii oSetfena Kin vykazovala
nizsi miru poskozeni po piisobeni sluneéniho zare-
ni, jako jsou jemné vrasky, hrubost kiize a vyskyt
pigmentacnich skvrn. V dalSi klinické studii byl dob-
rovolnikdm aplikovan pripravek obsahuijici 0,1% Kin
dvakrat denné po dobu 24 tydnd. Jiz po 12 tydnech
bylo pozorovano zlepSeni kvality kiize, véetné zlep-
Seni jeji bariérové funkce (38). Chiu a kol. studovali
schopnost Kin (0,03%) v kombinaci s niacinami-
dem (vitamin B3; 4%) potlacit znamky pred¢asného
starnuti k(ize. Pomoci neinvazivnich biometrologic-
kych metod zjistili zmenSeni vyskytu pigmentovych
skvrn, pord, vrasek a taktéz zvySeni hydratace kize
(39). Topicka aplikace Kin (0,1%) po dobu 12 tydn(
zptisobila zmirnéni zarudnuti a dalSich projevd mir-
né formy riiZzovky (rosacea). Pripravek byl dobfe to-
lerovan (40). Uginky a bezpegnost dlouhodobé ap-
likace Kin byly testovany v 100dennim experimentu
na bezsrstém plemeni psa (mexicky nahac). Po
aplikaci Kin doSlo k zlepSeni kvality pokozky, ubytku

pigmentovych skvrn a vyhlazeni jemnych vrasek.
Zaroven v pokozce ani ve Skare nebyly histologicky
prokazany zmény, tedy dlouhodoba aplikace Kin na
k0zi se jevi jako bezpe€na (41).

Cytokininové derivaty a jejich pouziti na
lidskych bunkach

Molekulu purinu, ktera tvofi strukturni zaklad pfiro-
zené se vyskytujicich cytokinin, Ize substituovat
v pozicich N1, G2, N3, C6, N7 a N9. U adeninového
derivatu 6-benzylaminopurinu je kromé vySe uve-
denych pozic mozné pfipravit derivaty se substitu-
enty na benzylovém kruhu, viz obr. 3. Diky této sku-
te€nosti je mozné pfipravit velké mnozstvi derivati,
které se liSi nejen svymi fyzikalné-chemickymi, ale
i svymi biologickymi vlastnostmi. Nékteré derivaty
si zachovavaiji pdvodni cytokininovou aktivitu, jiné
tuto aktivitu ztraci, avSak mohou substituci ziskat
noveé vlastnosti. Pfi jejich pfipravé je tedy vhodné
postupovat systematicky a nasledné provadét pec-
livé testovani jejich biologickych vlastnosti.

Napriklad 2, 6, 9-trisubstituované derivaty cytoki-
nind byly popsany jako G¢inné protinadorové latky.
Mechanismus G¢inku téchto derivatl s nadory je
zaloZen na inhibici cyklin-dependentnich kinas, kli-
¢ovych enzym( bunééného cyklu. Jedna z téchto
latek, roskovitin, byla patentovana, licencovana fir-
mé Cyclacel Pharmaceuticals Ltd. a pod komer¢-
nim nazvem Seliciclib zafazena do multicentrické
faze 1B klinického zkouSeni 1éCby nadorti plic (42,
43). Mezi dalSi latky obdobnych vlastnosti patfi pa-
tentované latky olomoucin a olomoucin II.

Dalsi Kin derivat 6-(furfurylamino)-9-(tetrahydro-
pyran-2-yl)purin (pyratin, Pyr,obr. 4), byl pfipraven
a patentovan Ustavem experimentélni botaniky AV
CR v roce 2007. Tento novy derivat byl klinicky
studovan pro své antisenescencni ucinky na lid-
skou kiiZi v roce 2008 (44). Topicka aplikace Pyr
(0,1%) vedla k celkovému zlepSeni stavu pokozky
(44). Patent byl licencovan a od roku 2009 je Pyr
soucasti kosmetickych pripravki (45).
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Kinetinové derivaty v UV protekci

U Kin a jeho derivat(i byl nedavno popsan UVA a UVB
ochranny efekt na lidskych koznich burikach (46).
Derivaty strukturné napodobuijici Kin, které byly pfi-
praveny v GCentru Regionu Hana pro Biotechnolo-
gicky a Zemédglsky Vyzkum Univerzity Palackého
v Olomouci ve spolupraci s odborniky z Ustavu Ex-
perimentalni Botaniky AV CR, byly G&inn&jsi nez sa-
motny Kin. Uginnost pfipravenych derivat(i Kin byla
testovana na normalnich lidskych koznich fibro-
blastech a na linii lidskych keratinocytd ozarenych
UVA nebo UVB zafenim. Tyto derivaty mély vySsi
ochrannou aktivitu vici UVA i UVB zareni nez kyse-
lina rozmarynova, ktera byla pouZita jako standard.

Dva derivaty Kin, konkrétné 6-(thiofen-2-ylmethy-
lamino)-9-(tetrahydrofuran-2-yl)purin a 2-chloro-
-6-furfurylamino-9-(tetrahydro-furan-2-yl)purin)
navic chranily hadatko obecné (Caenorhabditis
elegans) vaci oxidacnimu stresu. | kdyZ byly latky
(c¢inné na téchto modelech, v in vitro podminkach
v tzv. ORAC testu nereagovaly s uméle generova-
nym volnym radikalem. Mechanismus jejich G¢inku
tedy neni spojen s pfimou interakci s radikaly, re-
spektive ROS a je predmétem dalSiho studia. Pri-
znivym zjisténim je, Ze latky byly Gcinné ve velmi
nizkych koncentracich a Zadna z nich nebyla fo-
totoxickd, tzn., ze v kombinaci s UVA zéafenim se
nezvysuje toxicita studované latky (46).

Dnesni zplsob Zivota je i pfes preventivni opatieni a kvalitni Iékarskou péci spojen
s narlstem civiliza¢nich chorob véetné rakoviny kize, kterd nepfimo souvisi s pred-
¢asnym starnutim kozni tkané. Tato skute¢nost podnécuje Usili védeckych tymU nalézt
latky, které by tyto nezadouci procesy potladily. Souasné cilena organicka syntéza
umozhuje pfipravit nové derivaty inspirované latkami obsazenymi v rostlinach, kte-
ré vykazuji nejriznéjsi spektrum biologickych aktivit. Tato kombinatorni preparativni
chemie, kterd vedla k pfipravé vySe uvedenych latek aktivnich na lidské bunky, je
v souladu se strategii soucasné cilené organické syntézy cytokininl pfinaset nové
biologicky aktivni derivaty. Hlavnim cilem tohoto pfistupu je pfipravit U¢innéjsi de-
rivaty nez byly plvodni, pfirozené se vyskytujici latky, které by byly dostupnéjsi,
stabilngéjsf nebo méne toxické. Dalsim ddlezitym faktorem je studium interakcf latky
s Zivou bunkou nebo tkani, uréeni specifického bunécného cile, na ktery latka pdsobi,
a odhaleni mechanismu jejiho U¢inku. Tento kombinovany pfistup pfinasi nova zjisteni
o provazanosti fungovani
molekularnich mechanismd
pfi protekci koznich bunék.
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ADENINE DERIVATIVES AND THEIR USE AS UV-PHOTOPROTECTIVE AGENTS

Field of invention

The invention relates to adenine derivatives with combined anti-senescent and UV-photoprotective

effects against UVA and UVB radiation. Further it relates to their use thereof.

Background art

6-furfurylaminopurine (kinetin) is a compound that belongs to plant hormone group called
cytokinins. Cytokinins are structurally N°-substituted adenine derivatives. Kinetin was discovered in
1950s and considered to be a growth regulator because it positively influenced the growth of
tobacco callus cells. Exogenous application of kinetin induces cell differentiation and
morphogenesis of the cells of plant callus and postpones the senescence of leaves. Except for the
influence on plant cells, it shows also effects on animal cells. Kinetin possess antioxidant properties
and is able to protect against oxidative stress — it is able to inhibit oxidation and damage of proteins,
to influence the growth of keratinocytes and to delay aging of human skin fibroblasts in vivo
although the compound does not influence proliferation of these fibroblasts. Kinetin derivative 6-
furfurylamino-9-(2-tetrahydropyran-2-yl)purine (trade name Pyratine) that is currently commercially
used in cosmetic preparations, was prepred by merging protective tetrahydropyranyl group with the
kinetin molecule. This structural modification led to the improvement of anti-senescent and
antioxidant effects on plant and animal cells including the tests performed on human skin or human
skin models.

In recent years, increasing amounts of UV radiation (particularly the secondary (UVB) and long
(UVA) wavelengths) reach the Earth's surface. This is a new phenomenon that contributes to the
development of a number of skin diseases and disorders in humans. UVB radiation forms about 4-5
% of the total radiation and is able to penetrate the skin and the epidermis, where it causes direct
and indirect adverse biological effects. UVA accounts for 90 % of the total proportion of radiation
and penetrates deeper into the papillary dermis and partially into the hypodermis (10%), which
causes the formation of reactive oxygen species (ROS) and reactive nitrogen species (RNS).
Chronic skin exposure to UVA radiation can lead to premature aging of the skin, which is
assoctated with structural damage of the dermis, resulting in the formation of wrinkles, moles and
other signs of skin aging. Natural endogenous photoprotective agent is melanin, but it is not formed
in sufficient amounts in human skin, particularly in relation to increasing intensity of UV radiation

reaching the Harth due to czone depletion in the atmosphere and hifestyle modifications {more
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outdoor activitics, clothing that covers smaller part of the body surface). If the skin is reated with a
substance which prevents penetration of UV rays in particular, it can protect against premature
aging but also against short term adverse effects of UV radiation. Majority of products currently
used in cosmelics to protect against solar radiation are so-called sunscreens (WY filters). These
sunscreens were developed to protect skin primarily against "harmful™ UVB radiation which may
give rise to malignant melanokarcinoma. Sunscreens are divided into preparations with physical
mechanism of action (Inorganic minerals that create a physical barrier to radiation on the skin, such
as Ti02 or Zn(3) and preparations with chemical mechanism of action {organic substances capable
{o absorb the radiation by changing the distribution of clectrons - for example benzophenones,
cinnamate, salicylate). For some existing sunscreens, adverse reactions associated mainly with
photoaliergic or fotoirritating reactions have been reported when using these products. A common
problem of these substances is also photo-instability.

The present inventors found a compound which unexpectediy combines antiscnescence cffects and
UV-photoprotective effects {against both UVB and UV A radiation). These substances are very

stable, they are not phototoxic and they do not frritate treated skin.

Disclosure of the Invention

The invention relates to adenine derivatives of general formula I

and pharmaceutically acceptable salts thereof with alkali metals, ammonia, amines, or addition salts
with acids, wherein
R2 is hydrogen or halogen;
R6 is selected from a group containing
- heteroaryl with 5- to 6-membered aromatic ring containing at least one heteroatom selected

from O, S whereas other ring atoms are carbon atoms, while heteroaryl is unsubstituted or



10

15

20

25

30

WO 2017/036434 PCT/CZ2016/050029

substituted by at least one substituent selected from the group consisting of C1-C4 alkyl,
hydroxy(C1-C4)alkyl, mercapto(C1-C4)alkyl, formyl, acetyl, halogen, carboxyl, amino, di(C1-
C4)alkylamino, amino(C1-C4)alkyl;

- heteroarylalkyl with 5- to 6-membered aromatic ring containing at least one heteroatom
selected from O, S whereas other atoms of the ring are carbon atoms, wherein the alkyl contains
1 to 4 carbon atoms, whereas the heteroarylalkyl is unsubstituted or substituted by at least one
substituent selected from the group C1-C4 alkyl, hydroxy(C1-C4)alkyl, mercapto(C1-C4)alkyl,
formyl, acetyl, halogen, carboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;

- heterocyclyl with 5- to 6- membered aliphatic ring containing at least one heteroatom selected
from O, S whereas other atoms of the ring are carbon atoms, wherein the heterocycle is
unsubstituted or substituted by at least one substituent selected from the group C1-C4 alkyl,
hydroxy(C1-C4)alkyl, merkapto(C1-C4)alkyl, formyl, acetyl, halogen, carboxyl, amino, di(C1-
C4)alkylamino, amino(C1-C4)alkyl;

- heterocyclylalkyl with 5- to 6- membered aliphatic ring containing at least one heteroatom
selected from O, S whereas other atoms of the ring are carbon atoms, the alkyl contains 1 to 4
carbon atoms, whereas the heterocyclylalkyl is unsubstituted or substituted by at least one
substituent selected from the group C1-C4 alkyl, hydroxy(C1-C4)alkyl, mercapto(C1-C4)alkyl,
formyl, acetyl, halogen, carboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;- cycloalkyl
with ring containing 5 to 6 carbon atoms, unsubstituted or substituted by at least one substituent
selected from the group C1-C4 alkyl, hydroxy(C1-C4)alkyl, mercapto(C1-C4)alkyl, formyl,
acetyl, halogen, carboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;

- cycloalkylalkyl with ring containing 5 to 6 carbon atoms, wherein the alkyl contains 1 to 4
carbon atoms, whereas the cycloalkylalkyl is unsubstituted or substituted by at least one
substituent selected from the group containing C1-C4 alkyl, hydroxy(C1-C4)alkyl, mercapto(C1-
C4yalkyl, formyl, acetyl, halogen, carboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;

- isoalkyl containing 3 to 7 carbon atoms, unsubstituted or substituted by at least one substituent
selected from the group containing C1-C4 alkyl, hydroxy(C1-C4)alkyl, mercapto(C1-C4)alkyl,
formyl, acetyl, halogen, carboxyl, amino, di{(C1-C4)alkylamino, amino(C1-C4)alkyl.

Heteroalkyl preferably comprises a 5-membered ring, more preferably it contains one heteroatom in
the 5-membered ring, said heteroatom being O or S. Most preferably, the heteroalkyl is furan-2-yl or

thiophen-2-yl.
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Heteroarylalkyl preferably comprises a 5-membered ring and a C1-C2 alkyl, more preferably it
contains one heteroatom in the 5-membered ring, said heteroatom being O or S. Most preferably, the

heteroarylalkyl is selected from furan-2-ylmethyl (furfuryl) and thiophen-2-ylmethyl.

Heterocyclyl preferably comprises a 5-membered ring, more preferably it contains one heteroatom
in the 5-membered ring, said heteroatom being O or S. Most preferably, the heterocyclyl is selected

from tetrahydrofuran-2-yl and tetrahydrothiophen-2-yl.

Heterocyclylalkyl preferably comprises a 5-membered ring and a C1-C2 alkyl, more preferably it
contains one heteroatom, said heteroatom being O or S. Most preferably, the heterocyclylalkyl is

selected from tetrahydrofuran-2-ylmethyl and tetrahydrothiophen-2-ylmethyl.

Cycloalkyl is preferably cyclopentyl. Cycloalkylalkyl is preferably cyclopentylmethyl.

Isoalkyl is preferably selected from isopropyl, isobutyl, isopentyl, isohexyl and isoheptyl.

Halogen is selected from the group comprising fluorine, chlorine, bromine and iodine, the most

preferred halogen is chlorine.

Particularly preferred compounds of the invention are the compounds of formula I selected from the
group consisting of
6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-methylfuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-hydroxymethylfuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-formylfuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(1-furan-2-ylethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-methyltetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(1-tetrahydrofuran-2-ylethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(cyclopentylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(thiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(3-methylthiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-methylthiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-chlorothiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-bromothiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(1-thiophen-2-ylethylamino)-9-(tetrahydrofuran-2-yl)purine
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2-chloro-6-furfurylamino-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-methylfuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-hydroxymethylfuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-formylfuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(1-furan-2-ylethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-methyltetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(1-tetrahydrofuran-2-ylethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(thiophen-2-ylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(thiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(3-methylthiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-methylthiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-chlorothiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-bromothiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(1-thiophen-2-ylethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(cyclopentylmethylamino)-9-(tetrahydrofuran-2-yl)purine

More preferably, the compounds of general formula I are selected from the group consisting of:
6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(thiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-furfurylamino-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(thiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine.

The invention further encompasses the use of adenine derivatives of general formula I as UV-
photoprotective agents in cosmetic compositions, preparations for plant protection and/or in
preparations for tissue culture application. Preferred use of the compounds of the invention is the

use as agents having a combined anti-senescent and UV-photoprotective effect.

The compounds of the invention show combined anti-senescent and UV-photoprotective effects.
Their UV-photoprotective effect was observed against UV A as well as against UVB radiation. They
are suitable as components of cosmetic preparations, preparations for plant protection, preparations
for tissue culture application. Cosmetic preparations comprising the compounds of the present

invention are suitable for the treatment of skin, fur and hair of mammals. The preparations for tissue
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culture application are suitable for the treatment of plant and mammal cell cultures, wherein the
cells are e.g. keratinocytes or fibroblasts.

Object of the invention are further cosmetic preparations, preparations for plant protection,
preparations for tissue culture applications, containing compounds according to general formula I.
The preparations for tissue culture can be utilized in biotechnologies, especially in tissue cultures

for plant micropropagation.

The compounds of the present invention further show immunosuppressive activity through
downregulation of tyrosine-protein kinase JAK3 and innate-immunity-related tyrosine-protein
kinase HCK and toll-like receptor TLR2. The immunosuppressive activity may be exploited in the
cosmetic use of the present compounds for preventing hypersensitive skin reactions, or in medical

preparations for treatment of hypersensitive immune response or transplant rejection.

Preparations (Compositions)

Suitable administration for cosmetic application is local, topical. The cosmetic composition typically
contains from 0.1 to 95 wt. % of the active ingredient, whereas single-dose forms contain preferably
10 to 90 wt. % of the active ingredient and administration forms which are not single-dose
preferably comprise 1 wt. % to 10wt. % of the active ingredient. The application forms include,
e.g., ointments, creams, pastes, foams, tinctures, lipsticks, drops, sprays, dispersions and the like.
The compositions are prepared in a known manner, for example by means of conventional mixing,
dissolving or lyophilizing processes.

Solutions of the active ingredients, suspensions or dispersions, especially isotonic aqueous
solutions, dispersions and suspensions, can be prepared before use, for example in the case of
lyophilised compositions which comprise the active substance alone or together with a carrier, for
example mannitol.

Suspensions in oil comprise, as the oily component, vegetable, synthetic or semi-synthetic oils. Oils
which may be mentioned are, in particular, liquid fatty acid esters which contain, as the acid
component, a long-chain fatty acid having 8-22, in particular 12-22, carbon atoms, for example
lauric acid, tridecylic acid, myristic acid, pentadecylic acid, palmitic acid, margaric acid, stearic
acid, arachidonic acid, behenic acid or corresponding unsaturated acids, for example oleic acid,
claidic acid, erucic acid, brasidic acid or linoleic acid, if appropriate with the addition of
antioxidants, for example vitamin E, B-carotene or 3,5-di-tert-butyl-4-hydroxytoluene. The alcohol
component of these fatty acid esters has not more than 6 carbon atoms and is mono- or polyhydric,

for example mono-, di- or trihydric alcohol, for example methanol, ethanol, propanol, butanol, or
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pentanol, or isomers thereof, but in particular glycol and glycerol. Fatty acid esters are, for example:
ethyl oleate, isopropyl myristate, isopropyl palmitate, “Labrafil M 2375% (polyoxyethylene glycerol
trioleate from Gattefoseé, Paris), “Labrafil M 1944 CS* (unsaturated polyglycolated glycerides
prepared by an alcoholysis of apricot kernel oil and composed of glycerides and polyethylene glycol
esters; from Gattefoseé, Paris), “Labrasol” (saturated polyglycolated glycerides prepared by an
alcoholysis of TCM and composed of glycerides and polyethylene glycol esters; from Gattefoseé,
Paris) and/or “Miglyol 812* (triglyceride of saturated fatty acids of chain length Cg to C;, from Hiils
AG, Germany), and in particular vegetable oils, such as cottonseed oil, almond oil, olive oil, castor
oil, sesame oil, soybean oil and, in particular, groundnut oil.

Ointments are oil-in-water emulsions which comprise not more than 70 %, preferably 20 to 50 % of
water or aqueous phase. The fatty phase consists, in particular, of hydrocarbons, for example
vaseline, paraffin oil or hard paraffins, which preferably comprise suitable hydroxy compounds,
such as fatty alcohols or esters thereof, for example cetyl alcohol, or wool wax alcohols, such as
wool wax, to improve the water-binding capacity. Emulsifiers are corresponding lipophilic
substances, such as sorbitan fatty acid esters (Spans), for example sorbitan oleate and/or sorbitan
isostearate. Additives to the aqueous phase are, for example, humectants, such as polyalcohols, for
example glycerol, propylene glycol, sorbitol and/or polyethylene glycol, or preservatives and
odoriferous substances.

Fatty ointments are non-aqueous and are in particular hydrocarbon-based, e.g. paraffin, vaseline or
paraffin oil, and natural or semi-synthetic lipids, such as hydrogenated coconut fatty acid
triglycerides or hydrogenated oils, such as hydrogenated castor or groundnut oil, and partially fatty
acid glycerol esters, e.g. glycerol mono- and distearate. They further contain, e.g., fatty alcohols,
emulsifiers and additives mentioned above in connection with ointments which increase water
binding.

Creams are oil-in-water emulsions containing more than 50 % of water. The oil bases used include
fatty alcohols, e.g., isopropyl myristate, lanolin, bees wax or hydrocarbons, preferably vaseline
(petrolatum) and paraffine oil. Emulsifiers are surface active compounds with predominantly
hydrophilic characteristics, such as corresponding non-ionic emulsifiers, e.g., fatty acid polyalcohol
esters or ethyleneoxy adducts thereof, e.g., polyglyceridic fatty acids or polyethylene sorbitan esters
or acidic polyflyceridic fatty acid esters (Tween), polyoxyethylene fatty acid ethers or
polyoxyethylene fatty acid esters; or corresponding ionic emulsifiers, such as alkali sulfate salts of
fatty alcohols, such as sodium laurylsulfate, sodium cetylsulfate, or sodium stearylsulfate, which are
typically used in the presence of fatty alcohols, e.g., cetyl stearyl alcohol or stearyl alcohol. The
aqueous phase additives include agents preventing drying out of the creams, e.g., polyalcohols such

as glycerol, sorbitol, propylene glycol and polyethylene glycol, and preservatives and fragrances.
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Pastes are creams or ointments containing powdered secretion-absorbing components such as metal
oxides, e.g., titanium oxides or zinc oxide, further talc or aluminium silicates for binding humidity
or secretion.

Foams are applied from pressurized containers and include liquid oil-in-water emulsions in aerosol
form, whereas the propellant gases include halogenated hydrocarbons such as chloro-fluoro-lower
alkanes, e.g., dichlorofluoromethane and dichlorotetrafluoroethane, or preferably non-halogenated
gaseous hydrocarbons, air, N,O or carbon dioxide. The oily phases used are the same as for
ointments and the additives mentioned for ointments are used.

Tinctures and solutions usually comprise an aqueous-ethanolic base, to which humectants for
reducing evaporation, such as polyalcohols, for example glycerol, glycols and/or polyethylene
glycol, and re-oiling substances, such as fatty acid esters with lower polyethylene glycols, i.c.
lipophilic substances soluble in the aqueous mixture to substitute the fatty substances removed from

the skin with ethanol, and, if necessary, other excipients and additives, are admixed.

The invention is further illustrated by the following examples which should not be construed as

further limiting.

Examples of carrying out the Invention

Example 1:

Preparation of 6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine (1)

6-Chloro-9-(tetrahydrofuran-2-yl)purine (1g; 4.46 mmol), tetrahydrofurfurylamine (554 ul; 5.36
mmol) and triethylamine (Et;N) (3.2 ml; 22.3 mmol) were sequentially dissolved in propanol (50
ml). The mixture was stirred under reflux for 4 hours and then concentrated in vacuo. The residue
was dissolved in water and extracted into EtOAC using liquid-liquid continuous extractor (24 h).
Organic fraction was dried (Na2S04) and evaporated in vacuo. The product was obtained after
purification via column chromatography using (EtOAc:MeOH:NHj;; 34:1:1; v:v) as eluent. Yield:
76 %. '"H NMR (500 MHz, DMSO-d), ppm: 1.53 - 1.64 (m, 1 H); 1.69 - 1.89 (m, 3 H); 1.95 - 2.02
(m, 1 H); 2.11 -2.23 (m, 1 H); 2.30 - 2.44 (m, 2 H); 3.37 - 3.48 (m, 1 H); 3.48 - 3.53 (m, 1 H); 3.53 -
3.60 (m, 1 H); 3.70 - 3.76 (m, 1 H); 3.81 - 3.90 (m, 1 H); 3.98 (q, /=7.03 Hz, 1 H); 4.09 (q, /=7.44
Hz, 1 H); 6.21 (dd, J=6.88, 3.82 Hz, 1 H); 7.63 (br. s., 1 H); 8.17 (br. s., 1 H); 8.21 (s, 1 H).

Table 1: Compounds prepared according to example 1
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Elemental analysis
N Re R calculated/found
ES MS
%C %H %N [M+H]"
1 tetrahydrofuran-2-ylmethyl H | 58.1/58.0 | 6.6/6.6 | 24.2/24.3 290.3
2 5-methylfuran-2-ylmethyl H | 60.2/60.1 | 5.7/5.7 | 23.4/23.5 300.3
3 | hydroxymethylfuran-2- )y 57 1575 | s4/5.4 | 2220225 | 3163
ylmethyl
4 S-formylfuran-2-ylmethyl H | 57.5/57.6 | 4.8/4.8 | 22.4/22.2 314.3
5 1-furan-2-ylethyl H | 60.2/60.1 | 5.7/5.8 | 23.4/23.5 300.3
6 | O>methyletrahydrofuran-2- |y 59 4593 | 7.0/7.0 | 231232 | 3044
ylmethyl
7 1-tetrahydrofuran-2-ylethyl H | 59.4/59.2 | 7.0/7.1 | 23.1/23.2 304.4
8 cyklopentylmethyl H | 62.7/629 | 7.4/75 | 24.4/24.5 288.4

Example 2: Preparation of 6-(thiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine (9)

6-Chloro-9-(tetrahydrofuran-2-yl)purine (0,5 g; 2.23 mmol), 2-thiophenemethylamine (275 pl; 2.68
mmol) and triethylamine (Et;N) (1.6 ml; 11.15 mmol) were sequentially dissolved in propanol (25
ml) The mixture was stirred under reflux for 3 hours then 2-thiophenemethylamine (23 pl; 0.23
mmol) was added and reaction mixture was stirred under reflux for an additional 1.5 hours. The
mixture was concentrated in vacuo. The residue was dissolved in water and extracted into EtOAc.

Organic fraction was dried (Na,SO,) and evaporated in vacuo. Product was obtained after

precipitation in diethylether. Yiel: 61 %. '"H NMR (500 MHz, DMSO-dg) & ppm 1.92 - 2.00 (m, 1

H); 2.12-2.22 (m, 1 H); 2.31 - 2.38 (m, 1 H); 2.38 - 2.43 (m, 1 H); 3.85 (td,
4.08 (td, J=7.68, 6.50 Hz, 1 H); 4.79 (br. s., 2 H); 6.21 (dd, J=6.88, 3.82 Hz, 1 H); 6.88 (dd,
J=5.04,3.44 Hz, 1 H); 6.97 (dd, J/=3.40, 1.03 Hz, 1 H); 7.27 (dd, J=5.12, 1.22 Hz, 1 H); 8.23 (s, 2

H); 8.36 (br. s., 1 H).

Table 2: Compounds prepared according to example 2

J=7.68, 6.34 Hz, 1 H);

N, R, R, Elemental analysis

calculated/found
ES MS
%C %H 90N [M+H]'
9 thiophen-2-ylmethyl H | 55.8/55.6 | 5.0/54 | 23.2/23.3 302.4
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Elemental analysis
calculated/found

ES MS

%C %H %N [M+H]"

10 | 3-methylthiophen-2-ylmethyl | H | 57.1/57.2 | 5.4/5.5 | 22.2/22.3 316.4

11 | 5-methylthiophen-2-ylmethyl | H | 57.1/57.0 | 5.4/53 | 22.2/22.1 316.4

12 | 5-chlorothiophen-2-ylmethyl | H | 50.0/50.1 | 4.2/4.3 | 20.9/20.8 336.8

13 | 5-bromothiophen-2-ylmethyl | H | 44.2/44.1 | 3.7/3.8 | 18.4/18.5 381.3

14 1-thiophen-2-ylethyl H | 57.1/57.0 | 5.4/55 | 22.2/22.0 316.4

Example 3: Preparation of 2-chloro-6-furfurylamino-9-(tetrahydrofuran-2-yl)purine (15)

2,6-Dichloro-9-(tetrahydrofuran-2-yl)purine (0.5g; 1.93 mmol), furfurylamine (204 pl; 2.31 mmol)
and triethylamine (Et;N) (1.32 ml; 9.65 mmol) were sequentially dissolved in propanol (25 ml). The
mixture was stirred under reflux for 5 hours and then concentrated in vacuo. If product did not
cristallize from reaction mixture it was evaporated in vacuo. Crude reaction mixture was
precipitated from (CHCI;:EtOH; 1:8; v:v) or (CHCl;:Ether; 1:7; v:v) and filtrated. Solid product

was washed with cold water and recrystallized from EtOH

Table 3: Compounds prepared according to example 3

N, R, R, Elemental analysis

calculated/found
ES MS
%C %H %N [M+H]"
15 furfuryl Cl | 52.6/52.5 | 44/43 | 21.9/21.7 320.7

16 | 5-methylfuran-2-ylmethyl | Cl | 54.0/54.1 | 4.8/4.7 | 21.0/20.9 334.8

5-hydroxymethylfuran-2-

17 ylmethyl

Cl | 51.5/51.6 | 4.6/4.7 | 20.0/20.1 350.8

18 | S-formylfuran-2-ylmethyl | Cl [ 51.8/51.9 | 4.1/4.2 | 20.1/20.3 348.8

19 1-furan-2-ylethyl Cl | 54.0/54.1 | 4.8/4.9 | 21.0/21.3 334.8

20 | tetrahydrofuran-2-ylmethyl | Cl [ 51.9/51.8 | 5.6/5.7 | 21.6/21.5 323.8

5-methyltetrahydrofuran-2-

21 ylmethyl

Cl | 53.3/534 | 6.0/6.0 | 20.7/20.5 338.8

22 | 1-tetrahydrofuran-2-ylethyl | Cl | 53.3/53.4 | 6.0/6.1 | 20.7/20.6 338.8
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Elemental analysis
calculated/found

ES MS

%C %H %N [M+H]"

23 thiophen-2-ylmethyl Cl | 50.1/50.1 | 4.2/4.3 | 20.9/20.8 336.8

3-methylthiophen-2-

24 ylmethyl

Cl | 51.5/51.6 | 4.6/4.7 | 20.0/20.2 | 350.8

5-methylthiophen-2-

25 ylmethyl

Cl | 51.5/51.6 | 4.6/4.7 | 20.0/20.1 350.8

26 | 5-chlorthiophen-2-ylmethyl | Cl | 45.4/45.6 | 3.5/3.7 | 18.9/18.8 371.3

5-bromthiophen-2-

27 ylmethyl

Cl | 40.6/40.5 | 3.2/3.1 | 16.9/16.8 415.7

28 1-thiophen-2-ylethyl Cl | 51.5/51.6 | 4.6/4.77 | 20.0/20.1 350.8

29 cyklopentylmethyl Cl | 56.0/56.1 | 6.3/6.4 | 21.8/21.9 322.8

Example 4: Evaluation of cytotoxicity of novel derivatives for skin cell by MTT in vitro test

MTT assay is a standard test of toxicity based on photometric measurement of the ability of
metabolically active cells to reduce MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide). Using the assay, the effects of 72 hour treatments with several concentrations of the
compounds (sixfold dilution, maximal concentration = 50 microM) on viability of skin fibroblasts
BJ and keratinocytes HaCaT were evaluated. About 5,000 cells were seeded per well of a 96-well
plate 24 hours before the treatment. DMSO vehiculum was used as a negative control. After 72 hour
treatment, new medium with MTT (Sigma, M2128) was added to a final concentration of 0.5
mg/ml. After 3 hours, medium was removed and resulting formazan in the cells was dissolved in
DMSO. The absorbance was measured at 570 nm (640 nm reference wavelength). The IC50 values
were calculated from the dose-response curves. 6-furfurylaminopurine riboside was used as positive

controls. The following results were obtained.

Table 4: Cytotoxicity of prepared compounds in MTT in vitro assay.

Compound ICs0 (M)
dimethylsulfoxid >100
6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine >100
6-(thiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)aminopurine >100
2-chloro-6-furfurylamino-9-(tetrahydrofuran-2-yl)purine >100
6-furfurylamino-9-ribosylpurine (comperative example) <3
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Example 5: Anti-senescent activity of novel compounds tested in senescent bioassay on wheat leaf

segments

Seeds of winter wheat, Triticum aestivum cv. Hereward, were washed under running water for 24
hours and then sown on vermiculite soaked with Knop’s solution. They were placed in the growth
chamber at 25°C with a 16/8 h light period at 50 umol.m”.s'. After 7 days, the first leaf was fully
developed and the second leaf had started to grow. A tip section of the first leaf, approximately 35
mm long, was removed from 5 seedlings and trimmed slightly to a combined weight of 100 mg. The
basal ends of the five leaf tips were placed in the wells of a microtiter polystyrene plate containing
150 pL of the tested derivative solution each. The entire plate was inserted into a plastic box lined
with paper tissues soaked in distilled water to prevent leaf sections from drying out. After 96 h
incubation in the dark at 25°C, the leaves were removed and chlorophyll extracted by heating at
80°C for 10 min in 5 mL of 80% ethanol (v/v). The sample volume was then restored to 5 mL by the
addition of 80% ethanol (v/v). The absorbance of the extract was recorded at 665 nm. In addition,
chlorophyll extracts from fresh leaves and leaf tips incubated in deionised water were measured.
The results are means of five replicates and the entire test was repeated twice. In each experiment
activities of the novel compounds were tested and compared with activity of BAP, which is known
to be highly active cytokinin.

The compounds to be tested were dissolved in dimethylsulfoxide (DMSO) and the solution brought
up to 10° M with distilled water. This stock solution was further diluted with the respective media
used for the biotest to a concentration ranging from 10°*M to 10*M. The final concentration of
DMSO did not exceed 0.2 % and therefore did not affect the biological activity in the assay system
used. The activity obtained for 10* M of BAP was postulated as 100 %. Kinetin was used as the
second standard. Newly prepared compounds generally exceeded the efficiency of standard (BAP)
by 10 % of its activity (Tab. 5).

Table 5: Relative biological activity in detached wheat leaf senescence (chlorophyll retention)
biotest compared with activity of 6-benzylaminopurine (BAP) standard (100% means activity of

BAP in concentration 10 *mol.l™")

Compound maximum activity (%)
effective [10*mol.l" BAP =
concentration 100%]
(mol.I™")
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BAP (comperative example) 10* 100£1
kinetin (comperative example) 10* 98+4
6-furfurylamino-9-(tetrahydrofuran-2-yl)purin 10* 114+£3
6-(3-methylthiophen-2-ylmethylamino)-9- 10* 110£7
(tetrahydrofuran-2-yl)purine

6-(tetrahydrofuran-2-ylmethylamino)-9- 10* 125+9
(tetrahydrofuran-2-yl)purine

6-(thiophen-2-ylmethylamino)-9-(tetrahydrofuran-2- 10* 11245
yl)purine

2-chloro-6-(tetrahydrofuran-2-ylmethylamino)-9- 10* 12745
(tetrahydrofuran-2-yl)purine

Example 6: In vitro cytotoxic activity of new derivatives on cancer cell lines

One of the parameters used as the base for cytotoxic analysis is metabolic activity of viable cells.
Microtiter assay, which uses the Calcein AM, is now widely used to quantify cell proliferation and
cytotoxicity. The quantity of reduced Calcein AM corresponds to the number of viable cells in
culture. The cell lines of breast cancer (MCF-7), human erythromleukemia (K562), BJ human
fibroblast cells (BJ) and human keratinocyte cell line (HaCaT) were used for routine screening of
cytotoxicity of the compounds. The cells were maintened in Nunc/Corning 80 cm” plastic bottles
and grown in media for cell culture (DMEM containing 5g/l of glucose, 2mM of glutamin, 100
U/ml of penicilin, 100 pg/ml of streptomycin, 10% of fetal bovine serum and sodium
hydrogencarbonate).  Cell suspensions were diluted according to cell types and according to
expected final cell density (10* of cells per well according to characteristics of cell growth),
pippeted 80 pl of cell suspension on 96-well microtiter plates.. Innoculates were stabilized by 24 hrs
preincubation at 37°C in CO,. Particular concentrations of tested compounds were added in time
zero as 20 pl aliquotto wells of microtiter plates.Usually, the compounds were diluted into six
concentrations in four-fold dilution series. In routine testing, the highest well concentration was
166.7 uM, of change dependent on the substance. AH diug concentrations were examined in
duplicates .The incubation of cells with tested derivatives lasted 72 hrs at 37°C, 100 % humidity
and in the atmosphere of CO,. At the end of the incubation period, the cells were tested and
analysed according to the addition of Calcein AM (Molecular probes) solution and the incubation
lasted for next 1 hour. Fluorescence (FD) was measured using Labsystem FIA reader Fluorskan
Ascent (Microsystems). The survival of tumor cells (The tumor cell survival-TCS) was counted
according to equation: Glse=(FDye with derivative /FDcontor wen ) X 100 %. The value of Gls,, that is equal
to the concentration of compound at which 50 % of tumour cells are terminated.To evaluate the

antitumor activity was tested toxicity of new derivatives on panel of cell lings of different



10

15

20

25

30

WO 2017/036434 PCT/CZ2016/050029
14

histogenetic and specics origin { Tab. &, GIS0 concentration given in uM ) . It turned out that new
compounds showed to be non toxic for neither of all tested tumor lines nor for nonmalignant cell
fines BJ and HaCaT. Effective derivatives killed tumor cells in concentrations close to 0.1 to 50.
None of the newly prepared compounds only reached the value.

Table 6: Cytotoxicity of newly prepared compouds for various cell lines

Compound MCF-7 | K562 | BJ [HaCaT
6-furfurylamino-9-(tetrahydrofuran-2-yl)purine >100 | >100 | >100 | >100
6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran- | >100 | >100 | >100 | >100
2-yDpurine

6-(thiophen-2-ylmethylamino)-9-(tetrahydrofuran-2- >100 | >100 | >100 [ >100
yl)purine
2-chloro-6-(tetrahydrofuran-2-ylmethylamino)-9- >100 | >100 | >100 [ >100

(tetrahydrofuran-2-yl)purine

Example 7: In vitro test of phototoxic effects of test compounds on normal human dermal

fibroblasts.

Phototoxic potential of test compound was determined by modified in vitro test validated
phototoxicity evaluation (Spielmann H, Balls M, Dupuis J, Pape WJ, Pechovitch G, de Silva O,
Holzhiitter HG, Clothier R, Desolle P, Gerberick F, Liebsch M, Lovell WW, Maurer T,
Pfannenbecker U, Potthast JM, Csato M, Sladowski D, Steiling W, Brantom P. The International
EU/COLIPA In Vitro Phototoxicity Validation Study: Results of Phase II (Blind Trial). Part 1: The
3T3 NRU Phototoxicity Test. Toxicol In Vitro. 1998;12:305-27). Normal human dermal fibroblasts
(NHDF) were used as an in vitro model. Cells were isolated from tissue specimens obtained from
healthy patients undergoing plastic surgery at the Department of Plastic and Aesthetic Surgery
(University Hospital Olomouc). The use of skin tissue was in accordance with the Ethics Committee
of the University Hospital and Faculty of Medicine and Dentistry, Palacky University, Olomouc and
all patients signed written informed consent. Fibroblasts were used between the 2nd and 4th
passage. For all experiments the fibroblasts were seeded onto 96-well plates at a density of 0.8x10°
cells/ml (0.2 ml per well) of cultivation medium (DMEM supplemented with fetal calf serum (10%,
v/v), penicillin (100 mg/ml) and streptomycin (100 U/ml)). Test substances included compounds
number 1, 3, 9, 15 and 20. Compounds were dissolved in DMSO and then diluted in serum free
medium (DMEM supplemented with penicillin (100 mg/ml) and streptomycin (100 U/ml)). After
24h incubation was cultivation medium changed to serum free medium containing test compound or
DMSO (negative control). The final applied concentrations range 3.9 - 125 umol/l. As a control,
serum free medium supplemented with appropriate concentration of DMSO (0.5 %, v/v) was used.

In parallel with test compound, chlorpromazine (CPZ; 0.8 - 50 umol/l) was used as a known
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phototoxic compound. The test compound was in parallel applied on two 96-well plates with
NHDF. After 60 minutes incubation with test compound medium was discarded, cells were washed
two-times with PBS and PBS supplemented with glucose (1 mg/ml) was applied. A plate was then
exposed to a non-cytotoxic dose of UV A radiation (5.0 J/cm®) using a solar simulator SOL 500 (Dr.
Hoenle Technology, Germany) equipped with a H1 filter transmitting wavelengths of 320-400 nm.
Intensity of UV A radiation was evaluated before each irradiation by UV A-meter. A control (non-
irradiated) plate was for the period of irradiation incubated in dark. After UV A exposure PBS with
glucose was discarded and serum free medium was applied. After 24 hours (37 °C, 5 % CO,) cell
damage was evaluated by neutral red (NR) incorporation into viable cells. Medium was discarded
and NR solution (0.03% w/v, PBS) was applied. After 60 minutes NR solution was discarded, cells
were fixed with a mixture of formaldehyde (0.5%, v/v) and CaCl, (1 %, m/v) in ratio 1:1 and then
NR was dissolved in methanol (50%, v/v) with acetic acid (1%, v/v). After 5 minutes of intensive
shaking absorbance was measured at 540 nm. Experiments were performed in four independent
repetitions with use of cells from four donors to minimize individual sensitivity of donor cells.
Phototoxic effect was evaluated as % of viability of control cells that was calculated from

experimental data (absorbance) according to the following equation:

A, —A
Viability (% of control) = [Mj -100
(A, —Ap)

Ag ... absorbance of sample (cells pre-incubated with test compound in serum free medium and
irradiated)
Ac ... absorbance of control (cells pre-incubated with DMSO in serum free medium and irradiated)

Ag ... absorbance of background (extraction solution)

Result: Treatment with test compounds and following exposure to non-toxic UVA dose did not
cause decrease in cell viability ~ incorporation of NR and thus test compound can be considered as
non-phototoxic in the used concentration range (3.9-125 umol/l). Results are given in Tab. 7. A
well-known phototoxic compound chlorpromazine, which can be used for comparison, decreases the
viability of NHDF cells: on exposure to UV A radiation (UV A+), the viability decreases below 80 %
of control in the presence of 6.3 pmol/l of chlorpromazine, while the viability of unirradiated cells
(UVA-) decreases below 80 % in the presence of 25 pmol/l of chlorpromazine. A Above data
indicate that test compounds are safe for cosmetic and dermatological application including use

with following exposure of treated skin with solar radiation.

Table 7: UV A-induced effects of test compounds on NHDF viability.
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1 (umol/l) 3.9 7.8 15.6 31.3 62.5 125
% control 9.6  106.5 99.6 1024 1023 1097
-UVA "~ sMopcH 7.4 92 37 2.1 5.8 10.5
% control 1051 1106 1068 1095 1033 1075
*UVA - sMopcH 103 10.7 13.4 10 8.9 8.9
3 (umol/l) 3.9 7.8 15.6 31.3 62.5 125
% control 103 1049 1042 1077 1066 1104
-UVA "~ sMopcH 42 5.4 5 8 3.2 4
cuva o conol 101.04 10646 10228 1074 11049 1118
SMODCH 1.9 7.8 2.9 8.2 8.3 7.1
9 (umol/l) 3.9 7.8 15.6 31.3 62.5 125
.UVA % control 100 103 1005 1067 1079  108.4
SMODCH 0.8 34 2 0.3 32 0.2
+UVA % control 97.8 1023 1008 1059 1028 1063
SMODCH 1.5 4.4 1.4 43 37 12
15 (umol/l) 3.9 7.8 15.6 31.3 62.5 125
.UVA % control 1003 1035 1043 1054 1063 1012
SMODCH 1.6 43 32 4.7 39 1.8
+UVA % control 1001 1015 1026 1029 1033 97.3
SMODCH 0.2 2.1 0.8 2.7 2.1 4
20 (pmol/) 3.9 7.8 15.6 31.3 62.5 125
.UVA % control 1031 1029 1006  105.6 102 104
SMODCH 1.7 52 1.3 5.4 1.1 1.8
+UVA % control 1001 1029 1004 1027 1051 1048
SMODCH 35 4 37 39 6.1 52

Example 8: In vitro test of photoprotective effects of 6-(tetrahydrofuran-2-ylmethylamino)-9-

(tetrahydrofuran-2-yl)purine on dermal fibroblasts

Normal human dermal fibroblasts (NHDF) were used as an in vitro model. Cells were isolated from
tissue specimens obtained from healthy patients undergoing plastic surgery at the Department of
Plastic and Aesthetic Surgery (University Hospital Olomouc). The use of skin tissue was in
accordance with the Ethics Committee of the University Hospital and Faculty of Medicine and
Dentistry, Palacky University, Olomouc and all patients signed written informed consent.
Fibroblasts were used between the 2nd and 4th passage. For all experiments the fibroblasts were

seeded onto 96-well plates at a density of 0.8x10° cells/ml (0.2 ml per well) of cultivation medium
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(DMEM supplemented with foetal calf serum (10%, v/v), penicillin (100 mg/ml) and streptomycin
(100 U/ml)). Test compounds included 6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-
yDpurine (1). Compounds were dissolved in DMSO and then diluted in serum free medium (DMEM
supplemented with penicillin (100 mg/ml) and streptomycin (100 U/ml)). After 24h incubation was
cultivation medium changed to serum free medium containing test compound or DMSO (negative
control). The final applied concentrations range of 6-(tetrahydrofuran-2-ylmethylamino)-9-
(tetrahydrofuran-2-yl)purine was 3.9-500 umol/ll. As a control serum free medium supplemented
with appropriate concentration of DMSO (0.5 %, v/v) was used. Each test compound was in parallel
applied on two 96-well plates with NHDF. After 60 minutes incubation medium with test compound
was discarded, cells were washed two-times with PBS and PBS supplemented with glucose (1
mg/ml) was applied. To study UVA photoprotection, a plate was exposed to a cytotoxic dose of
UVA radiation (7.5 J/em®) using a solar simulator SOL 500 (Dr. Hoenle Technology, Germany)
equipped with a H1 filter transmitting wavelengths of 320-400 nm. To study UVB photoprotection,
a plate was exposed to a cytotoxic dose of UVB radiation (400 mJ/cm®) using the solar simulator
equipped with a H2 filter transmitting wavelengths of 295-320 nm. Intensity of UVA or UVB
radiation was evaluated before each irradiation by UVA- or UVB-meter. Control (non-irradiated)
plates were for the period of irradiation incubated in dark. After UVA or UVB exposure PBS with
glucose was discarded and serum free medium was applied. After 24 hours (37 °C, 5 % CO,) cell
damage was evaluated by neutral red (NR) incorporation into viable cells. Medium was discarded
and NR solution (0.03% w/v, PBS) was applied. After 60 minutes NR solution was discarded, cells
were fixed with a mixture of formaldehyde (0.5%, v/v) and CaCl; (1 %, m/v) in ratio 1:1 and then
NR was dissolved in methanol (50%, v/v) with acetic acid (1%, v/v). After 5 minutes of intensive
shaking absorbance was measured at 540 nm. Experiments were performed in four independent
repetitions with use of cells from four donors to minimize individual sensitivity of donor cells.
Photoprotective effect was evaluated by comparison of experimental data (absorbance) of test
compounds with a positive control and a negative control (according to the following equation:
As — Anc

Apc — Anc

Protection (%) = 100 — -100

As ... absorbance of sample (cells pre-incubated with test compounds in serum free medium and
irradiated)

Anc ... absorbance of negative control (cells pre-incubated with s DMSO in serum free medium
and non-irradiated = incubated in dark)

Apc ... absorbance of positive control (cells pre-incubated with s DMSO in serum free medium

and irradiated)
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Results: Cells pre-incubated with test compound and exposed to UVA or UVB radiation showed
higher viability (ability to incorporate NR) compared to those pre-incubated with DMSO (control)
and UVA or UVB irradiated (Tab. 8 and 9).

Table 8: Photoprotective effect of 6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-
yDpurine (1) on UV A-induced damage to NHDF.

UVA photoprotection
1
protection (%)

Concentration (umol/l)

3.9 27.7 £ (6.9)
7.8 57.4 + (14.4)
15.6 432 +(10.8)
31.3 47.5 + (11.9)
62.5 413 £(10.3)
125 49 + (12.3)
250 453 +(11.3)
500 18.5 + (4.6)

Table 9: Photoprotective effect of 6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-
yDpurine (1) on UVB-induced damage to NHDF.

UVB photoprotection
Concentration (umol/l) 1
protection (%)
39 49+ (1.2)
7.8 44.1 £(11)
15.6 35+ (8.7)
313 38.3 +(9.6)
62.5 444 +£(11.1)
125 42.7 £ (10.7)
250 46.6 + (11.6)
500 26.3 £(6.6)

Example 9: In vitro test of photoprotective effects of test compounds on dermal fibroblasts

Normal human dermal fibroblasts (NHDF) were used as an in vitro model. Cells were isolated from
tissue specimens obtained from healthy patients undergoing plastic surgery at the Department of

Plastic and Aesthetic Surgery (University Hospital Olomouc). The use of skin tissue was in
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accordance with the Ethics Committee of the University Hospital and Faculty of Medicine and
Dentistry, Palacky University, Olomouc and all patients signed written informed consent.
Fibroblasts were used between the 2nd and 4th passage. For all experiments the fibroblasts were
seeded onto 96-well plates at a density of 0.8x10° cells/ml (0.2 ml per well) of cultivation medium
(DMEM supplemented with fetal calf serum (10%, v/v), penicillin (100 mg/ml) and streptomycin
(100 U/ml)). Test substances included compounds number 1, 3, 9, 15 and 20. Compounds were
dissolved in DMSO and then diluted in serum free medium (DMEM supplemented with penicillin
(100 mg/ml) and streptomycin (100 U/ml)). After 24h incubation was cultivation medium changed
to serum free medium containing test compound or DMSO (negative control). The final applied
concentrations range was 3.9-31.3 umol/ll. As a control serum free medium supplemented with
appropriate concentration of DMSO (0.5 %, v/v) was used. Rosmarinic acid was used as positive
control. Each test compound was in parallel applied on two 96-well plates with NHDF. After 60
minutes incubation medium with test compound was discarded, cells were washed two-times with
PBS and PBS supplemented with glucose (1 mg/ml) was applied. To study UVA photoprotection, a
plate was exposed to a cytotoxic dose of UVA radiation (7.5 J/cm®) using a solar simulator SOL 500
(Dr. Hoenle Technology, Germany) equipped with a H1 filter transmitting wavelengths of 320-400
nm. To study UVB photoprotection, a plate was exposed to a cytotoxic dose of UVB radiation (150
mJ/cm®) using the solar simulator equipped with a H2 filter transmitting wavelengths of 295-320
nm. Intensity of UVA or UVB radiation was evaluated before each irradiation by UVA- or UVB-
meter. Control (non-irradiated) plates were for the period of irradiation incubated in dark. After
UVA or UVB exposure PBS with glucose was discarded and serum free medium was applied. After
24 hours (37 °C, 5 % CO,) cell damage was evaluated by neutral red (NR) incorporation into viable
cells. Medium was discarded and NR solution (0.03% w/v, PBS) was applied. After 60 minutes NR
solution was discarded, cells were fixed with a mixture of formaldehyde (0.5%, v/v) and CaCl, (1
%, m/v) in ratio 1:1 and then NR was dissolved in methanol (50%, v/v) with acetic acid (1%, v/v).
After 5 minutes of intensive shaking absorbance was measured at 540 nm. Experiments were
performed in four independent repetitions with use of cells from four donors to minimize individual
sensitivity of donor cells. Photoprotective effect was evaluated by comparison of experimental data
(absorbance) of test compounds with a positive control and a negative control (according to the
following equation:
As — Anc

Apc — Anc

Protection (%) = 100 — -100

As ... absorbance of sample (cells pre-incubated with test compounds in serum free medium and

irradiated)
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Anc ... absorbance of negative control (cells pre-incubated with s DMSO in serum free medium
and non-irradiated = incubated in dark)
Apc ... absorbance of positive control (cells pre-incubated with s DMSO in serum free medium
and irradiated)
Results: Cells pre-incubated with test compounds and exposed to UVA or UVB radiation showed
higher viability (ability to incorporate NR) compared to those pre-incubated with DMSO (control)
and UVA or UVB irradiated (Tab. 10 and 11). All test compounds showed higher or comparable
photoprotective activity with rosmarinic acid used as positive control. Therefore test compounds

has high photoprotective potential.

Table 10: Photoprotective effect of test compounds and rosmarinic acid (RA, positive control) on

UV A-induced damage to NHDF.

3 (Lmol/1) 39 7.8 15.6 31.3
Protection (%) 14.7 16.3 24.6 25.8
SMODCH 32 33 5.8 4.5
9 (Lmol/1) 39 7.8 15.6 31.3
Protection (%) 41.3 44.4 45.7 52.0
SMODCH 18.0 12.6 9.5 10.8
15 (pmol/1) 39 7.8 15.6 31.3
Protection (%) 24.5 29.9 33.0 353
SMODCH 11.9 10.8 12.1 11.5
20 (umol/1) 39 7.8 15.6 31.3
Protection (%) 5.9 10.7 11.5 16.2
SMODCH 3.2 3.5 5.4 4.1
RA 39 7.8 15.6 31.3
Protection (%) 6.1 14.7 17.0 19.3
SMODCH 3.0 3.5 3.8 34

Table 11: Photoprotective effect of test compounds and rosmarinic acid (RA, positive control) on

UVB-induced damage to NHDF.

3 (umol/1) 39 7.8 15.6 31.3
Protection (%) 43.6 53.1 47.4 48.4
SMODCH 10.7 9.1 16.9 13.9

9 (umol/l) 3.9 7.8 15.6 31.3
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Protection (%) 34.9 62.6 64.4 68.7
SMODCH 23.7 214 14.6 6.2
15 (umol/1) 39 7.8 15.6 31.3
Protection (%) 39.9 55.2 53 60.2
SMODCH 15.1 14.2 17.1 21
20(pumol/1) 39 7.8 15.6 31.3
Protection (%) 39.8 58.3 58.2 60
SMODCH 18.3 19.3 232 18.8
RA 39 7.8 15.6 31.3
Protection (%) 36.8 50.9 52.9 67.7
SMODCH 59 5.8 11.8 5.1

Example 10: In vitro test of phototoxic effects of 6-(tetrahydrofuran-2-ylmethylamino)-9-

(tetrahydrofuran-2-yl)purine on normal human epidermal keratinocytes

Normal Human Epidermal Keratinocytes (NHEK) were used as an in vitro model. Cells were
isolated from tissue specimens obtained from healthy patients undergoing plastic surgery at the
Department of Plastic and Aesthetic Surgery (University Hospital Olomouc). The use of skin tissue
was in accordance with the Ethics Committee of the University Hospital and Faculty of Medicine
and Dentistry, Palacky University, Olomouc and all patients signed written informed consent.
NHEK were used between the 3rd and 4th passage. For all experiments the keratinocytes were
seeded onto 96-well plates at a density of 1x104 cells/ml (0.2 ml per well) of growth medium for
keratinocytes (EpiLife®) supplemented with Human Keratinocyte Growth Supplement Kit and
antibiotics (penicillin (100 mg/ml), streptomycin (100 mg/ml) and ampicillin (250 pg/ml)).

Test compounds included 6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine (1).
Compound was dissolved in DMSO and then diluted in serum free medium (EpiLife®
supplemented with penicillin (100 mg/ml) and streptomycin (100 U/ml) and ampicillin (250
pg/ml)). After 24h incubation was growth medium changed to serum free medium containing test
compound or DMSO (negative control). The final applied concentrations range was 3.9 - 500
umol/l. As a control, serum free medium supplemented with appropriate concentration of DMSO
(0.5 %, vi/v) was used. In parallel with test compound, chlorpromazine (CPZ; 0.8 - 50 pmol/l) was
used as a known phototoxic compound. The test compound was in parallel applied on two 96-well
plates with NHEK. After 60 minutes incubation with test compound medium was discarded, cells

were washed two-times with PBS and PBS supplemented with glucose (1 mg/ml) was applied. A
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plate was then exposed to a non-cytotoxic dose of UVA radiation (5.0 J/cm2) using a solar
simulator SOL 500 (Dr. Hoenle Technology, Germany) equipped with a H1 filter transmitting
wavelengths of 320-400 nm. Intensity of UVA radiation was evaluated before each irradiation by
UVA-meter. A control (non-irradiated) plate was for the period of irradiation incubated in dark.
After UVA exposure PBS with glucose was discarded and serum free medium was applied. After 24
hours (37 °C, 5 % CO2) cell damage was evaluated by neutral red (NR) incorporation into viable
cells. Medium was discarded and NR solution (0.03% w/v, PBS) was applied. After 60 minutes NR
solution was discarded, cells were fixed with a mixture of formaldehyde (0.5%, v/v) and CaCI2 (1
%, m/v) in ratio 1:1 and then NR was dissolved in methanol (50%, v/v) with acetic acid (1%, v/v).
After 5 minutes of intensive shaking absorbance was measured at 540 nm. Experiments were
performed in four independent repetition with use of cells from four donors to minimize individual
sensitivity of donor cells. Phototoxic effect was evaluated as % of viability of control cells that was

calculated from experimental data (absorbance) according to the following equation:

A, —A
Viability (% of control) = [Mj 100
(A, —Ap)

AS ... absorbance of sample (cells pre-incubated with test compound in serum free medium and
irradiated)

AC ... absorbance of control (cells pre-incubated with DMSO in serum free medium and irradiated)

AB ... absorbance of background (extraction solution)

Result: Treatment with test compound and following exposure to non-toxic UV A dose did not cause
decrease in cell viability ~ incorporation of NR and thus test compound can be considered as non-
phototoxic in the used concentration range (3.9-500 pmol/l). Results are given in Tab. 12. A well-
known phototoxic compound chlorpromazine, which can be used for comparison, decreases the
viability of NHEK cells: on exposure to UV A radiation (UVA+), the viability decreases below 80
% of control in the presence of 0.6 pmol/l of chlorpromazine, while the viability of unirradiated
cells (UVA-) decreases below 50 % in the presence of 12.5 pmol/l of chlorpromazine. A. Above
data indicate that test compounds are safe for cosmetic and dermatological application including use

with following exposure of treated skin with solar radiation.

Table 12: UVA-induced effects of 6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-
yD)purine on NHEK viability

1

Concentratio % of control
n (umol/l) -UVA +UVA
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3.9 112.2 + (11) 109.1 £ (2.3)
7.8 135.5 £ (8.2) 120.6 £ (1.6)
15.6 116.5 + (2.8) 110 £ (2.9)

31.3 119.1 + (8.7) 115.1 +(2.8)
62.5 121 £ (8.7) 105.9 + (8.7)
125 119 £ (2.8) 111.7 + (6.8)
250 110.8 +(12.4)  112.1+(3.7)
500 105.7 + (7.1) 101.2 £ (3.3)

Example 11: Example 8: In vitro test of photoprotective effects of 6-(tetrahydrofuran-2-

ylmethylamino)-9-(tetrahydrofuran-2-yl)purine on normal human epidermal keratinocytes

Normal Human Epidermal Keratinocytes (NHEK) were used as an in vitro model. Cells were
isolated from tissue specimens obtained from healthy patients undergoing plastic surgery at the
Department of Plastic and Aesthetic Surgery (University Hospital Olomouc). The use of skin tissue
was in accordance with the Ethics Committee of the University Hospital and Faculty of Medicine
and Dentistry, Palacky University, Olomouc and all patients signed written informed consent.
NHEK were used between the 3rd and 4th passage. For all experiments the keratinocytes were
seeded onto 96-well plates at a density of 1x10* cells/ml (0.2 ml per well) of growth medium for
keratinocytes (EpiLife®) supplemented with Human Keratinocyte Growth Supplement Kit and
antibiotics (penicillin (100 mg/ml), streptomycin (100 mg/ml) and ampicillin (250 pg/ml)).

Test compounds included 6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine (1).
Compound was dissolved in DMSO and then diluted in serum free medium (EpiLife®
supplemented with penicillin (100 mg/ml) and streptomycin (100 U/ml) and ampicillin (250
pg/ml)). After 24h incubation was growth medium changed to serum free medium containing test
compound. The final applied concentration range was 3.9 - 500 pmol/l. As a control, serum free
medium supplemented with appropriate concentration of DMSO (0.5 %, v/v) was used. After 60
minutes incubation with test compound medium was discarded, cells were washed two-times with
PBS and PBS supplemented with glucose (1 mg/ml) was applied. To study UVA photoprotection, a
plate was exposed to a cytotoxic dose of UVA radiation (7.5 J/cm2) using a solar simulator SOL
500 (Dr. Hoenle Technology, Germany) equipped with a H1 filter transmitting wavelengths of 320-
400 nm. To study UVB photoprotection, a plate was exposed to a cytotoxic dose of UVB radiation
(200 mJ/cm?2) using the solar simulator equipped with a H2 filter transmitting wavelengths of 295-
320 nm. Intensity of UVA or UVB radiation was evaluated before each irradiation by UVA- or

UVB-meter. Control (non-irradiated) plates were for the period of irradiation incubated in dark.
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After UVA or UVB exposure PBS with glucose was discarded and serum free medium was applied.
After 24 hours (37 °C, 5 % CO2) cell damage was evaluated by neutral red (NR) incorporation into
viable cells. Medium was discarded and NR solution (0.03% w/v, PBS) was applied. After 60
minutes NR solution was discarded, cells were fixed with a mixture of formaldehyde (0.5%, v/v)
and CaCl2 (1 %, m/v) in ratio 1:1 and then NR was dissolved in methanol (50%, v/v) with acetic
acid (1%, v/v). After 5 minutes of intensive shaking absorbance was measured at 540 nm.
Experiments were performed in four independent repetitions with use of cells from four donors to
minimize individual sensitivity of donor cells. Photoprotective effect was evaluated by comparison
of experimental data (absorbance) of test compounds with a positive control and a negative control
(according to the following equation:
As — Anc

Apc — Anc

Protection (%)= 100 — -100

As ... absorbance of sample (cells pre-incubated with test compounds in serum free medium and
irradiated)

Anc ... absorbance of negative control (cells pre-incubated with s DMSO in serum free medium and
non-irradiated = incubated in dark)

Apc ... absorbance of positive control (cells pre-incubated with s DMSO in serum free medium and

irradiated)

Results: Cells pre-incubated with test compound and exposed to UVA or UVB radiation showed
higher viability (ability to incorporate NR) compared to those pre-incubated with DMSO (control)
and UVA or UVB irradiated (Tab. 13 and 14). Therefore test compound has high photoprotective

potential.

Table 13: Photoprotective effect of 6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-
yDpurine (1) on UV A-induced damage to NHEK

UVA photoprotection
1
protection (%)

Concentration (umol/l)

3.9 39.7 + (12.9)
7.8 60.2 + (16.1)
15.6 53.5+(12.4)
31.3 46.8 + (11.8)
62.5 47.9 + (8.9)
125 51.7 + (4.8)

250 48+ (3.2)
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500 30 + (13.5)

Table 14: Photoprotective effect of 6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-
yDpurine (1) on UVb-induced damage to NHEK

UVB photoprotection
Concentration (umol/l) - -
% protection (%)

39 53.5+(7.6)
7.8 72 +(6)
15.6 69.8 + (8.6)
313 65.9+(9)
62.5 65.9 +(5)
125 729 £(6.9)
250 65.7 + (3.6)
500 28 +(3.2)

Example 12: The effect of compounds on lifespan of Caenorhabditis elegans

Caenorhabditis elegans is a model organism used for identification of compounds with possible
beneficial effect on human aging and age-related diseases. The list of compounds that prolong the
lifespan of C. elegans and are known to have beneficial effect on human health includes resveratrol,
curcumin and many others. Some substances that prolong the lifespan of worms are also used in
skin rejuvenating and anti-aging cosmetics, for example vitamin E, coenzyme Q10, green tea or
pomegranade extracts and cytokinin kinetin. The Caenorhabditis elegans strain used in this
experiment was fem-1/HT17 . This strain has a heat-inducible mutation which causes all worms to
develop into females when cultivated in 25°C (13). That prevents further reproduction and
contamination of the experiment with progeny.Compounds dissolved in DMSO (100 mM stock
solutions) were added into fresh NGM (nematode growth medium) to the final concentration of 10
and 50 or 100 pM and pipetted onto a Petri dish. Medium with DMSO vehiculum alone and non-
treated medium were used as negative control. After solidification of NGM, the plates were seeded
with 100 pl of 20x concentrated overnight suspension of Escherichia coli strain OP50 in LB
medium. Bacteria on plates were allowed to grow overnight in 37°C. Age synchronized young
adults (obtained by hypochlorite treatment) were then pipetted onto plates. Plates were kept in
25°C. In regular time intervals (1-3 days), the plates were scanned on an Epson perfection V700

photo flatbed scanner. The number of surviving worms was established by image analysis based on
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comparison of several subsequent photographs and identification of moving objects. Pictures were
analyzed in Fiji similarly as described here. Scripts from the original publication were slightly
modified and the parameters adjusted to better suit our photo resolution and lighting. Three
subsequent pictures of a plate were compared with each other. The average of the 3 resulting
numbers was used to reduce the possibility of error. The overall results were then analyzed in
programs OASIS and ED50v10. The statistical significance was evaluated by Log-Rank test and P-
values were corrected by Bonferroni correction. The results are shown in table 15. Compounds 1, 15

and 20 significantly prolonged the lifespan of worms.

Table 15: The effect of compounds on lifespan of Caenorhabditis elegans (in days)

DMSO 15 15 20 20 1 1
10 uM 100 uM 10 uM 100 uM 10 uM 100 uM
median 8.7 94 10.3 11.2 10.2 10.3 10.2
average 10.9 11.3 13.8 12.4 11.2 11.9 12.6

Example 13: In vitro test of phototoxic effects of test compounds on HaCaT

Spontaneously Immortalized Aneuploid Human Keratinocyte Cell Line (HaCaT) was bought from
CLS (Eppeheim, Germany) and used as an in vitro model. For all experiments the Keratinocytes
were seeded onto 96-well plates at a density of 1,6x10° cells/ml (0.2 ml per well) of growth medium
(DMEM supplemented with fetal bovine serum (10%), penicillin (100 mg/ml) and streptomycin
(100 U/ml)).

Test substances included compounds number 3, 9, 15 and 20. Compounds were dissolved in DMSO
and then diluted in serum free medium (DMEM supplemented penicillin (100 mg/ml) and
streptomycin (100 U/ml)). After 24h incubation was growth medium changed to serum free
medium containing test compound or DMSO (negative control). The final applied concentrations
range was 3.9 - 125 umol/l. As a control, serum free medium supplemented with appropriate
concentration of DMSO (0.5 %, v/v) was used. In parallel with test compound, chlorpromazine
(CPZ; 0.8 - 50 pmol/l) was used as a known phototoxic compound. The test compound was in
parallel applied on two 96-well plates with HaCaT. After 60 minutes incubation with test compound
medium was discarded, cells were washed two-times with PBS and PBS supplemented with glucose
(1 mg/ml) was applied. A plate was then exposed to a non-cytotoxic dose of UVA radiation (5.0
J/em2) using a solar simulator SOL 500 (Dr. Hoenle Technology, Germany) equipped with a H1
filter transmitting wavelengths of 320-400 nm. Intensity of UVA radiation was evaluated before

each irradiation by UVA-meter. A control (non-irradiated) plate was for the period of irradiation
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incubated in dark. After UVA exposure PBS with glucose was discarded and serum free medium
was applied. After 24 hours (37 °C, 5 % CO2) cell damage was evaluated by neutral red (NR)
incorporation into viable cells. Medium was discarded and NR solution (0.03% w/v, PBS) was
applied. After 60 minutes NR solution was discarded, cells were fixed with a mixture of
formaldehyde (0.5%, v/v) and CaCl2 (1 %, m/v) in ratio 1:1 and then NR was dissolved in methanol
(50%, v/v) with acetic acid (1%, v/v). After 5 minutes of intensive shaking absorbance was
measured at 540 nm. Experiments were performed in four independent repetition with use of cells
from four donors to minimize individual sensitivity of donor cells. Phototoxic effect was evaluated
as % of viability of control cells that was calculated from experimental data (absorbance) according

to the following equation:

A, —A
Viability (% of control) = [Mj 100
(A, —Ap)

AS ... absorbance of sample (cells pre-incubated with test compound in serum free medium and
irradiated)
AC ... absorbance of control (cells pre-incubated with DMSO in serum free medium and irradiated)

AB ... absorbance of background (extraction solution)

Result: Treatment with test compounds and following exposure to non-toxic UVA dose did not
cause decrease in cell viability ~ incorporation of NR and thus test compound can be considered as
non-phototoxic in the used concentration range (3.9-125 pmol/l). Results are given in Tab. 16. A
well-known phototoxic compound chlorpromazine, which can be used for comparison, decreases the
viability of HaCaT cells: on exposure to UVA radiation (UV A+), the viability decreases below 80
% of control in the presence of 3.1 pmol/l of chlorpromazine, while the viability of unirradiated
cells (UVA-) decreases below 70 % in the presence of 25 pumol/l of chlorpromazine. Above data
indicate that test compounds are safe for cosmetic and dermatological application including use

with following exposure of treated skin with solar radiation.

Table 16: UV A-induced effects of test compounds on HaCaT viability

3 (umol/l) 3.9 7.8 15.6 31.3 62.5 125
% control 100.1 100.4 102.1 107.8 106.4 109.5
Uva SMODCH 1.2 1.1 2.7 9.3 9.5 7.2
% control 103.88  111.08  107.93 11843 120.78 124.66
+UVA SMODCH 1.7 1.6 1.4 3.7 3.2 4.2
9 (umol/l) 3.9 7.8 15.6 31.3 62.5 125

-UVA % control 101 101.1 100.4 101.8 103.9 103.4
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SMODCH 23 1.8 1 3.8 4.8 5.1
JUVA % control 122.7 124.2 120.5 128.1 129.9 126.6
SMODCH 3.5 4.6 53 4.4 3.2 3.1
15 (umol/) 3.9 7.8 15.6 31.3 62.5 125
UVA % control 106.5 107.4 108.6 108.6 109.2 105
i SMODCH 9.7 9.5 10.6 9.5 12.6 8.9
% control 116.4 119.9 119.9 118.8 115.7 104

+UVA
SMODCH 0.7 4.9 6.3 7.7 9 8.8
20 (pmol/) 3.9 7.8 15.6 31.3 62.5 125
UVA % control 103.5 102.9 104.1 108.6 110.7 110.5
i SMODCH 6.1 3.1 53 2.4 1.7 1.2
% control 104.6 112.1 110.1 121.4 125.8 125.9

+UVA
SMODCH 0.7 33 5.6 2.2 5.9 42

Example 14: In vitro test of photoprotective effects of test compounds on HaCaT

Spontaneously Immortalized Aneuploid Human Keratinocyte Cell Line (HaCaT) was bought from
CLS (Eppeheim, Germany) and used as an in vitro model. For all experiments the Keratinocytes
were seeded onto 96-well plates at a density of 1,6x10° cells/ml (0.2 ml per well) of growth medium
(DMEM supplemented with fetal bovine serum (10%), penicillin (100 mg/ml) and streptomycin
(100 U/ml)).

Test substances included compounds number 3, 9, 15 and 20. Compounds were dissolved in DMSO
and then diluted in serum free medium (DMEM supplemented penicillin (100 mg/ml) and
streptomycin (100 U/ml)). After 24h incubation was growth medium changed to serum free medium
containing test compounds. The final applied concentration range was 3.9 — 31,25 umol/l. As a
control, serum free medium supplemented with appropriate concentration of DMSO (0.5 %, v/v)
was used. Rosmarinic acid was used as positive control. After 60 minutes incubation with test
compounds medium was discarded, cells were washed two-times with PBS and PBS supplemented
with glucose (1 mg/ml) was applied. To study UVA photoprotection, a plate was exposed to a
cytotoxic dose of UVA radiation (10 J/cm2) using a solar simulator SOL 500 (Dr. Hoenle
Technology, Germany) equipped with a H1 filter transmitting wavelengths of 320-400 nm. To study
UVB photoprotection, a plate was exposed to a cytotoxic dose of UVB radiation (150 mJ/cm2)
using the solar simulator equipped with a H2 filter transmitting wavelengths of 295-320 nm.
Intensity of UVA or UVB radiation was evaluated before each irradiation by UVA- or UVB-meter.

Control (non-irradiated) plates were for the period of irradiation incubated in dark. After UVA or
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UVB exposure PBS with glucose was discarded and serum free medium was applied. After 24 hours
(37 °C, 5 % CO2) cell damage was evaluated by neutral red (NR) incorporation into viable cells.
Medium was discarded and NR solution (0.03% w/v, PBS) was applied. After 60 minutes NR
solution was discarded, cells were fixed with a mixture of formaldehyde (0.5%, v/v) and CaCI2 (1
%, m/v) in ratio 1:1 and then NR was dissolved in methanol (50%, v/v) with acetic acid (1%, v/v).
After 5 minutes of intensive shaking absorbance was measured at 540 nm. Experiments were
performed in four independent repetitions with use of cells from four donors to minimize individual
sensitivity of donor cells. Photoprotective effect was evaluated by comparison of experimental data
(absorbance) of test compounds with a positive control and a negative control (according to the
following equation:
As — Anc

Apc — Anc

Protection (%)= 100 — -100

As ... absorbance of sample (cells pre-incubated with test compounds in serum free medium and
irradiated)

Anc ... absorbance of negative control (cells pre-incubated with s DMSO in serum free medium and
non-irradiated = incubated in dark)

Apc ... absorbance of positive control (cells pre-incubated with s DMSO in serum free medium and

irradiated)

Results: Cells pre-incubated with test compound and exposed to UVA or UVB radiation showed
higher viability (ability to incorporate NR) compared to those pre-incubated with DMSO (control)
and UVA or UVB irradiated (Tab. 17 and 18). All test compounds showed higher or comparable
photoprotective activity with rosmarinic acid used as positive control. Therefore test compound has

high photoprotective potential.

Table 17: Photoprotective effects of test compounds and rozmarinic acid (positive control) on

UV A-induced damage to HaCaT

3 (Lmol/1) 39 7.8 15.6 31.3
Protection (%) 26.8 34.3 46.0 50.7
SMODCH 6.9 9.7 6.9 6.1
9 (Lmol/1) 39 7.8 15.6 31.3
Protection (%) 72.1 70.3 66.8 61.4
SMODCH 4.4 4.9 8.1 10.0

15 (umol/1) 3.9 7.8 15.6 31.3
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Protection (%) 41.2 56.9 553 76.7
SMODCH 5.5 7.8 1.7 9.7
20 (umol/1) 39 7.8 15.6 31.3
Protection (%) 12.3 25.0 28.9 31.6
SMODCH 52 7.7 10.2 9.1
RA 39 7.8 15.6 31.3
Protection (%) 23.6 42.3 36.2 44.0
SMODCH 7.2 7.4 12.0 16.0

PCT/CZ2016/050029

Table 18: Photoprotective effects of test compounds and rozmarinic acid (positive control) on

UV A-induced damage to HaCaT

3 (Lmol/1) 39 7.8 15.6 31.3
Protection (%) 27.3 46.5 47.8 53.8
SMODCH 4.4 11.6 14.4 14.4
9 (Lmol/1) 39 7.8 15.6 31.3
Protection (%) 48.8 56 55.7 56.5
SMODCH 1.9 12.6 7.7 6.3
15 (pmol/1) 39 7.8 15.6 31.3
Protection (%) 12.3 353 37.8 51.3
SMODCH 7.7 12.6 7.5 3.5
20 (umol/1) 39 7.8 15.6 31.3
Protection (%) 45.7 66.2 64 75.2
SMODCH 7.1 1.6 3 10.3
RA 39 7.8 15.6 31.3
Protection (%) 22 48.5 55.7 54.3
SMODCH 0.4 1.2 2.2 13.1

Example 15: Markers of UVA protection

Normal human dermal fibroblasts (NHDF) were used as an in vitro model. Cells were isolated from

tissue specimens obtained from healthy patients undergoing plastic surgery at the Department of

Plastic and Aesthetic Surgery (University Hospital Olomouc). The use of skin tissue was in
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accordance with the Ethics Committee of the University Hospital and Faculty of Medicine and
Dentistry, Palacky University, Olomouc and all patients signed written informed consent.
Fibroblasts were used between the 2nd and 4th passage. For all experiments the fibroblasts were
seeded onto 6-well plates at a density of 0.5x10° cells/cm® of cultivation medium (DMEM
supplemented with fetal calf serum (10%, v/v), penicillin (100 mg/ml) and streptomycin (100
U/ml)).

Test compounds included 6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine and
positive control (rosmarinic acid) . Compounds were dissolved in DMSO and then diluted in serum
free medium (DMEM supplemented with penicillin (100 mg/ml) and streptomycin (100 U/ml)). The
final applied concentrations range was 2.5-20 umol/l. As a control serum free medium
supplemented with appropriate concentration of DMSO (0.5 %, v/v) was used. Each test compound
was in parallel applied on two 6-well plates with NHDF
(3,15)(105 cells/cm®). After 60 minutes incubation medium with test compound was discarded, cells
were washed two-times with PBS and PBS supplemented with glucose (1 mg/ml) was applied. To
study UVA photoprotection, a plate was exposed to a cytotoxic dose of UVA radiation (10 J/cm2)
using a solar simulator SOL 500 (Dr. Hoenle Technology, Germany) equipped with a H1 filter
transmitting wavelengths of 320-400 nm. Intensity of UVA radiation was evaluated before each
irradiation by UVA- meter. Control (non-irradiated) plates were for the period of irradiation
incubated in dark. After UVA exposure PBS with glucose was discarded and serum free medium
was applied. After 1 hour (37 °C, 5 % CO2) cell damage was evaluated by analysis of reactive
oxygen species (ROS) production. In parallel, intracellular levels of glutathion (GSH) were
measured 4 hours (37 °C, 5 % CO2) after UVA application.

ROS production

ROS production was evaluated by 2,7-Dichlorodihydrofluorescein diacetate (H,DCFDA). NHDF
were incubated with (H,DCFDA) (5 nmol/l, 20 min) 1 hour after UVA exposure. Subsequently,
cells were washed two-times with PBS, scraped into PBS a sonicated. Samples were applied on 96-
well plate and fluorescence was measured (488/525 nm) (INFINITE M200, Tecan, Switzerland)
after centrifugation (10 000 rpm, 4°C, 10 min). Protein content was analyzed spectrophotometrically

by bicinchoninic acid at 562 nm (INFINITE M200, Tecan, Switzerland).

GSH depletion
GSH levels in NHDF were evaluated by reaction with 5,5'-Dithiobis(2-nitrobenzoic acid) (DTNB).
Cells were washed two-times with PBS, scraped into acetic acid (1 %, v/v) and sonicated. Samples

were applied on 96-well plate after centrifugation (10 000 rpm, 4°C, 10 min) and reaction mixture
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was added (0,8 mol/l Tris/HCI, 20 mmol/l EDTA, pH 8.,2; 20 mg/ml DTNB). Absorbance was
measured at 412 nm. Protein content was analyzed spectrophotometrically by Lowry's method at
680 nm.

Activity of test compounds (not irradiated) in analyzed parameters were evaluated by comparison of
experimental data according to the following equation:

(AV—AP)j

% of control = 100 [
(AK - AP)

Ap ... background value
Ay ... sample value (cells pre-incubated with test compounds in serum free medium)

A ... control value (cells pre-incubated with s DMSO in serum free medium)

Photoprotective effect was evaluated by comparison of experimental data (absorbance,
fluorescence) of test compounds with a positive control (cells pre-incubated with DMSO in serum
free medium and irradiated) and a negative control (cells pre-incubated with DMSO in serum free

medium and non-irradiated = incubated in dark) according to the following equation:

Protection (%) = 100 —{ L(AV_AK)j *100 }
(AUV —Ag)

Ak ... negative control value (DMSO in serum free medium and non-irradiated)
Ayy ...positive control value (DMSO in serum free medium and irradiated)

Ay ...sample value (cells pre-incubated with test compounds in serum free medium and irradiated)

Results:  6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine  did not showed
negative effect on tested parameters (on non-irradiated cells) in test concentrations (2.5-20 umol/l).
Test compound protected cells against UV A-induced production of ROS as well as depletion of
GSH (endogenous antioxidant) (Tab. 19 and 20) in a concentration-dependent manner. Compound 1
is more effective in protection against production of ROS but less effective in protection against

GSH depletion in comparison with rosmarinic acid.

Table 19: Protective effect of 6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine

and rozmarinic acid (positive control) on UV A-induced ROS production

ROS production

Concentration 1 RA
(umol/l) Protection (%)
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25 213+£(6.9) 206+ (8.4)
5 213+(52) 24.1%(1)
10 20.6+(3.3) 24124
20 483+(0.5)  30.3%(6.8)

Table 20: Protective effect of 6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine

and rozmarinic acid (positive control) on UV A-induced GSH depletion

GSH depletion
Concentration 1 RA
{(umol/l) Protection (%)
2.5 25.5 £ (6.8) 53.9+(7.1)
5 279+(72)  42.8+(2.4)
10 61.6 £ (15.7) 68.6 £ (4.3)
20 35.5 £(14.1) 50.5+(9)

Example 16: Markers of UVB protection

Normal human dermal fibroblasts (NHDF) were used as an in vitro model. Cells were isolated from
tissue specimens obtained from healthy patients undergoing plastic surgery at the Department of
Plastic and Aesthetic Surgery (University Hospital Olomouc). The use of skin tissue was in
accordance with the Ethics Committee of the University Hospital and Faculty of Medicine and
Dentistry, Palacky University, Olomouc and all patients signed written informed consent.
Fibroblasts were used between the 2nd and 4th passage. For all experiments the fibroblasts were
seeded onto 6-well plates at a density of 0.5x10° cells/cm® of cultivation medium (DMEM
supplemented with fetal calf serum (10%, v/v), penicillin (100 mg/ml) and streptomycin (100
U/ml)).

Test compounds included 6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine and
positive control (rosmarinic acid). Compounds were dissolved in DMSO and then diluted in serum
free medium (DMEM supplemented with penicillin (100 mg/ml) and streptomycin (100 U/ml)). The
final applied concentrations range was 2.5-20 umol/l. As a control serum free medium
supplemented with appropriate concentration of DMSO (0.5 %, v/v) was used. Each test compound
was in parallel applied on two 6-well plates with NHDF (3,15x10° cells/cm?). After 60 minutes
incubation medium with test compound was discarded, cells were washed two-times with PBS and
PBS supplemented with glucose (1 mg/ml) was applied. To study UVB photoprotection, a plate was
exposed to a cytotoxic dose of UVB radiation (150 mJ/cm2) using a solar simulator SOL 500 (Dr.
Hoenle Technology, Germany) equipped with a H2 filter transmitting wavelengths of 295-320 nm.
Intensity of UVB radiation was evaluated before each irradiation by UVB- meter. Control (non-

irradiated) plated were for the period of irradiation incubated in dark. After UVB exposure PBS
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with glucose was discarded and serum free medium was applied. After 4 hours (37 °C, 5 % CO2)

cell damage was evaluated by analysis of caspase-3 activity.

Caspase-3 ctivity

Caspase-3 activity was evaluated by specific substrate (Ac-DEVD-AMC). NHDF were washed two-
times with PBS, scraped into lysis buffer (50 mmol/l HEPES, pH 7.4; TritonX-100 (0,5%; v/v),
protease inhibitor, 5 mmol/l DDT). Samples were applied on 96-well plate after centrifugation (10
000 rpm, 4°C, 10 min) and reaction buffer was added (20 mmol/l HEPES, pH 7.1, 2 mmol/l EDTA,
protease inhibitor, 5 mmol/l DDT) cantaining specific substrate or inhibitors. Fluorescence was
measured at (400/505 nm) after 1 hour incubation (37°C, dark). Protein content was analyzed

spectrophotometrically by Bradford protein assay (INFINITE M200, Tecan, Switzerland).

% of control = 100- [Mj

(AK - AP )
Ap ... background value
Ay ... sample value (cells pre-incubated with test compounds in serum free medium)

A ... control value (cells pre-incubated with s DMSO in serum free medium)

Photoprotective effect was evaluated by comparison of experimental data (absorbance,
fluorescence) of test compounds with a positive control (cells pre-incubated with DMSO in serum
free medium and irradiated) and a negative control (cells pre-incubated with DMSO in serum free
medium and non-irradiated = incubated in dark) according to the following equation:

Protection (%) = 100 —{ L(AV_AK)j *100 }
(AUV - AK )

Ak ... negative control value (DMSO in serum free medium and non-irradiated)
Ayy ...positive control value (DMSO in serum free medium and irradiated)

Ay ...sample value (cells pre-incubated with test compounds in serum free medium and irradiated)

Results:  6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine  did not showed
negative effect on tested parameters (on non-irradiated cells) in test concentrations (2.5-20 umol/l).

Compound 1 decreased UVB-induced activity of caspase-3 (Tab. 21).

Table 21: Protective effect of 6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine

and rozmarinic acid (positive control) on UVB-induced caspase-3 activity

Caspase-3 activity
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Concentration 1 RA
(umol/1) Protection (%)

25 412+@82)  60.6+(3.1)

5 84.4+(27.2) 39.7 £ (13.1)

10 71.1 £ (30.3) 38.4+£(5.9)

20 459+ 4.7) 28.7 £ (3.8)

Example 15: Comparative gene expression analysis

Comparative gene expression analysis in human dermal fibroblast (HDF) was performed to
gain insight into role of compound 1 in the photoprotection against UV-induced damage. Three
independent HDF lines form three patients were treated with 5 pM 1 for 24 h or mock-treated with
DMSO. Alternatively, the above three biological samples (without 1) were irradiated with UV light
(5 Jiem2). 1.5-3.0 x 10° cells from each treatment or control was used for isolation of total RNA
using trizol. cDNA sequencing libraries were prepared with the Illumina TruSeq Stranded mRNA
LT Sample Prep Kit (Illumina, San Diego, CA) according to standard Illumina’s protocols and
sequenced on HiSeq 2500 apparatus (50 bp single-end reads).

Data were subjected to differential transcriptomic analysis with the aim to characterize
significantly regulated genes and their expression levels. To reveal the molecular mechanism of the
action of 1, we compared data from mock (DMSO)-treated HDF or UV-treated HDF with those
obtained after 24 h treatment with 1. For data analysis, we performed ab initio method where
sequencing reads were mapped to the reference genome. Comparison of the control group vs
samples treated with 1 did not show any significantly regulated genes indicating 1 had low effect on
the gene expression under normal conditions. Interestingly, when 1-treated group of data was
compared with UV-treated group we could detect 1306 differentially regulated genes (P < 0.05).
865 of those were upregulated and 441 genes were downregulated. To limit the number of genes
that respond most significantly to 1 treatment we set relatively stringent conditions — we selected
genes which log,FC > 1.5, or those with log,FC < -1.5. Further inspection of the subgroups (41
upregulated genes and 41 downregulated, see Tab. 22 and Tab. 23, respectively) revealed major
differences among those. In the group of the upregulated genes, we could observe a range of genes
with regulatory, developmental or receptor/signaling function, such as the calcium sensing. These
included calcium-activated potassium channel KCNN4, calcium sensor DYSF or calcium-dependent
phospholipid-binding protein CPNE7. In addition, we noted increased expression of the negative
regulator of reactive oxygen species NRROS and the scavenger cysteine-rich type 1 receptor CD163

that protects again oxidative damage suggesting that 1 facilitates a mechanism leading to the
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protection against damage caused by oxygen radicals. Thus, 1 seems to protect cells against

oxidative damage caused primarily by UV-light or other stress conditions.

In contrast, in the group of the downregulated genes we found regulatory genes with a large

group of genes that may be related to immune response. We observed upregulation of two

chemokines, CCL8 and CXCL9, and cytokines TNFSF13B and TNFSF10. In addition, several

protein kinases, such as HCK and JAK3, and innate immune response-related proteins TLR2 and

GBP2 were found to be downregulated by 1. Hence, the immunosuppression mediated by 1 may

contribute to the in vivo function of the compound.

Table 22: Genes upregulated in response to the treatment with the compound 1 (P < 0.05 and log,FC

> 1.5).

Gene Description

KIF1A kinesin family member 1A 3.05
ANKRD?33 ankyrin repeat domain-containing protein 33 2.69
HS3S5T2 heparan sulfate-glucosamine 3-sulfotransferase 2 2.50
CHRNA9 neuronal acetylcholine receptor subunit alpha-9 2.21
TMEM?233 interferon-induced transmembrane domain-containing protein D2 2.12
TM4SF1 transmembrane 4 L6 family member 1 2.08
SCG2 secretogranin-2 2.00
MYEOV myeloma-overexpressed gene protein 1.98
PPP2R2C serine/threonine-protein phosphatase 2A 55 kDa regulatory subunit B 1.95
KCNN4 Intermediate conductance calcium-activated potassium channel 4 1.85
RP11-184E9.1 non-coding RNA 1.78
ITGA10 integrin alpha-10 1.77
CCL26 C-C motif chemokine 26 1.75
NRROS negative regulator of reactive oxygen species 1.74
DYSF dysferlin 1.73
ANGPTLA4 angiopoietin-related protein 4 1.73
FAMS1A non-coding RNA 1.71
RP11-541M12.6 non-coding RNA 1.70
RP11-367F23.2 non-coding RNA 1.70
LINC00704 non-coding RNA 1.69
FOLR3 folate receptor gamma 1.68
CD163 scavenger receptor cysteine-rich type 1 protein M130 1.67
ARHGAP22 rho GTPase-activating protein 22 1.66
CYP51A1 lanosterol 14-alpha demethylase 1.65
LINCO01204 non-coding RNA 1.64
CITED4 cbp/p300-interacting transactivator 4 1.63
RP11-54A9.1 non-coding RNA 1.63
MET MET proto-oncogene, receptor tyrosine kinase 1.63
EBF2 transcription factor COE2 1.62
CPNE7 copine-7 1.61
LINC00702 non-coding RNA 1.60
TGM2 protein-glutamine gamma-glutamyltransferase 2 1.58
AC002456.2 non-coding RNA 1.58
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transmembrane protein 154 1.57
nucleoside diphosphate-linked moiety X motif 8 1.56
sodium-dependent phosphate transporter 1 1.56
beta-1,4-N-acetyl-galactosaminyltransferase 1 1.55
syntaxin-1A 1.55
non-coding RNA 1.54
adhesion G-protein coupled receptor G1 1.52
coiled-coil domain-containing protein 107 1.50

Table 23: Genes downregulated in response to the treatment with the compound 1 (P <0.05 and

log,FC < -1.5).

Gene Description logFC
RP11-383F6.1 non-coding RNA -1.50
APOL6 apolipoprotein L6 -1.51
RP11-400K9.4 non-coding RNA -1.51
TMEM178A transmembrane protein 178A -1.52
HAUS1P2 non-coding RNA -1.54
RORB nuclear receptor ROR-beta -1.57
RP11-363H12.1 non-coding RNA -1.58
SERPINB9 serpin B9 -1.59
DHRS3 short-chain dehydrogenase/reductase 3 -1.60
TP63 tumor protein 63 -1.61
GBP2 guanylate-binding protein 2 -1.61
TNFSF13B tumor necrosis factor ligand superfamily member 13B -1.61
ADAMTS9-AS2 non-coding RNA -1.63
TLR2 toll-like receptor 2 -1.63
AC003986.6 non-coding RNA -1.65
HCK tyrosine-protein kinase HCK -1.66
GPR37L1 G protein-coupled receptor 37 like 1 -1.66
JAK3 tyrosine-protein kinase JAK3 -1.68
TNFRSF9 tumor necrosis factor receptor superfamily member 9 -1.68
RP11-1100L3.8 non-coding RNA -1.70
MOB3B MOB kinase activator 3B -1.70
RP11-379B8.1 non-coding RNA -1.72
BRINP2 BMP/retinoic acid-inducible neural-specific protein 2 -1.77
IFIT2 interferon-induced protein with tetratricopeptide repeats 2 -1.77
CXCL9 C-X-C motif chemokine 9 -1.79
CLNS1AP1 non-coding RNA -1.80
RNF150 RING finger protein 150 -1.80
BTC probetacellulin -1.84
FAM20A pseudokinase FAM20A -1.86
RPL34P31 non-coding RNA -1.89
BHLHE22 class E basic helix-loop-helix protein 22 -1.90
FGD3 FYVE, RhoGEF and PH domain-containing protein 3 -1.93
RP11-21C4.1 non-coding RNA -1.95
CFB complement factor B -1.96
RARRES3 retinoic acid receptor responder protein 3 -2.09
TNFSF10 tumor necrosis factor ligand superfamily member 10 -2.14
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CLAIMS

1. Adenine derivatives of general formula I

and pharmaceutically acceptable salts thereof with alkali metals, ammonia, amines, or addition salts

with acids, wherein

R2 is hydrogen or halogen;

R6 is selected from a group containing
- heteroaryl with 5- to 6-membered aromatic ring containing at least one heteroatom selected
from O, S whereas other ring atoms are carbon atoms, whereas the heteroaryl is unsubstituted or
substituted by at least one substituent selected from the group consisting of C1-C4 alkyl,
mercapto(C1-C4)alkyl, formyl, acetyl, halogen, carboxyl, amino, di(C1-C4)alkylamino,
amino(C1-C4)alkyl;
- heteroarylalkyl with 6-membered aromatic ring containing at least one heteroatom selected
from O, S whereas other atoms of the ring are carbon atoms, wherein the alkyl contains 1 to 4
carbon atoms, whereas the heteroarylalkyl is unsubstituted or substituted by at least one
substituent selected from the group C1-C4 alkyl, mercapto(C1-C4)alkyl, formyl, acetyl, halogen,
carboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;
- heteroarylalkyl with 5-membered aromatic ring containing at least one heteroatom S whereas
other atoms of the ring are carbon atoms, wherein the alkyl contains 1 to 4 carbon atoms,
whereas the heteroarylalkyl is unsubstituted or substituted by at least one substituent selected
from the group C1-C4 alkyl, mercapto(C1-C4)alkyl, formyl, acetyl, halogen, carboxyl, amino,
di(C1-C4)alkylamino, amino(C1-C4)alkyl;
- heterocyclyl with 5- to 6- membered aliphatic ring containing at least one heteroatom selected
from O, S whereas other atoms of the ring are carbon atoms, wherein the heterocycle is

unsubstituted or substituted by at least one substituent selected from the group C1-C4 alkyl,
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merkapto(C1-C4)alkyl, formyl, acetyl, halogen, carboxyl, amino, di(C1-C4)alkylamino,
amino(C1-C4)alkyl;

- heterocyclylalkyl with 5- to 6- membered aliphatic ring containing at least one heteroatom
selected from O, S whereas other atoms of the ring are carbon atoms, the alkyl contains 1 to 4
carbon atoms, whereas the heterocyclylalkyl is unsubstituted or substituted by at least one
substituent selected from the group C1-C4 alkyl, mercapto(C1-C4)alkyl, formyl, acetyl, halogen,
carboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;- cycloalkyl with ring containing 5 to
6 carbon atoms, unsubstituted or substituted by at least one substituent selected from the group
C1-C4 alkyl, hydroxy(C1-C4)alkyl, mercapto(C1-C4)alkyl, formyl, acetyl, halogen, carboxyl,
amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;

- cycloalkylalkyl with ring containing 5 to 6 carbon atoms, wherein the alkyl contains 1 to 4
carbon atoms, whereas the cycloalkylalkyl is unsubstituted or substituted by at least one
substituent selected from the group containing C1-C4 alkyl, mercapto(C1-C4)alkyl, formyl,
acetyl, halogen, carboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;

- isoalkyl containing 3 to 7 carbon atoms, unsubstituted or substituted by at least one substituent

selected from the group containing C1-C4 alkyl, mercapto(C1-C4)alkyl, formyl, acetyl, halogen,

carboxyl, amino, di{C1-C4)alkylamino, amino(C1-C4)alkyl.

2. Adenine derivatives according to claim 1, selected from the group comprising
6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-methyltetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(1-tetrahydrofuran-2-ylethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(cyclopentylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(thiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(3-methylthiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-methylthiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-chlorothiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-bromothiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(1-thiophen-2-ylethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-methyltetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(1-tetrahydrofuran-2-ylethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(thiophen-2-ylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(thiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(3-methylthiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
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2-chloro-6-(5-methylthiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-chlorothiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-bromothiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(1-thiophen-2-ylethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(cyclopentylmethylamino)-9-(tetrahydrofuran-2-yl)purine.

3. Use of adenine derivatives of general formula la

Ia

and pharmaceutically acceptable salts thereof with alkali metals, ammonia, amines, or addition salts

with acids, wherein

R2 is hydrogen or halogen;

R6 is selected from a group containing
- heteroaryl with 5- to 6-membered aromatic ring containing at least one heteroatom selected
from O, S whereas other ring atoms are carbon atoms, whereas the heteroaryl is unsubstituted or
substituted by at least one substituent selected from the group consisting of C1-C4 alkyl,
hydroxy(C1-C4)alkyl, mercapto(C1-C4)alkyl, formyl, acetyl, halogen, carboxyl, amino, di(C1-
C4yalkylamino, amino(C1-C4)alkyl;
- heteroarylalkyl with 5- to 6-membered aromatic ring containing at least one heteroatom
selected from O, S whereas other atoms of the ring are carbon atoms, wherein the alkyl contains
1 to 4 carbon atoms, whereas the heteroarylalkyl is unsubstituted or substituted by at least one
substituent selected from the group C1-C4 alkyl, hydroxy(C1-C4)alkyl, mercapto(C1-C4)alkyl,
formyl, acetyl, halogen, carboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;
- heterocyclyl with 5- to 6- membered aliphatic ring containing at least one heteroatom selected
from O, S whereas other atoms of the ring are carbon atoms, wherein the heterocycle is

unsubstituted or substituted by at least one substituent selected from the group C1-C4 alkyl,
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hydroxy(C1-C4)alkyl, merkapto(C1-C4)alkyl, formyl, acetyl, halogen, carboxyl, amino, di(C1-
C4yalkylamino, amino(C1-C4)alkyl;
- heterocyclylalkyl with 5- to 6- membered aliphatic ring containing at least one heteroatom
selected from O, S whereas other atoms of the ring are carbon atoms, the alkyl contains 1 to 4
carbon atoms, whereas the heterocyclylalkyl is unsubstituted or substituted by at least one
substituent selected from the group C1-C4 alkyl, hydroxy(C1-C4)alkyl, mercapto(C1-C4)alkyl,
formyl, acetyl, halogen, carboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;- cycloalkyl
with ring containing 5 to 6 carbon atoms, unsubstituted or substituted by at least one substituent
selected from the group C1-C4 alkyl, hydroxy(C1-C4)alkyl, mercapto(C1-C4)alkyl, formyl,
acetyl, halogen, carboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;
- cycloalkylalkyl with ring containing 5 to 6 carbon atoms, wherein the alkyl contains 1 to 4
carbon atoms, whereas the cycloalkylalkyl is unsubstituted or substituted by at least one
substituent selected from the group containing C1-C4 alkyl, hydroxy(C1-C4)alkyl, mercapto(C1-
C4yalkyl, formyl, acetyl, halogen, carboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;
- isoalkyl containing 3 to 7 carbon atoms, unsubstituted or substituted by at least one substituent
selected from the group containing C1-C4 alkyl, hydroxy(C1-C4)alkyl, mercapto(C1-C4)alkyl,
formyl, acetyl, halogen, carboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl,

as UV-photoprotective ingredients in cosmetic preparations, in preparations for protection of plants

and/or in preparations for tissue culture treatment.

4. Use according to claim 3, wherein the substituent R6 is heteroaryl which contains a 5S-membered
ring containing one heteroatom selected from O and S, whereas the heteroaryl is unsubstituted or
substituted by at least one substituent selected from the group containing C1-C4 alkyl, hydroxy(C1-
C4)alkyl, mercapto(C1-C4)alkyl, formyl, acetyl, halogen, carboxyl, amino, di(C1-C4)alkylamino,
amino(C1-C4)alkyl.

5. Use according to claim 3, wherein the substituent R6 is heteroaryalkyl which contains a 5-
membered ring and C1-C2 alkyl, whereas the 5-membered ring contains one heteroatom S, while
the heteroarylalkyl is unsubstituted or substituted by at least one substituent selected from the group
containing C1-C4 alkyl, hydroxy(C1-C4)alkyl, mercapto(C1-C4)alkyl, formyl, acetyl, halogen,
carboxyl, amino, di{C1-C4)alkylamino, amino(C1-C4)alkyl.

6. Use according to claim 3, wherein the R6 substituent is heterocyclyl containing a 5-membered
ring and the said 5-membered ring contains one heteroatom selected from O and S, while the

heterocyclyl is unsubstituted or substituted by at least one substituent selected from the group



10

15

20

25

30

35

WO 2017/036434 PCT/CZ2016/050029
43

comprising C1-C4 alkyl, hydroxy(C1-C4)alkyl, mercapto(C1-C4)alkyl, formyl, acetyl, halogene,
carboxyl, amino, di{C1-C4)alkylamino, amino(C1-C4)alkyl.

7. Use according to claim 3, wherein the substituent R6 is heterocyklylalkyl containing a 5-
membered ring and C1-C2 alkyl, and the said 5-membered ring contains one heteroatom selected
from O and S, whereas the heterocyclylalkyl is unsubstituted or substituted by at least one
substituent selected from the group comprising C1-C4 alkyl, hydroxy(C1-C4)alkyl, mercapto(C1-
C4)alkyl, formyl, acetyl, halogen, carboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl.

8. Use according to claim 3, wherein the substituent R6 is selected from the group comprising
cyclopentyl, cyclopentylmethyl, isopropyl, isobutyl, isopentyl, isohexyl, isoheptyl, wherein each of
said substituent groups is unsubstituted or substituted by at least one substituent selected from the
group comprising C1-C4 alkyl, hydroxy(C1-C4)alkyl, mercapto(C1-C4)alkyl, formyl, acetyl,
halogene, arboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl.

9. Use according to claim 1, wherein the adenine derivatives are selected from the group comprising
6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-methylfuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-hydroxymethylfuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-formylfuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(1-furan-2-ylethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-methyltetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(1-tetrahydrofuran-2-ylethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(cyclopentylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(thiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(3-methylthiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-methylthiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-chlorothiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(5-bromothiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
6-(1-thiophen-2-ylethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-furfurylamino-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-methylfuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-hydroxymethylfuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-formylfuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(1-furan-2-ylethylamino)-9-(tetrahydrofuran-2-yl)purine
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2-chloro-6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-methyltetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(1-tetrahydrofuran-2-ylethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(thiophen-2-ylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(thiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(3-methylthiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-methylthiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-chlorothiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(5-bromothiophen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(1-thiophen-2-ylethylamino)-9-(tetrahydrofuran-2-yl)purine
2-chloro-6-(cyclopentylmethylamino)-9-(tetrahydrofuran-2-yl)purine.

10. The use according to any one of the claims 3 to 9 wherein at least one adenine derivative of
general formula I is used as an ingredient with a combined anti-senescent and UV -photoprotective

effect.

11. The use according to any one of the claims 3 to 9 wherein at least one adenine derivative of
general formula I is used as an ingredient with a combined anti-senesent, UV -photoprotective and

anti-skin-hypersensitivity effect.

12. At least one adinine derivative of general formula I according to any one of the claims 3 to 9 for
use in a method of treatment of an immune disorder, such as hypersensitive immune response or

transplant rejection.

13. Cosmetic and/or therapeutic preparations, preparations for the protection of plants and/or
preparations for the application to tissue cultures, which contain at least one compound od the

general formula I according any one of claims 1 -2.
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Adeninové derivaty a jejich pouziti

Oblast techniky

Vynalez se tyka adeninovych derivatdl majicich kombinované antisenescenéni a UV-
fotoprotektivni ucinky proti zafeni UVA i UVB. Dale se tyka jejich pouziti a pfipravkl je
obsahujicich.

Dosavadni stav techniky

6—Furfurylaminopurin (kinetin) je latka ze skupiny rostlinnych hormont cytokinind, jeZ jsou N°—
substituovanymi derivaty adeninu. Kinetin byl objeven v padesatych letech minulého stoleti a byl
povazovan za tzv. rustovy faktor, protoze pozitivné ovliviioval déleni bun¢k tabakového kalusu.
Exogenni aplikace kinetinu indukuje bunécné déleni a morfogenezi bunék rostlinného kalusu,
anebo napiiklad oddaluje senescenci listd. Kromé vlivu na rostlinné bunky vykazuje kinetin také
ucinky na bunky zivoc¢isné. M4 antioxidacni vlastnosti a brani oxidacnimu poskozeni DNA,
inhibuje oxidaéni a glyka¢ni poSkozeni proteind, dokaze ovliviiovat rist keratinocytt a oddaluje
starnuti lidskych koznich fibroblastd in vitro, aniz by latka méla efekt na proliferaci téchto
fibroblastd. Derivat kinetinu 6-—furfurylamino—9—(2—-tetrahydropyran—2—yl)purin (obchodni nazev
Pyratine), ktery je v souCasné dobé komeréné€ vyuzivan v kosmetickych piipraveich, byl
pfipraven spojenim protektivni tetrahydropyranylové skupiny s molekulou kinetinu. Tato
strukturni modifikace vedla ke zlepSeni antisenescencnich a antioxida¢nich ucinkd na rostlinné i
zivocis$né buiiky, a to i pfi testech provadénych na lidské kazi nebo jejich modelech.

V poslednich letech narGstd mnozstvi UV zafeni, zejména jeho stfednich (UVB) a dlouhych
(UVA) vilnovych délek, které dopada na povrch Zemé, a tento novy fenomén pfispiva u lidi k
rozvoji fady koznich onemocnéni a poruch. UVB zafeni predstavuje asi 4 az 5 % celkového
objemu zafeni a pronikd do kozni epidermis, kde zplsobuje pifimé i nepfimé nezadouci
biologické ucinky. UVA zafeni tvoii 90 % celkového podilu zafeni a pronika hloubéji do
papilarni dermis a Castecné i do hypodermis (10 %), kde zpiisobuje vznik tzv. reaktivnich
sloucenin kysliku (ROS) a dusiku (RNS). Chronické vystaveni kiize UVA zafeni mtze vést k tzv.
pfedcasnému starnuti kiize, které je spojeno s poskozenim struktury dermis a jehoz disledkem je
vznik vrasek, pigmentovych skvrn, aj. Pfirozenou endogennim fotoprotektivni latkou je melanin,
ale v lidské ktzi se ho netvoii dostatek, zejména v souvislosti se zvySujici se intenzitou UV
zateni dopadajiciho na Zemi, vlivem ubytku ozonu v atmosféfe, a zménou Zivotniho stylu (vice
outdoorovych aktivit, odév zakryvajici mensi ¢ast povrchu téla). Pokud je kiize oSetfena latkou,
kterd zamezuje pronikani zejména UV paprskl, miZe ji chranit pfed pfed€asnym starnutim ale i
kratkodobym nezadoucim u¢inkim UV zafeni.

Vétsina ptipravki, které dnes vyuzivaji kosmetické ptipravky k ochrané pted slunecnim zatenim,
tzv. sunscreens (UV filtry), byly vyvinuty, aby chranily ptedevsim ptfed "Skodlivéjsim" UVB
zarenim, které mize vyvolat vznik zhoubného melanokarcinomu. Sunscreens se déli na fyzikalni
(anorganické mineralni latky, které vytvareji fyzikalni prekazku zateni na kazi, jako naptiklad
TiO2 nebo ZnO) a chemické (organické latky schopné absorbovat radiaci zménou distribuce
elektronti — napiiklad benzofenony, cinamaty, salicylaty). U nékterych stavajicich sunscreens
byly popsany nezadouci ucinky, spojené zejména s fotoalergickou nebo fotoiritujici reakci pii
pouzivani téchto piipravki. Castym problémem téchto latek je také fotonestabilita.

Pivodci predkladaného vynalezu nalezli latky, které neocekavané jevi kombinované
antisenescencni ucinky a UV—fotoprotektivni ucinky (UVB i UVA). Tyto latky jsou velmi
stabilni, a z&roven nejsou foto toxické a ani neirituji oSetfenou tkan.
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Podstata vynalezu

Predmétem vynalezu je pouziti adeninovych derivati obecného vzorce I

a8

N
Py

R3 N

(n

a jejich farmaceuticky pfijatelnych soli s alkalickymi kovy, amoniakem, aminy, nebo adi¢nich
soli s kyselinami, kde

R2 je vodik nebo halogen;

R6 je vybran ze skupiny zahrnujici
— heteroaryl s 5— az 6-¢lennym aromatickym kruhem obsahujicim alespofi jeden heteroatom
vybrany z O, S a ostatni atomy kruhu jsou atomy uhliku, pficemz heteroaryl je
nesubstituovany nebo substituovany alesponi jednim substituentem vybranym ze skupiny
zahrnujici C1-C4 alkyl, hydroxy(C1-C4)alkyl, merkapto(C1-C4)alkyl, formyl, acetyl,
halogen, karboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;
— heteroarylalkyl s 5- az 6-Clennym aromatickym kruhem obsahujicim alespon jeden
heteroatom vybrany z O, S a ostatni atomy kruhu jsou atomy uhliku, kde alkyl obsahuje 1 az
4 atomy uhliku, pti¢emz heteroarylalkyl je nesubstituovany nebo substituovany alespon
jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl, hydroxy(C1-C4)alkyl,
merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino,
amino(C1-C4)alkyl;
— heterocyklyl s 5— az 6-¢lennym alifatickym kruhem obsahujicim alespoii jeden heteroatom
vybrany z O, S a ostatni atomy kruhu jsou atomy uhliku, pfi¢emz heterocyklyl je
nesubstituovany nebo substituovany alespont jednim substituentem vybranym ze skupiny
zahrnujici C1-C4 alkyl, hydroxy(C1-C4)alkyl, merkapto(C1-C4)alkyl, formyl, acetyl,
halogen, karboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;
— heterocyklylalkyl s 5— az 6—¢lennym alifatickym kruhem obsahujicim alespon jeden
heteroatom vybrany z O, S a ostatni atomy kruhu jsou atomy uhliku, kde alkyl obsahuje 1 az
4 atomy uhliku, pficemz heterocyklylalkyl je nesubstituovany nebo substituovany alespon
jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl, hydroxy(C1-C4)alkyl,
merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino,
amino(C1-C4)alkyl;
—cykloalkyl s kruhem obsahujicim 5 az 6 atomi uhliku, nesubstituovany nebo
substituovany alespon jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl,
hydroxy(C1-C4)alkyl, merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino,
di(C1-C4)alkylamino, amino(C1 —C4)alkyl;
— cykloalkylalkyl s kruhem obsahujicim 5 az 6 atomu uhliku, kde alkyl obsahuje 1 az 4
atomy uhliku, pficemz cykloalkylalkyl je nesubstituovany nebo substituovany alespon
jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl, hydroxy(C1-C4)alkyl,
merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino,
amino(C1-C4)alkyl;
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— isoalkyl obsahujici 3 az 7 atomu uhliku, nesubstituovany nebo substituovany alespon
jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl, hydroxy(C1-C4)alkyl,
merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino,
amino(C1-C4)alkyl,

jako UV—fotoprotektivnich slozek v kosmetickych piipravcich, v piipravcich pro ochranu rostlin
a/nebo v pripravcich pro osetfeni tkanovych kultur.

Heteroaryl s vyhodou obsahuje 5—¢lenny kruh, vyhodnéji obsahuje v 5—¢lenném kruhu jeden
heteroatom, kterym je O nebo S. Nejvyhodnéji je heteroaryl vybran z furan—2—ylu a thiofen—-2—

ylu.

Heteroarylalkyl s vyhodou obsahuje 5—¢lenny kruh a C1-C2 alkyl, vyhodné&ji obsahuje v 5—
¢lenném kruhu jeden heteroatom, kterym je O nebo S. Nejvyhodnéji je heteroarylalkyl vybran z
furan—2-ylmethylu (furfurylu) a thiofen—2—ylmethylu.

Heterocyklyl s vyhodou obsahuje 5—¢lenny kruh, vyhodnéji obsahuje v 5—€lenném kruhu jeden
heteroatom, kterym je O nebo S. Nejvyhodnégji je heterocyklyl vybran ze skupiny zahrnujici
tetrahydrofuran—2—yl a tetrahydrothiofen—2—-yl.

Heterocyklylalkyl s vyhodou obsahuje 5—Clenny kruh a C1-C2 alkyl, vyhodnéji obsahuje v 5—
¢lenném kruhu jeden heteroatom, kterym je O nebo S. Nejvyhodnéji je heterocyklylalkyl vybran
ze skupiny zahrnujici tetrahydrofuran—2-ylmethyl (tetrahydrofurfuryl) a tetrahydrothiofen—2—
ylmethyl.

Cykloalkylem je s vyhodou cyklopentyl. Cykloalkylalkylem je s vyhodou cyklopentylmethyl.
Isoalkylem je s vyhodou isopropyl, isobutyl, isopentyl, isohexyl, isoheptyl.
Halogen je vybran ze skupiny zahrnujici fluor, chlor, brom, jod. S vyhodou je halogenem chlor.

V jednom vyhodném provedeni jsou latky obecného vzorce I vybrany ze skupiny zahrnujici:
6—(tetrahydrofuran—2—ylmethylamino)—9—(tetrahydrofuran—2—yl)purin
6—(5—methylfuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
6—(5-hydroxymethylfuran—-2—ylmethylamino)-9—(tetrahydrofuran—-2—yl)purin
6—(5—formylfuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
6—(1—furan—2—ylethylamino)-9—(tetrahydrofuran—2—yl)purin
6—(5—methyltetrahydrofuran—2—ylmethylamino)—9—(tetrahydrofuran—2—yl)purin
6—(1-tetrahydrofuran—2—ylethylamino)-9—(tetrahydrofuran—2-yl)purin
6—(cyklopentylmethylamino)—9—(tetrahydrofuran—2—yl)purin
6—(thiofen—2—ylmethylamino)—9—(tetrahydrofuran—2—yl)purin
6—(3—methylthiofen—2—ylmethylamino)-9—(tetrahydrofuran—-2—yl)purin
6—(5—methylthiofen—2—ylmethylamino)-9—(tetrahydrofuran—-2—yl)purin
6—(5—chlorthiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
6—(5-bromthiofen—2—ylmethylamino)—9—(tetrahydrofuran—2—yl)purin

6—(1 —thiofen—2—ylethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—furfurylamino—9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(5—-methylfuran—2—ylmethylamino)—9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(5-hydroxymethylfuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(5—formylfuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(1-furan—-2—ylethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(tetrahydrofuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(5-methyltetrahydrofuran—-2—ylmethylamino)-9—(tetrahydrofuran—-2—yl)purin
2—chlor—6—(1-tetrahydrofuran—2—ylethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(thiofen—2—ylamino)-9—(tetrahydrofuran—2—yl)purin
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2—chlor-6—(thiofen—2-ylmethylamino)—9—(tetrahydrofuran—2-yl)purin
2—chlor—6—(3—-methylthiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—-yl)purin
2—chlor—6—(5—-methylthiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(5—chlorthiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor-6—(5-bromthiofen—2—ylmethylamino)-9—(tetrahydrofuran—-2—yl)purin
2—chlor—6—(1-thiofen—2—ylethylamino)—9—(tetrahydro—2—chlor—6—(cyklopentylmethylamino)-9—
(tetrahydrofuran—2—yl)purin.

Vyhodnéji jsou latky obecného vzorce I vybrany ze skupiny zahrnujici:
6—(tetrahydrofuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
6—(thiofen—2—ylmethylamino)-9—(tetrahydrofuran—2-yl)purin
2—chlor—6—furfurylamino—9—(tetrahydrofuran-2—yl)purin
2—chlor—6—(tetrahydrofuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(thiofen—2—ylmethylamino)—-9—(tetrahydrofuran—2—yl)purin.

Ve vyhodném provedeni se uvedené latky pouziji jako slozky s kombinovanym antisenescen¢nim
a UV-fotoprotektivnim ucinkem.

Latky podle ptedkladaného vynalezu jevi kombinované antisenescen¢ni a UV—fotoprotektivni
ucinek. UV—fotoprotektivni u¢inek byl pozorovan pro zaieni UVA i UVB. Jsou tedy vhodné jako
slozky kosmetickych ptipravkd, ptipravki na ochranu rostlin a ptipravkd pro oSetieni tkanovych
kultur. Kosmetické ptipravky s témito slozkami jsou zejména vhodné pro aplikaci na pokozku,
srst ¢i vlasy savci. Pripravky pro oSetieni tkanovych kultur jsou vhodné zejména pro oSetfeni
kultur bungk rostlin i savct, napiiklad keratinocytd a fibroblasta.

Predmétem vynalezu jsou déle adeninové derivaty obecného vzorce I per se

(n

a jejich farmaceuticky pftijatelné soli s alkalickymi kovy, amoniakem, aminy, nebo adi¢ni soli s
kyselinami, kde

R2 je vodik nebo halogen;

R6 je vybran ze skupiny zahrnujici

— heteroaryl s 5- az 6-¢lennym aromatickym kruhem obsahujicim alespoii jeden heteroatom
vybrany z O, S a ostatni atomy kruhu jsou atomy uhliku, pfi¢emz heteroaryl je
nesubstituovany nebo substituovany alespon jednim substituentem vybranym ze skupiny
zahrnujici C1-C4 alkyl, merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino,
di(C1-C4)alkylamino, amino(C1-C4)alkyl;

— heteroarylalkyl s 6-¢lennym aromatickym kruhem obsahujicim alespon jeden heteroatom
vybrany z O, S a ostatni atomy kruhu jsou atomy uhliku, kde alkyl obsahuje 1 az 4 atomy
uhliku, pficemz heteroarylalkyl je nesubstituovany nebo substituovany alesponi jednim
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substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl, merkapto(C1-C4)alkyl,
formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;

— heteroarylalkyl s 5-¢lennym aromatickym kruhem obsahujicim alespon jeden heteroatom
S a ostatni atomy kruhu jsou atomy uhliku, kde alkyl obsahuje 1 az 4 atomy uhliku, ptic¢emz
heteroarylalkyl je nesubstituovany nebo substituovany alespont jednim substituentem
vybranym ze skupiny zahrnujici C1-C4 alkyl, merkapto(C1-C4)alkyl, formyl, acetyl,
halogen, karboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;

— heterocyklyl s 5— az 6—¢lennym alifatickym kruhem obsahujicim alesponi jeden heteroatom
vybrany z O, S a ostatni atomy kruhu jsou atomy uhliku, pficemz heterocyklyl je
nesubstituovany nebo substituovany alespon jednim substituentem vybranym ze skupiny
zahrnujici C1-C4 alkyl, merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino,
di(C1-C4)alkylamino, amino(C1-C4)alkyl;

— heterocyklylalkyl s 5- az 6—¢lennym alifatickym kruhem obsahujicim alespon jeden
heteroatom vybrany z O, S a ostatni atomy kruhu jsou atomy uhliku, kde alkyl obsahuje 1 az
4 atomy uhliku, pficemz heterocyklylalkyl je nesubstituovany nebo substituovany alespori
jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl, merkapto(C1-C4)alkyl,
formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;
—cykloalkyl s kruhem obsahujicim 5 az 6 atomii uhliku, nesubstituovany nebo
substituovany alespon jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl,
merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino,
amino(C1-C4)alkyl;

— cykloalkylalkyl s kruhem obsahujicim 5 az 6 atomt uhliku, kde alkyl obsahuje 1 az 4
atomy uhliku, pficemz cykloalkylalkyl je nesubstituovany nebo substituovany alespon
jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl, merkapto(C1-C4)alkyl,
formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl.

Pfedmétem vynalezu jsou ve vyhodném provedeni adeninové derivaty obecného vzorce I per se,
vybrang z:
6—(tetrahydrofuran—2—ylmethylamino)-9—(tetrahydrofuran—-2—yl)purin
6—(5—methyltetrahydrofuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
6—(1-tetrahydrofuran—2—ylethylamino)-9—(tetrahydrofuran—2—yl)purin
6—(cyklopentylmethylamino)-9—(tetrahydrofuran—2—yl)purin
6—(thiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
6—(3—methylthiofen—2—ylmethylamino)—9—(tetrahydrofuran—2—yl)purin
6—(5—methylthiofen—2—ylmethylamino)-9—(tetrahydrofuran—-2—yl)purin
6—(5—chlorthiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
6—(5—bromthiofen—2—ylmethylamino)—9—(tetrahydrofuran—2—yl)purin
6—(1-thiofen—2—ylethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(tetrahydrofuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(5-methyltetrahydrofuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(1-tetrahydrofuran—2—ylethylamino)—9—(tetrahydrofuran—2—yl)purin
2—chlor-6—(thiofen—2-ylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor-6—(thiofen—2-ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(3—methylthiofen—2—ylmethylamino)—-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(5-methylthiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(5—chlorthiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(5-bromthiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(1-thiofen—2—ylethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(cyklopentylmethylamino)-9—(tetrahydrofuran—2—yl)purin.

Ptipravky
Vhodné podani pro kosmetickou aplikaci je lokalni, topické. Ptipravky zpravidla obsahuji od 0,1

do 95 hmotn. % aktivni latky, pficemz jednorazové davky obsahuji piednostné od 10 do 90
hmotn. % aktivni latky a pfi zptsobech aplikace, které nejsou jednorazové, obsahuji pfednostné
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od 1 do 10 hmotn. % aktivni latky. Formy aplikace jsou napf. masti, krémy, pasty, pény, tinktury,
rténky, kapky, spreje, disperze atd. Ptipravky pro ochranu rostlin a pro oSetfeni tkdnovych kultur
jsou nejcastéji ve formé roztoku, spreje, disperze nebo suspenze. Piipravky jsou pfipravovany
zndmym zpusobem, napf. béznym michanim, rozpoustécimi nebo lyofiliza¢nimi procesy.

Roztoky aktivnich latek, suspenze nebo disperze, obzvlasté izotonické vodné roztoky, suspenze a
disperze, mohou byt pfipraveny pfed pouzitim, napf. v piipadé lyofilizovanych preparatt
obsahujicich aktivni latku samotnou nebo s nosi¢em jako je naptiklad mannitol.

Olejové suspenze obsahuji jako olejovou slozku rostlinné, syntetické nebo semisyntetické oleje.
Oleje, které zde mohou byt zminény, jsou obzvlasté kapalné estery mastnych kyselin, které
obsahuji jako kyselou slozku mastnou kyselinu s dlouhym fetézcem majicim 8 az 22, s vyhodou
pak 12 az 22 uhlikovych atomid, napt. kyselinu laurovou, tridekanovou, myristovou,
pentadekanovou, palmitovou, margarovou, stearovou, arachidonovou a behenovou, nebo
odpovidajici nenasycené kyseliny, napt. kyselinu olejovou, alaidikovou, eurikovou, brasidovou a
linoleovou, piipadné s piidavkem antioxidant, napf. vitaminu E, B—karotenu nebo 3,5-di—tert—
butyl-4-hydroxytoluenu. Alkoholova slozka téchto esterd mastnych kyselin nema vice nez 6
uhlikovych atoml a je mono— nebo polyhydricka, napt. mono—, di— nebo trihydrické alkoholy
jako methanol, ethanol, propanol, butanol nebo pentanol a jejich isomery, ale hlavné glykol a
glycerol. Estery mastnych kyselin jsou s vyhodou napft. ethyl oleat, isopropyl myristat, isopropyl
palmitat, "Labrafil M 2375" (polyoxyethylen glycerol trioleat, Gattefoseé, Pafiz), "Labrafil M
1944 CS" (nenasycené polyglykolované glyceridy ptipravené alkoholyzou oleje z merunkovych
jader a slozeny z glyceridu a estert polyethylen glykolu; Gattefoseé, Pafiz), "'Labrasol” (nasycené
polyglykolované glyceridy pfipravené alkoholyzou TCM a slozené z glyceridi a estert
polyethylen glykolu; Gattefoseé, Patiz), "Miglyol 812" (triglycerid nasycenych mastnych kyselin
s délkou fetézce Cg az C12 0d Hiils AG, Némecko) a zvlaste rostlinné oleje jako bavinikovy olej,
mandlovy olej, olivovy olej, ricinovy olej, sezamovy olej, s6jovy olej a olej z podzemnice olejné.

Masti jsou emulze oleje ve vodé, které obsahuji ne vice nez 70 %, ale ptednostné 20 az 50 %
vody nebo vodné faze. Tukovou fazi tvori uhlovodiky, napf. vazelina, parafinovy olej nebo tvrdé
parafiny, které prednostné obsahuji vhodné hydroxyslouceniny jako mastné alkoholy a jejich
estery, napt. cetyl alkohol, nebo alkoholy lanolinu, s vyhodou lanolin pro zlepSeni kapacity pro
vazani vody. Emulgatory jsou odpovidajici lipofilni slouceniny jako sorbitanové estery mastnych
kyselin (Spany), s vyhodou sorbitan oleat nebo sorbitan isostearat. Aditiva k vodné fazi jsou
napt. smacedla jako polyalkoholy, napf. glycerol, propylen glykol, sorbitol a polyethylen glykol,
nebo konzervacni prostiedky ¢i ptijemné vonici latky.

Mastné masti jsou nevodné a obsahuji jako bazi hlavné uhlovodiky, napf. parafin, vazelinu nebo
parafinovy olej, a dale pfirodni nebo semisyntetické tuky, naptf. hydrogenované kokosové
triglyceridy mastnych kyselin nebo hydrogenované oleje, napf. hydrogenovany ricinovy olej
nebo z podzemnice olejné, a dale ¢astecné glycerolové estery mastnych kyselin, napt. glycerol
mono— a distearat. Dale obsahuji naptf. mastné alkoholy, emulgatory a aditiva zmin€na v
souvislosti s mastmi, ktera zvySuji piijem vody.

Krémy jsou emulze oleje ve vodé, které obsahuji vice nez 50 % vody. Pouzivané olejové baze
jsou mastné alkoholy, napft. isopropyl myristat, lanolin, v¢eli vosk, nebo uhlovodiky, s vyhodou
vazelina (petroldtum) a parafinovy olej. Emulgatory jsou povrchové aktivni slouceniny s
pfevazné hydrofilnimi vlastnostmi, jako jsou odpovidajici neiontové emulgatory, napf. estery
mastnych kyselin polyalkoholti nebo jejich ethylenoxy adukty, napft. polyglycerickych mastnych
kyselin nebo polyethylen sorbitanové estery ¢i kyselé estery polyglycerickych mastnych kyselin
(Tween), dale polyoxyethylenové étery mastnych alkoholti nebo polyoxyethylenové estery
mastnych kyselin, nebo odpovidajici iontové emulgatory, jako alkalické soli sulfati mastnych
alkohold, s vyhodou laurylsulfat sodny, cetylsulfat sodny nebo stearylsulfat sodny, které jsou
obvykle pouzivany v pfitomnosti mastnych alkoholil, napf. cetyl stearyl alkoholu nebo stearyl
alkoholu. Aditiva k vodné fazi jsou mimo jiné Cinidla, ktera chrani krémy pted vyschnutim, napft.
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polyalkoholy jako glycerol, sorbitol, propylen glykol a polyethylen glykol, a dile konzervaéni
¢inidla a pfijemné vonici latky.

Pasty jsou krémy nebo masti obsahujici praskové slozky absorbujici sekreci jako jsou oxidy
kovii, napt. oxidy titanu nebo oxid zinecnaty, a dale talek ¢i silikaty hliniku, které maji za ukol
vazat ptitomnou vlhkost nebo sekreci.

Pény jsou aplikovany z tlakovych nadob a jsou to kapalné emulze oleje ve vod€ v aerosolové
formé, pficemz jako hnaci plyny jsou pouZivany halogenované uhlovodiky, jako chlor—fluor
derivaty nizSich alkan®, napf. dichlorfluormethan a dichlortetrafluorethan, nebo ptednostné
nehalogenované plynné uhlovodiky, vzduch, N>O ¢i oxid uhlicity. Pouzivané olejové faze jsou
stejné jako pro masti a také jsou pouzivana aditiva tam zminéna.

Tinktury a roztoky obvykle obsahuji vodné—ethanolickou bazi, ke které jsou pfimichany
zvlhéovadla pro snizeni odpafovani, jako jsou polyalkoholy, napt. glycerol, glykoly a
polyethylen glykol, dale promazavadla jako estery mastnych kyselin a nizSich polyethylen
glykolu, tj. lipofilni latky rozpustné ve vodné smési nahrazujici tukové latky odstranéné z kiize
ethanolem, a pokud je to nutné i ostatni neutralni latky a aditiva.

Vynalez je dale objasnén s pomoci piikladi, které ale jeho rozsah dale neomezuji.

Piiklady uskuteénéni vynalezu

Priklad 1: Piiprava 6—(tetrahydrofuran—2—ylmethylamino)-9—(tetrahydrofuran—2—-yl)purinu (1)

6—-Chlor—9—(tetrahydrofuran—2—yl)purin (1 g; 4,46 mmol) byl umistén do varné banky spolu s n—
propanolem (50 ml). Ke vzniklé suspenzi byl pfidan tetrahydrofurfurylamin (554 pl; 5,36 mmol)
spolu s triethylaminem (EtsN) (3,2 ml; 22,3 mmol). Reak¢ni smés byla pod zpétnym chladicem
zahfivana na teplotu 100 °C. Doba reakce byla 4 h. Po zahusténi byla reakéni smés extrahovana
pomoci kontinualniho extraktoru (EtOAc:H.O; 24 h). Ethylacetatova (EtOAc) frakce byla
nasledné vysusena pomoci Na,SO.. Takto predCisténa reakéni smés byla rozdélena pomoci
sloupcové chromatografie s mobilni fazi (EtOAc:MeOH:NHs; 34:1:1; v:v).Vytézek: 74,6 %. H
NMR (500 MHz, DMSO-ds), ppm: 1,53 — 1,64 (m, 1 H); 1,69 — 1,89 (m, 3 H); 1,95-2,02 (m, 1
H); 2,11 — 2,23 (m, 1 H); 2,30 — 2,44 (m, 2 H); 3,37 — 3,48 (m, 1 H); 3,48 — 3,53 (m, 1 H); 3,53 -
3,60 (m, 1 H); 3,70 — 3,76 (m, 1 H); 3,81 — 3,90 (m, 1 H); 3,98 (g, J = 7,03 Hz, 1 H); 4,09 (9, J =
7,44 Hz, 1 H); 6,21 (dd, J = 6,88, 3,82 Hz, 1 H); 7,63 (br. s., 1 H); 8,17 (br. s., 1 H); 8,21 (s, 1 H).

Tabulka 1: Latky pripravené zpiisobem podle prikladu 1

Elementarni analyza

¢ Rs R: vypodteno/nalezeno

ES MS

%C %H %N [M+H]"

1 tetrahydrofuran-2-ylmethyl H | 58,1/58,0 | 6,6/6,6 | 24,2/24.3 290,3

2 5-methylfuran-2-ylmethyl H | 60,2/60,1 | 5,7/5,7 | 23,4/23,5 300,3

5-hydroxymethylfuran-2- H | 57.1/572 | 5.4/5.4 | 22,222,5 316,3
ylmethyl

4 5-formylfuran-2-ylmethyl H | 57,5/57,6 | 4,8/4,8 | 22,4/22,2 3143

1-furan-2-ylethyl H | 60,2/60,1 | 5,7/5,8 | 23,4/23,5 300,3

h

5-methyltetrahydrofuran-2-
ylmethyl |

H | 59,4/59,3 | 7,0/7,0 | 23,1/23,2 304,4
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. Elementarni analyza
' 2 vypoéteno/nalezeno

ES MS
[M+H]"

7 1-tetrahydrofuran-2-ylethyl H | 59,4/59,2 | 7,0/7,1 | 23,1/23,2 304,4

%C %H %N

8 cyklopentylmethy! H | 62,7/62,9 | 7,4/7,5 | 24,4/24,5 | 2884

Ptiklad 2: Pfiprava 6—(thiofen—2—ylmethylamino)-9—(tetrahydrofuran—-2—yl)purinu (9)

6—Chlor—9—(tetrahydrofuran—2—yl)purin (0,5 g; 2,23 mmol) byl umistén do varné bariky spolu s
n—propanolem (25 ml). Ke vzniklé smési byl ptidan 2—thiofenmethylamin (275 pl; 2,68 mmol)
spolu s EtsN (1,6 ml; 11,15 mmol). Vznikla smés byla pod zpétnym chladicem za stalého
michani zahfivana na 100°C. Po 3 hodinach bylo pfidano (23 ul; 0,23 mmol) 2-
thiofenmethylaminu. Reakce byla nasledné za 1,5 h ukoncena. Reakéni smés byla poté odpaiena
a preisténa extrakci kapalina—kapalina (EtOAc:H20). EtOAc frakce byla vysuSena pomoci
Na,SO; a odpatena. Odparek byl ptes noc krystalizovan z diehyletheru pti 4 °C.

Vytézek: 61 %. *H NMR (500 MHz, DMSO-dg) 8 ppm 1,92 — 2,00 (m, 1 H); 2,12 — 2,22 (m,
1H); 2,31-2,38 (m, 1 H); 2,38 — 2,43 (m, 1 H); 3,85 (td, J = 7,68, 6,34 Hz, 1 H); 4,08 (td, J =
7,68. 6,50 Hz, 1 H); 4,79 (br. s., 2 H); 6,21 (dd, J = 6,88, 3,82 Hz, 1 H); 6,88 (dd, J = 5,04, 3,44
Hz, 1 H); 6,97 (dd, J = 3,40, 1,03 Hz, 1 H); 7,27 (dd, J = 5,12, 1,22 Hz, 1 H); 8,23 (s, 2 H); 8,36
(br.s., 1 H).

Tabulka 2: Latky pripravené zpiisobem podle prikladu 2

Elementarni analyza

- Rs R, vypoc¢teno/nalezeno
ES MS
%C %H %N [M+H]*
9 thiofen-2-ylmethyl H | 55,8/55,6 | 5,0/5,4 | 23,2/23,3 302,4

10 | 3-methylthiofen-2-ylmethyl H | 57,1/57,2 | 5,4/5,5 | 22,2/22,3 316,4

11 5-methylthiofen-2-ylmethyl H | 57,1/57,0 | 5,4/5,3 | 22,2/22,1 316,4

12 S-chlorothiofen-2-ylmethyl H | 50,0/50,1 | 4,2/4,3 | 20,9/20,8 336,8

13 | 5-bromothiofen-2-ylmethyl H | 44,2/44,1 | 3,7/3,8 | 18,4/18,5 3813

14 1-thiofen-2-ylethyl H | 57,1/57,0 | 5,4/5,5 | 22,2/22,0 316,4

Piiklad 3: Piiprava 2—chloro—6—furfurylamino—9—(tetrahydrofuran—-2—yl)purinu (15)

2,6-Dichlor-9—(tetrahydrofuran—2—yl)purin (0,5 g; 1,93 mmol) byl umistén do varné banky spolu
S n—propanolem (25 ml). Ke vzniklé suspenzi byl ptidan furfurylamin (204 pl; 2,31 mmol) spolu
s EtsN (1,35 ml; 9,65 mmol). Reakéni smes byla pod zpétnym chladi¢em za stalého michani
zahtivéna na teplotu 100 °C. Po 5 h byla reakce ukoncena. Jestlize latka nevykrystalizovala z
reakéni smési, byla reakéni smés po zahusténi za horka rozpusténa ve smési (CHCIlz:EtOH; 1:8;
v:v), nebo za pokojové teploty v smési (CHCls:Ether; 1:7; v:v). Po ochlazeni byla vznikla
suspenze prefiltrovana pfes fritu a filtracni kola¢ byl promyt destilovanou vodou. Po vysuseni byl
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filtrat za horka rozpustén v ethanolu (EtOH), petroletheru, karbofiltrovan a krystalizovan pfi

4 °C.

Tabulka 3: Latky pripravené zpiisobem podle Prikladu 3

« Elementarni analyza
¢ Rs R, vypocteno/nalezeno
ES MS
%C %H %N M +H]+
15 furfuryl Cl | 52,6/52,5 | 4,4/4,3 | 21,9/21,7 320,7
16 | S-methylfuran-2-ylmethyl | Cl | 54,0/54,1 | 4,8/4,7 | 21,0/20,9 334,8
17 | S-hydroxymethylfuran2- | | o) 5516 | 4647 | 20,0201 | 3508
ylmethyl
18 | S-formylfuran-2-ylmethyl | Cl | 51,8/51,9 | 4,1/4,2 | 20,1/20,3 348.8
19 1-furan-2-ylethyl Cl | 54,0/54,1 | 4,8/4,9 | 21,0/21,3 334,8
20 | tetrahydrofuran-2-ylmethyl | Cl | 51,9/51,8 5,6/5,7 | 21 ,6/21,5 233,8
g1 | Hmethyhtetraydrofuran=2- | o | 539594 | .06 | 207205 | 3388
ylmethyl
22 | 1-tetrahydrofuran-2-ylethyl | Cl | 53,3/53,4 | 6,0/6,1 | 20,7/20,6 338,8
23 thiofen-2-ylmethyl Cl | 50,1/50,1 | 4,2/4,3 | 20,9/20,8 336,8
24 e b Cl | 51,5/51,6 | 4,6/4,7 | 20,0202 | 3508
ylmethyl
25 Seifisthyltictens- Cl | 51,5/51,6 | 4,6/4,7 | 20,0/20,1 | 350,8
ylmethyl
26 | S-chlorthiofen-2-ylmethyl | CI | 45,4/45,6 | 3,5/3,7 | 18,9/18,8 371,3
27 | S5-bromthiofen-2-ylmethyl | ClI | 40,6/40,5 | 3,2/3,1 | 16,9/16,8 415,7
28 1-thiofen-2-ylethyl Cl | 51,5/51,6 | 4,6/4,7 | 20,0/20,1 350,8
29 cyklopentylmethyl Cl | 56,0/56,1 | 6,3/6,4 | 21,8/21,9 322,8

Ptiklad 4: Cytotoxicita novych derivatl pro kozni buiiky stanovend MTT in vitro testem

MTT test je standardni test toxicity zaloZzeny na fotometrickém méfeni schopnosti metabolicky
aktivnich bun¢k redukovat MTT (3—(4,5-dimethylthiazol-2—-yl)-2,5-difenyltetrazolium bromid)
na formazan. V testu byl sledovan vliv 72 hodinového putsobeni nékolika koncentraci latek
(Sestinasobna fedici fada, maximalni koncentrace = 50 uM) na viabilitu koznich fibroblasti BJ a
keratinocyti HaCaT. 5000 buné¢k bylo vyseto do jednotlivych jamek 96 jamkové mikrotitracni
desticky 24 hodin pted pfidanim testovanych latek. Jako negativni kontrola bylo pouzito DMSO
vehikulum. Po 72 hodinovém pusobeni bylo pfidano nové médium s MTT (Sigma, M2128) do
kone¢né koncentrace 0,5 mg/ml. Po tfech hodindch bylo médium odstranéno a formazan
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obsazeny v buiikach rozpustén v DMSO. Absorbance byla zméfena pii 570 nm (640 nm
referencni  vlnovad délka). Hodnoty ICso byly vypoéteny z davkovych kiivek. 6—
Furfurylaminopurin ribosid byl pouzit jako pozitivni kontrola. Byly obdrzeny nasledujici
vysledky:

Tabulka 4: Cytotoxicita stanovenda MTT in vitro testem

Latka ICso (pM)
dimethylsulfoxid >100
6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran-2-y)purin >100
6-(thiofen-2-ylmethylamino)-9-(tetrahydrofuran-2-yl)aminopurin >100
2-chlor - 6-furfurylamino-9-(tetrahydrofuran-2-yl)purin >100
6-furfurylamino-9-ribosylpurin (srovndvaci latka) <3

Ptiklad 5: Zpomaleni starnuti listi pSenice a zpomaleni degradace chlorofylu pfi testovani
novych derivatli v senescencnim biotestu

Nadoby se semeny ozimé pSenice Triticum aestivum cv Hereward vyseté do vermikulitu
nasycené¢ho Knopovym zivnym roztokem byly umistény do klimatizované ristové komory s 16/8
hodinovou svételnou periodou (svételna intenzita 50 mmol.m2.s™") a teplotou 15 °C. Po 7 dnech
mély semenacky vyvinuty prvni praporcovy list a druhy list zacinal prorustat. Z prvnich listl
vzdy od 10 rostlin byly odebrany vrcholové sekce dlouhé ptiblizn€ 35 mm, které byly zkraceny
tak, aby jejich vaha byla pfesné 100 mg. Bazalni konce téchto 10 listovych segmentl byly
umistény do jamek mikrotitracnich polystyrénovych desticek obsahujicich 150 ml roztoku
testovaného derivatu. Desticky byly umistény do plastického boxu vystlaného filtracnim papirem,
ktery byl nasycen vodou za u¢elem maximalni vzdu$né vlhkosti. Po 96 hodinédch inkubace ve tmé
pii 25 °C byly listové sekce vyjmuty a chlorfyl extrahovan v 5 ml 80% ethanolu zahtatim pfi
80 °C po dobu 10 min. Objem vzorku byl poté doplnén na 5 ml ptiddnim 80% ethanolu.
Absorbance extraktll byla méfena pfi 665 nm. Jako kontroly byly méfeny rovnéz chlorofylové
extrakty z listll a listovych vrcholti inkubované v deionizované vodé. Vypoctené hodnoty jsou
pramérem z 10 opakovani a cely experiment byl zopakovan minimaln¢ 3krat. Vysledky téchto
experimentd byly vyneseny ve formé grafii zavislosti obsahu chlorfylu v senescen¢nich listech na
koncentraci aplikované latky. V kazdém experimentu byla pouzita jako pozitivni kontrolni latka
6-benzylaminopurin, ktery je znam velmi vysokou cytokininovou aktivitou. Testované
cytokininy byly rozpustény v dimethylsulfoxidu (DMSO) a zasobni roztok doplnén vodou na
vyslednou koncentraci 10 M. Tento zasobni roztok byl dale fedén testovacim médiem v
koncentra¢nim rozsahu 108 az 10 M. Finalni koncentrace DMSO v médiu neptevysila 0,2 % a
v této koncentraci neovliviiovala biologickou aktivitu testu. Ze ziskanych dat byla vypocitana
maximalni u¢inna koncentrace testované latky a jeji relativni ucinnost v této koncentraci (Tab. 5).
10* M koncentrace BAP byla postulovana jako 100 % biologické aktivity. Jako dalsi srovnavaci
latka byl pouzit kinetin. Nové ptipravené latky prevySuji zpravidla G¢innost BAP standardu v
rozmezi o 10 %. Nové vyvinuté latky maji tedy vyraznéjsi antisenescencni U€inky nez znamé
latky.

Tabulka 5: Ucinek novych cytokinii na retenci chlorofylu v extirpovanych listovych segmentech

pSenice. Hodnoty v tabulce jsou vyjadreny v % vychoziho obsahu chlorofylu v Cerstvych listech
pred inkubaci.

-10 -
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Latka maximalni (¢inna Gé¢innost (%)
koncentrace [10"mol.I" BAP =

(mol.I™ 100%]

BAP (srovnavaci latka) 10 100=1

kinetin (srovnavaci latka) 107 98+4

6-furfurylamino-9-(tetrahydrofuran-2-yl)purin 107 11443

6-(tetrahydrofuran-2-ylmethylamino)-9- 10 12242

(tetrahydrofuran-2-yl)purin

6-(tetrahydrofuran-2-ylmethylamino})-9- 10 12549

(tetrahydrofuran-2-yl)purin

6-(thiofen-2-ylmethylamino)-9-(tetrahydrofuran-2- 10° 11245

yD)purin

2-chlor - 6-(tetrahydrofuran-2-ylmethylamino)-9- 107 12745

(tetrahydrofuran-2-yl)purin

Priklad 6: In vitro cytotoxicka aktivita novych derivatt na nadorovych bunéénych liniich

Jednim z parametri pouzivanych jako zaklad pro cytotoxickou analyzuje metabolickd aktivita
zivotaschopnych bunek. Naptiklad mikrotitracni analyza, kde se pouziva Calcein AM, je dnes
roz§ifena jako metoda kvantifikace bunécné proliferace a cytotoxicity. Mnozstvi zredukovaného
Calceinu AM odpovida poctu zivotaschopnych bunék v kultute.

Bunécné linie prsniho karcinomu MCF-7, lidské erythroleukemie K562, lidské diploidni
fibroblasty BJ a lidské keratinocyty HaCaT byly pouzity pro screening cytotoxicity sloucenin.
Butiky byly udrzovany v Nunc/Corning 80 cm? plastovych lahvich a péstovany v médiu pro
bunééné kultury (DMEM obsahujici 5 g/l glukézy, 2 mM glutaminu, 100 U/ml penicilinu,
100 pg/ml streptomycinu, 10% fetalniho teleciho séra a hydrogenuhli¢itan sodny). Bunécné
suspenze byly pfipraveny a nafedény podle typu bunek a podle o¢ekavané konec¢né hustoty bunck
(10* bungk na jamku na zakladé charakteristik bun&¢ného riistu), bylo pipetovano 80 ul bunééné
suspenze na 96—jamkové mikrotitracni desticky. Inokulaty byly stabilizovany 24 hodinovou
preinkubaci pti 37 °C v atmosféfe CO,. Jednotlivé koncentrace testovanych latek byly pfidany v
case nula jako 20 pl alikvotni podil do jamek mikrotitracnich desticek. Obvykle byly slouc¢eniny
testovany v Sesti koncentracich v ¢tyfnasobné fedici fad€. Pfi rutinnim testovani byla nejvyssi
koncentrace v jamce 166,7 uM, zmény této koncentrace zavisi na dané latce. VSechny
koncentrace byly testovany v dubletu. Inkubace bunék s testovanymi derivaty trvala 72 hodin pfi
37 °C, 100% vlhkosti a v atmosféfe obohacené CO,. Na konci inkubaéni periody byly bunky
analyzovany po pridani roztoku Calceinu AM (Molecular Probes) a inkubace probihala dalsi 1
hodinu. Fluorescence (FD) byla méfena pomoci Labsystem FIA readeru Fluorskan Ascent
(Microsystems). Pfeziti bun€k (The cell survival-TCS) bylo spocitino podle nasledujiciho
vztahu: Glso=(FDjamka s derivatem /FDxontrolni jamka) X 100 %. Hodnota Glso, ktera odpovida koncentraci
latky, kdy je usmrceno 50 % bunék, byla vypoctena ze ziskanych davkovych ktivek.

Pro vyhodnoceni protinddorové aktivity byla testovana toxicita novych derivatl na panelech
obsahujicich bunécné linie rozdilného histogenetického a druhového ptvodu (Tab. 6, Glso
koncentrace uvadény v uM). Ukézalo se, Ze pro vSechny testované nadorové linie i pro nemaligni
bun&né linie BJ a HaCaT bylo piisobeni novych slouenin netoxické. Uginné derivaty zabiji
nadorové bunky pii koncentracich blizkych 0,1 az 50 uM.

-11-
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Tabulka 6: Cytotoxicita latek podle vyndlezu pro riizné bunécné linie

Latka MCF-7 [K562 | BJ |HaCaT
6-furfurylamino-9-(tetrahydrofuran-2-yl)purin >100 | =100 | =100 | >100
6-(tetrahydrofuran-2-ylmethylamino)-9-(tetrahydrofuran- | >100 | >100|>100 | >100
2-yl)purin

6-(thiofen-2-ylmethylamino)-9-(tetrahydrofuran-2- >100 [>100 | >100| >100
yl)purin
2-chlor - 6-(tetrahydrofuran-2-ylmethylamino)-9- >100 [ >100 | >100 | >100

(tetrahydrofuran-2-yl)purin

Priklad 7: In vitro test fotoxickych G¢inkt na lidské kozni fibroblasty

Mozné fototoxické ucinky latek byly stanoveny podle modifikovaného in vitro testu
validovaného pro stanoveni fototoxicity latek (Spielmann a kol., 1998). Jako in vitro model byly
pouzity normalni lidské kozni fibroblasty (NHDF). Bunky byly izolovany z fragmentt kiize od
zdravych darci, ktefi podstoupili chirurgicky zakrok na Oddéleni plastické a estetické chirurgie
FN Olomouc. Odbér tkané a izolace bunck probéhla podle postupu a podminek schvalenych
Etickou komisi FN Olomouc a Lékaiské fakulty UP Olomouc a po podepsani informovaného
souhlasu s odbérem tkané jednotlivymi dérci. Pro experimenty byly NHDF pouzity mezi 2. a 4.
pasazi. NHDF byly vysety na 96—jamkové desky v koncentraci 0,8.10° bunék/ml kultiva¢niho
média (DMEM doplnéné o fetalni teleci sérum (10%), penicilin (100 mg/ml) a streptomycin
(100 U/ml)) v mnozstvi 0,2 ml na jamku.

Testovanou latkou byl 6—(tetrahydrofuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin 1.
Latka byla rozpusténa v DMSO a poté fedéna do média bez séra (DMEM s penicilinem
(100 mg/ml) a streptomycinem (100 U/ml)). Vysledné aplikované koncentrace byly 3,9 az
500 'mol/1. Jako kontrola bylo pouzito médium bez séra s DMSO (0,5 % (v/v)), coz odpovida
jeho vysledné koncentraci pfi experimentu s testovanymi latkami. Pro srovnani s tetovanymi
latkami byl pouzit chlorpromazin (CPZ; 0,8 az 50 umol/l) jako pozitivni fototoxicka latka. Po 24
hodinach od vyseti NHDF bylo ristové médium vyménéno za médium bez séra obsahujici
testované latky nebo DMSO (rozpoustédlova kontrola). Roztoky testovanych latek byly paralelné
aplikovany na dvé 96—jamkové desky s NHDF. Po 1 hodinové preinkubaci s latkami bylo
médium odstranéno, buriky byly dvakrat oplachnuty roztokem PBS a poté bylo aplikovano PBS s
glukozou (1 mg/ml). Nasledné byla jedna deska ozéafena netoxickou davkou (5 J/cm?) UVA
zateni. Druha deska byla po dobu ozatfovani inkubovana v temnu. K ozafeni byl pouzit solarni
simulator SOL 500 vybaveny H1 filtrem (Dr. Hoenle Technology, Némecko), ktery propousti
zateni v rozsahu vinovych délek 320 az 400 nm. Intenzita UV A zafeni byla pii kazdém ozafovani
stanovena pomoci UVA-metru (Dr. Héenle Technology, Némecko). Po UVA expozici bylo PBS
s glukozou odstranéno a k buitkdm bylo aplikovano médium bez séra. Po 24 hodinové inkubaci
(37 °C, 5 % CO,) byla sledovana zivotnost bunék (respektive bunééné poskozeni) stanovenim
inkorporace neutralni ¢ervené (NC) do bunék. Po odstranéni média bez séra byl k buitkam
aplikovan roztok NC (0,03 %; PBS). Po 1 hodinové inkubaci (37 °C, 5 % CO,) byl roztok s NC
odstranén, bunky byly fixovany smési formaldehydu (0,5 %, v/v) a CaClz (1 %, m/v) v poméru
1:1 a barvivo bylo rozpusténo extrakénim roztokem (methanol (50 %, v/v), CH:COOH (1 %,
v/v). Po 5 minutovém intenzivnim tfepani byla zméfena absorbance pfi 540 nm. Experimenty
byly provedeny ve 4 nezavislych opakovanich s pouzitim bun¢k od 4 darcti kvili minimalizaci
individualnich rozdilt v citlivosti bunék. Fototoxicky ucinek latek byl hodnocen ur¢enim procent
zivotnosti kontrolnich bun¢k (% Zivotnosti kontroly) z hodnot pfisluSnych absorbanci podle
nasledujiciho vztahu:

> A4, -4,
Zivotnost (% kontroly) = ((— v ! )] 100
(Ag —4p)
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Av... absorbance vzorku (bunky pre—inkubované s testovanymi latkami v médiu bez séra a
nasledné ozarené)

Ak ... absorbance kontroly (bunky inkubované s DMSO v médiu bez séra a ozatrené)

A ... absorbance pozadi (extrakéni roztok)

Vysledek: Testovana latka nejevila v pouzitém koncentra¢nim rozmezi, tj. 3,9 az 500 umol/l,
fototoxické uginky (nedoslo ke sniZzeni Zivotnosti bun&k ~ schopnosti inkorporovat NC ve
srovnani s kontrolnimi bunikami). Vysledky jsou znazornény v tabulce (Tab. 7). Soucasné byl
jako pozitivni kontrola pouzit CPZ, ktery je doporucovan validovanym postupem (Spielmann H,
Balls M, Dupuis J, Pape WJ, Pechovitch G, de Silva O, Holzhiitter HG, Clothier R, Desolle P,
Gerberick F, Liebsch M, Lovell WW, Maurer T, Pfannenbecker U, Potthast JM, Csato M,
Sladowski D, Steiling W, Brantom P., Toxicol In Vitro. 1998 Jun 1;12(3):305-27) jako znama
fototoxicka sloucenina, viz Tab. 8. Z vySe uvedenych vysledkl vyplyva, ze testovana latka je
bezpecna pii pouziti do kosmetickych a dermatologickych piipravki, i ve spojeni s néaslednou
expozici ji osetfené pokozky slune¢nimu zéteni.

Tabulka 7: Ucinky ldtky 1 na Zivotnost NHDF stimulovanych UVA zdrenim (+UVA) ve srovndni s
kontrolou inkubovanou v temnu (-UVA).

1
Koncentrace % kontroly
(umol/1) -UVA +UVA

3,9 96,6 + (7,4) 105,1 + (10,3)
7.8 106,5 £ (9.2) 110,6 + (10,7)
15,6 99.6 + (3,7) 106,8 + (13,4)
31,3 102,4 £ (2,1) 109,5 £ (10)
62,5 102,3 + (5,8) 103,3 + (8.,9)
125 109,5 £ (10,5) 107,5 +(8,9)
250 109,1 £ (6,7) 106,7 £ (7,8)
500 105,3 + (11,1) 98,9 + (4,2)

Tabulka 8: Pro srovnani: ucinky fototoxického chlorpromazinu na Zivotnost NHDF
stimulovanych UVA zarenim (+UVA) ve srovnadni s kontrolou inkubovanou v temnu (-UVA).

CPZ
Koncentrace % kontroly
(umol/l) -UVA +UVA
0,8 102,6%(5.8)  99.2 % (7,1)
1,6 101,5+(1) 104,6 = (7,7)
3,1 105,6=(6)  87.3+(8,6)
6,3 107,4 + (4,6) 82,8+ (15,4)
12,5 104+ (3,8) 49,6+ (17,6)
25 774 (78) 198+ (14.2)
50 4,7+ (4,2) 9,8 +(7,8)
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Piiklad 8. In vitro test fotoprotektivnich G¢inkli na normalni lidské kozni fibroblasty

Jako in vitro model byly pouzity normalni lidské kozni fibroblasty (NHDF). Bunky byly
izolovany z fragmentt ktize od zdravych darct, ktefi podstoupili chirurgicky zakrok na Oddéleni
plastické a estetické chirurgie FN Olomouc. Odbér tkdn€ a izolace bunek probéhla podle postupu
a podminek schvalenych Etickou komisi FN Olomouc a Lékaiské fakulty UP Olomouc a po
podepsani informovaného souhlasu s odbérem tkané jednotlivymi darci. Pro experimenty byly
NHDF pouzity mezi 2. a 4. pasazi. NHDF byly vysety na 96—jamkové desky v koncentraci
0,8.10° bunék/ml kultivaéniho média (DMEM dopInéné o fetalni teleci sérum (10%), penicilin
(100 mg/ml) a streptomycin (100 U/ml)) v mnozstvi 0,2 ml na jamku.

Testovanou latkou byl 6-tetrahydrofurfurylamino—9—(tetrahydrofuran—2—yl)purin 1. Latka byla
rozpusténa v DMSO a poté fedéna do média bez séra (DMEM s penicilinem (100 mg/ml) a
streptomycinem (100 U/ml)). Jako kontrola bylo pouzito médium bez séra s DMSO (0,5 %
(v/v)), coz odpovidé jeho vysledné koncentraci pfi experimentu s testovanymi latkami. Po 24
hodinach od vyseti NHDF bylo ristové médium vyménéno za médium bez séra obsahujici
testované latky nebo DMSO (rozpoustédlova kontrola). Testovana latka byla paralelné
aplikovana na dvé 96—jamkové desky s NHDF. Po 60 min inkubaci bylo médium s latkami
odstranéno, buiiky byly dvakrat oplachnuty roztokem PBS a bylo aplikovano PBS s glukézou
(1 mg/ml). V ptipadé sledovani ochrany vic¢i UVA zafeni byla nasledné jedna deska ozarena
cytotoxickou davkou UVA zafeni (7,5 J/cm?) s vyuzitim solarniho simuldtoru SOL 500 (Dr.
Hoenle Technology, Némecko) vybavenym H1 filtrem, ktery propousti zafeni v rozsahu
vlnovych délek 320 az 400 nm. Pti sledovani ochrany vici UVB zafeni byly buiiky ozateny
cytotoxickou davkou UVB zafeni (400 mJ/cm?). K ozafeni byl pouzit solarni simulator SOL 500
vybaveny H2 filtrem, ktery propousti zafeni v rozsahu vinovych délek 295 az 320 nm. Intenzita
UVA nebo UVB zafeni byla pii kazdém ozafovani stanovena pomoci UVA— nebo UVB-metru
(Dr. Hoenle Technology, Némecko). Kontrolni buiiky byly v obou ptipadech po dobu ozatovani
inkubovany v temnu. Po UVA/UVB expozici bylo PBS s glukézou odstranéno a k buiikam bylo
aplikovano médium bez séra. Po 24 hodinové inkubaci (37 °C, 5 % CO>) bylo sledovano bunééné
poskozeni stanovenim inkorporace neutralni dervené (NC) do bunék. Po odstranéni média bez
séra byl k buitkam aplikovan roztok NC (0,03 %; PBS). Po 1 hodinové inkubaci (37 °C, 5 %
CO,) byl roztok s NC odsan, buiiky byly fixovany smési formaldehydu (0,5 %, v/v) a CaCly;
(1 %, m/v) v poméru 1:1 a barvivo bylo rozpusténo extrakénim roztokem (methanol (50 %, v/v),
CH3COOH (1 %, v/v). Po 5 min intenzivniho tfepani byla zméfena absorbance pifi 540 nm.
Experimenty byly provedeny ve 4 nezavislych opakovanich s pouzitim bunék od 4 darct kvali
minimalizaci individudlnich rozdilii v citlivosti bunék.

Ochranny ucinek latky na poSkozeni vyvolané UVA nebo UVB zafenim byl vypocitan z
experimentalnich dat (absorbanci) testovanych latek s pozitivni a negativni kontrolou podle
nasledujiciho vztahu:

Avz — Ank
Apk — Ank

% ochrany = 100 —‘ -100

Avz ... absorbance vzorku (bunky pre—inkubované s testovanymi latkami v médiu bez séra a
nasledné ozarené)

Ank ... absorbance negativni kontroly (buiky inkubované s DMSO v médiu bez séra a neozarené
= inkubované v temnu)

Apk ... absorbance pozitivni kontroly (bunky inkubované s DMSO v médiu bez séra a ozafené)

Vysledek: U bunék inkubovanych s testovanou latkou pted UVA nebo UVB ozéafenim byla
nalezena vy$s§i Zivotnost bunék (schopnost inkorporace NC) ve srovnani s buiikami
inkubovanymi s DMSO (kontrola) a ozafenymi UVA nebo UVB ozafenim (Tab. 9 a 10). Latka
tedy vykazuje soucasné¢ UVA i UVB fotoprotektivni efekt.
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Tabulka 9: Stanoveni ochrannych ucinkii latky 1 viici poSkozeni UVA zarenim. Vysledky
reprezentuji priumeér = SD ze 4 experimentii provedenych na NHDF izolovanych od riiznych
pacientii.

UVA fotoprotekce
Koncentrace (umol/l) !

% ochrany
3,9 27,7 +(6,9)
7.8 574 £ (14,4)
15,6 43,2 £ (10,8)
31,3 47,5+ (11,9)
62,5 41,3 £ (10,3)
125 49 +(12,3)
250 453 +(11,3)
500 18,5 + (4,6)

Tabulka 10: Stanoveni ochrannych ucinki latky 1 vici poskozeni UVB zarenim. Vysledky
reprezentuji priumer = SD ze 4 experimentii provedenych na NHDF izolovanych od riiznych
pacientii.

UVB fotoprotekce

1

% ochrany

Koncentrace (umol/1)

3,9 4,9+ (1,2)
7.8 44,1+ (11)
15,6 35+ (8,7)

31,3 38,3+ (9,6)
62,5 444+ (11,1)
125 42,7+ (10,7)
250 46,6 = (11,6)
500 26,3 + (6.6)

Ptiklad 9. In vitro test fototoxicity na normalni lidské kozni keratinocyty

Jako in vitro model byly pouzity normalni lidské kozni keratinocyty (NHEK). Burky byly
izolovany z fragmentii ktize od zdravych darct, kteti podstoupili chirurgicky zakrok na Oddéleni
plastické a estetické chirurgie FN Olomouc. Odbér tkané a izolace bunck probéhla podle postupu
a podminek schvalenych Etickou komisi FN Olomouc a Lékaiské fakulty UP Olomouc. VS§ichni
darci podepsali informovany souhlas s odbérem tkané. Pro experiment byly bunky pouzity ve
3. az 4. pasazi. NHEK byly vysety na 96—jamkové desky v koncentraci 1.10* bunék/jamku v
ristové médium pro keratinocyty (EpiLife®) doplnéné o komeréni sadu rlstovych faktord
(Human Keratinocyte Growth Supplement Kit) a antibiotika (penicilin (100 mg/ml),
streptomycin (100 mg/l) a ampicilin (250 ug/ml).

Testovanou latkou byl 6—(tetrahydrofuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin 1.
Latka 1 byla rozpusténa v DMSO a poté nafedéna do média bez séra (EpiLife® s penicilinem
(100 mg/ml) a streptomycinem (100 U/ml) a ampicilinem (250 pg/ml)) na koncentraéni rozmezi
(3,9 az 500 umol/l) tak, aby vysledna koncentrace DMSO v médiu byla 0,5 % (v/v). Kontrolni
médium obsahovalo piislusny objem DMSO v médiu bez séra. Po 24 hodinové inkubaci NHEK
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bylo ristové médium vymeénéno za médium bez séra obsahujici testované latky a DMSO
(negativni kontrola). Jako pozitivni kontrola byla pouzita znama fototoxicka sloucenina
chlorpromazin (CPZ; 0,8 az 50 umol/l). Roztoky testovanych latek byly paralelné aplikovany na
dvé 96—jamkové desky s buitkami. Po 1 hodinové preinkubaci bylo médium odstranéno, buiiky
byly dvakrat oplachnuty roztokem PBS a poté bylo aplikovdno PBS s glukézou (1 mg/ml).
Nasledné byla jedna deska ozafena netoxickou davkou (5 J/cm?) UVA zateni. Druh4 deska byla
po dobu ozatovani inkubovana v temnu. K ozafeni byl pouzit solarni simulator SOL 500
vybaveny H1 filtrem (Dr. Hoenle Technology, Némecko), ktery propousti zafeni v rozsahu
vlnovych délek 320 az 400 nm. Intenzita UVA zafeni byla pfi kazdém ozafovani stanovena
pomoci UVA-metru (Dr. Hoenle Technology, Némecko). Po UVA expozici bylo PBS s
glukdézou odstranéno a k bunikdm bylo aplikovano bezsérové médium. Po 24 hodinové inkubaci
(37 °C, 5 % CO;) bylo sledovano bunééné poskozeni stanovenim inkorporace NC do bungk. Po
odstranéni média bez séra byl k buiikdm aplikovan roztok NC (0,03 %; PBS). Po 1 h inkubaci
(37 °C, 5 % CO,) byl roztok s NC odstranén, buiiky byly fixovany smési formaldehydu (0,5 %,
v/v) a CaCl; (1 %, m/v) v poméru 1:1a barvivo bylo rozpusténo extrakénim roztokem (methanol
(50 %, v/v), CH3COOH (1 %, v/v). Po 5 minutach intenzivniho tfepani byla zméfena absorbance
pti 540 nm. Experimenty byly provedeny ve 4 nezavislych opakovanich s pouzitim bunék od
4 darciti kvili minimalizaci individudlnich rozdila v citlivosti bunék. Fototoxicky ucinek latek byl
hodnocen ur¢enim procent zivotnosti kontrolnich bunék (% Zivotnosti kontroly) z hodnot
prislusnych absorbanci podle nésledujiciho vztahu:

. A, -4
Zivotnost (% kontroly) = [( ' P)]-lOO
(A, —A,)

Av... absorbance vzorku (bunky pre—inkubované s testovanymi latkami v médiu bez séra a
nasledné¢ ozaren¢)

Ak ... absorbance kontroly (buiiky inkubované s DMSO v médiu bez séra a ozatené)

Ap ... absorbance pozadi (extrakéni roztok) naméfenych hodnot absorbance byla pro kazdou
koncentraci latky vypoctena viabilita bunék jako % kontroly.

Vysledek: Latka 1 nejevila v pouZzitém koncentraénim rozmezi 3,9 az 500 pumol/l fototoxické
Gginky, (nedoslo ke sniZeni Zivotnosti bundk ~ schopnosti inkorporovat NC ve srovnani s
kontrolnimi buiikami), viz Tab. 11. Soucasné s latkou 1 byl jako pozitivni kontrola pouzit CPZ,
ktery je doporucovan validovanym postupem (Spielmann H, Balls M, Dupuis J, Pape WJ,
Pechovitch G, de Silva O, Holzhiitter HG, Clothier R, Desolle P, Gerberick F, Liebsch M, Lovell
WW, Maurer T, Pfannenbecker U, Potthast JM, Csato M, Sladowski D, Steiling W, Brantom P.,
Toxicol In Vitro. 1998 Jun 1;12(3):305-27) jako znama fototoxicka slouéenina, viz Tab. 12. Z
vyse uvedenych vysledkli vyplyva, ze testovana latka je bezpecna pii pouziti do kosmetickych a
dermatologickych piipravkd, i ve spojeni s naslednou expozici ji oSetfené pokozky slune¢nimu
zafeni.

Tabulka 11: Ucinky latky 1 na Zivotnost NHEK stimulovanych UVA zdrenim (+UVA) ve srovndni
s kontrolou inkubovanou po dobu ozarovani v temnu (-UVA).
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Koncentrace % kontroly
(umol/l) -UVA +UVA

3,9 1122 = (11) 109,1 + (2.3)
7,8 13554(82)  120,6+(1.6)
15,6 116,5 + (2.8) 110 £ (2.9)

31,3 119,1 £(8,7) 115,1 £(2,8)
62,5 121 £(8,7) 105,9 &+ (8,7)
125 119 = (2,8) 111,7 % (6,8)
250 110,8+ (12.4)  112,1+(3,7)
500 105,7 + (7,1) 101,2 £(3,3)

Tabulka 12: Pro srovnani:

temnu (-UVA).

ucinky fototoxického chlorpromazinu na Zivotnost NHEK
stimulovanych UVA zarenim (+UVA) ve srovnani s kontrolou inkubovanou po dobu ozarovani v

CPZ
Koncentrace % kontroly
(nmol/l) -UVA +UVA
0,8 103,8 £ (4,4)  121,7+(13)
1,6 102+ (4,6)  77,6%(0,9)
3,1 97,6 = (13,1) 70,4 £ (5,5)
6,3 99.9 + (7) 47,1+ (5,2)
12,5 454+ (24,6) 34,7+ (15,4)
25 29,1 £+ (14,5) 26,3 £ (19)
50 173+22)  21,7£(19)

Ptiklad 10. In vitro test fotoprotektivnich u¢inkti na normalni lidské kozni keratinocyty (NHEK)

Jako in vitro model byly pouzity normalni lidské kozni keratinocyty (NHEK). Buiky byly
izolovany z fragmentt kiize od zdravych darct, ktefi podstoupili chirurgicky zakrok na Oddéleni
plastické a estetické chirurgie FN Olomouc. Odbér tkané a izolace bunék probéhla podle postupu
a podminek schvélenych Etickou komisi FN Olomouc a Lékatské fakulty UP Olomouc. VSichni
darci podepsali informovany souhlas s odbérem tkan¢. Pro experiment byly buiiky pouzity ve 3.
az 4. pasazi. NHEK byly vysety na 96-jamkové desky v koncentraci 1.10* bunék/jamku v riistové
médium pro keratinocyty (EpiLife®) doplnéné o komeréni sadu ristovych faktord (Human
Keratinocyte Growth Supplement Kit) a antibiotika (penicilin (100 mg/ml), streptomycin
(100 mg/l) a ampicilin (250 pg/ml).

Testovanou latkou byl 6—(tetrahydrofuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin 1.
Latka 1 byla rozpusténa v DMSO a poté nafedéna do média bez séra (EpiLife® s penicilinem
(100 mg/ml) a streptomycinem (100 U/ml) a ampicilinem (250 ug/ml)) na koncentraéni rozmezi
(3,9 az 500 pumol/l) tak, aby vysledna koncentrace DMSO v médiu byla 0,5 % (v/v). Po 24
hodinové inkubaci NHEK bylo ristové médium vyménéno za médium bez séra obsahujici
testované latky a DMSO (negativni kontrola). Kontrolni médium obsahovalo pfislusny objem
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DMSO v médiu bez séra. Jako kontrola bylo pouzito médium bez séra s DMSO (0,5 % (v/v)),
coz odpovida jeho vysledné koncentraci pii experimentu s testovanymi latkami. Testovana latka
byla paraleln¢ aplikovana na dvé 96—jamkové desky s NHEK. Po 60 minutové inkubaci bylo
médium s latkami odstranéno, bunky byly dvakrat oplachnuty roztokem PBS a bylo aplikovano
PBS s gluk6zou (1 mg/ml). V piipade sledovani ochrany vi¢i UVA zéafeni byla nasledné jedna
deska ozafena cytotoxickou davkou UVA zateni (7,5 J/em) s vyuzitim solarniho simulatoru SOL
500 (Dr. Hoenle Technology, Némecko) vybavenym H1 filtrem, ktery propousti zafeni v rozsahu
vlnovych délek 320 az 400 nm. Pfi sledovani ochrany viici UVB zéfeni byly buiiky ozateny
cytotoxickou davkou UVB zéfeni (400 mJ/cm?). K ozaieni byl pouzit solarni simulator SOL 500
vybaveny H2 filtrem, ktery propousti zafeni v rozsahu vinovych délek 295 az 320 nm. Intenzita
UVA nebo UVB zafeni byla pii kazdém ozafovani stanovena pomoci UVA— nebo UVB-metru
(Dr. Hoenle Technology, Némecko). Kontrolni buiiky byly v obou ptipadech po dobu ozatovani
inkubovany v temnu. Po UVA/UVB expozici bylo PBS s glukézou odstranéno a k buitkam bylo
aplikovano médium bez séra. Po 24 hodinové inkubaci (37 °C, 5 % CO>) bylo sledovano bunééné
poskozeni stanovenim inkorporace neutralni dervené (NC) do bunék. Po odstranéni média bez
séra byl k buitkam aplikovan roztok NC (0,03 %; PBS). Po 1 hodinové inkubaci (37 °C, 5 %
COy) byl roztok s NC odsén, buiiky byly fixovany smési formaldehydu (0,5 %, v/v) a CaCl, (1
%, m/v) v poméru 1:1 a barvivo bylo rozpusténo extrakénim roztokem methanol (50 %, v/v),
CH3COOH (1 %, v/v). Po 5 minutdch intenzivniho tfepani byla zméfena absorbance pifi 540 nm.
Experimenty byly provedeny ve 4 nezavislych opakovanich s pouzitim bunék od 4 darct kvuli
minimalizaci individualnich rozdil v citlivosti bunék.

Ochranny ucinek latek na poskozeni vyvolané UVA nebo UVB zafenim byl vypocitan z
experimentalnich dat (absorbanci) testovanych latek s pozitivni a negativni kontrolou podle
nasledujiciho vztahu:

Avz — Ank

% ochrany = 100~|=% ="
PR — AR

-100

Avz ... absorbance vzorku (bunky pre—inkubované s testovanymi latkami v médiu bez séra a
nasledné ozarené)

Ank ... absorbance negativni kontroly (buriky inkubované s DMSO v médiu bez séra a neozatené
= inkubované v temnu)

Apk ... absorbance pozitivni kontroly (bunky inkubované s DMSO v médiu bez séra a ozatrené)

Vysledek: U bunék inkubovanych s latkou 1 pted UVA nebo UVB ozatfenim byla nalezena vyssi
Zivotnost bunék (schopnost inkorporace NC) ve srovnani s buitkami inkubovanymi s DMSO
(kontrola) a ozafenymi UVA nebo UVB ozatfenim (Tab 13 a 14). Latka 1 tedy vykazuje soucasné
UVA i UVB fotoprotektivni efekt.

Tabulka 13: Stanoveni ochrannych ucinkii latky 1 vici poSkozeni UVA zarenim. Vysledky

reprezentuji prumér + SD ze 4 experimentii provedenych na NHEK izolovanych od riiznych
pacienti
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UVA fotoprotekce

Koncentrace (umol/l) :

% ochrany
3,9 39,7 +(12,9)
7.8 60,2 + (16,1)
15,6 53,5+ (12,4)
31,3 46,8 = (11,8)
62,5 47,9 +(8,9)
125 51,7 = (4,8)
250 48 + (3,2)
500 30+ (13,5)

Tabulka 14: Stanoveni ochrannych ucinku latky 1 viici poskozeni UVB zarenim. Vysledky
reprezentuji priumeér = SD ze 4 experimenti provedenych na NHEK izolovanych od riiznych
pacienti

UVB fotoprotekce
Koncentrace (umol/l) :

% ochrany
3.9 53,5+ (7,6)
7,8 72 £ (6)
15,6 69.8 £ (8,6)
31,3 65,9+ (9)
62,5 65,9 = (5)
125 72,9 +(6,9)
250 65,7+ (3,6)
500 28 +(3,2)

Ptiklad 11: Vliv testovanych latek na délku zivota Caenorhabditis elegans

Caenorhabditis elegans se pouziva jako modelovy organismus pro identifikaci latek schopnych
ptiznivé modulovat nekteré¢ aspekty starnuti savcl vCetné Clovéka. Rada latek prodluzujicich
zivot C. elegans ma ptiznivy efekt na patologické projevy nékterych nemoci spojenych se staiim.
Ptikladem takovych latek mtize byt resveratrol, kurkumin a fada dalsich. Délku Zivota C. elegans
prodluzuje i fada latek pouzivanych v kosmetice pro regeneraci pleti a zpomaleni jejiho starnuti,
jako je naptiklad vySe zminény resveratrol, vitamin E, koenzym Q10, extrakty ze zeleného Caje
nebo granatového jablka nebo cytokinin kinetin. V tomto experimentu byla pouzita standardni
linie Caenorhabditis elegans fem-1/HC17 nesouci teplotou indukovatelnou mutaci, ktera
zplsobi, Ze se vSichni jedinci pfi kultivaci ve 25 °C vyvinou v samice, coz zabrani dalsi
reprodukci a potencialnimu smichani piivodni experimentalni populace s potomstvem. Testované
latky rozpusténé v DMSO (100 mM zasobni roztoky) byly pfidany do ¢erstvého NGM (nematode
growth medium) do finalni koncentrace 10 a 100 uM. Médium bylo nasledné rozpipetovano do
Petriho misek. Jako negativni kontrola bylo pouZito ¢ist¢ NGM a NGM s DMSO vehikulem. Po
ztuhnuti média bylo na misky rozetieno 100 pl suspenze bakterii Escherichia coli OP50 v LB
médiu (suspenze kultivovana pies noc ve 37 °C a 20krat zkoncentrovana), které slouzi jako zdroj
potravy pro had’atka. Misky byl ponechany pies noc v 37 °C, aby se bakterie mohly rozrast. Na
takto pfipravené misky byla nasledné¢ nasazena populace vékové synchronizovanych mladych
dospélcu C. elegans. Misky byly uchovavany v inkubatoru ve 25 °C a ve vybranych ¢asovych
intervalech (kazdé 1 az 3 dny) skenovany na skeneru (Epson perfection V700 photo). Pocet
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shrnuje tabulka 15. Latky 1, 15 a 20 statisticky vyznamné prodluzovaly zivot C. elegans.

Tabulka 15: Viiv testovanych latek na délku Zivota C. elegans (ve dnech)

1. Pouziti alespon jednoho adeninového derivatu obecného vzorce I

R2 je vodik nebo halogen;

(n

a jejich farmaceuticky piijatelné soli s alkalickymi kovy, amoniakem, aminy, nebo adi¢ni soli
s kyselinami, kde

R6 je vybran ze skupiny zahrnujici
— heteroaryl s 5- az 6-¢lennym aromatickym kruhem obsahujicim alesponi jeden heteroatom
vybrany z O, S a ostatni atomy kruhu jsou atomy uhliku, pficemz heteroaryl je
nesubstituovany nebo substituovany alespon jednim substituentem vybranym ze skupiny
zahrnujici C1-C4 alkyl, hydroxy(C1-C4)alkyl, merkapto(C1-C4)alkyl, formyl, acetyl,

halogen, karboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;

DMSO 15 15 20 20 1 1
10 pM 100 uM 10 uM 100 puM 10 uM 100 uM
medidn 8.7 9.4 10,3 11,2 10,2 10,3 10,2
pramér 10,9 11,3 13,8 12,4 11,2 11,9 12,6
PATENTOVE NAROKY

— heteroarylalkyl s 5- az 6-¢lennym aromatickym kruhem obsahujicim alesponn jeden
heteroatom vybrany z O, S a ostatni atomy kruhu jsou atomy uhliku, kde alkyl obsahuje 1 az
4 atomy uhliku, pficemz heteroarylalkyl je nesubstituovany nebo substituovany alespoin
jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl, hydroxy(C1-C4)alkyl,
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merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino,
amino(C1-C4)alkyl;

— heterocyklyl s 5— az 6-¢lennym alifatickym kruhem obsahujicim alespoi jeden heteroatom
vybrany z O, S a ostatni atomy kruhu jsou atomy uhliku, pfi¢emz heterocyklyl je
nesubstituovany nebo substituovany alespont jednim substituentem vybranym ze skupiny
zahrnujici C1-C4 alkyl, hydroxy(C1-C4)alkyl, merkapto(C1-C4)alkyl, formyl, acetyl,
halogen, karboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;

— heterocyklylalkyl s 5— az 6—¢lennym alifatickym kruhem obsahujicim alespon jeden
heteroatom vybrany z O, S a ostatni atomy kruhu jsou atomy uhliku, kde alkyl obsahuje 1 az
4 atomy uhliku, pfi¢emz heterocyklylalkyl je nesubstituovany nebo substituovany alespoii
jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl, hydroxy(C1-C4)alkyl,
merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino,
amino(C1-C4)alkyl;

— cykloalkyl s kruhem obsahujicim 5 az 6 atomt uhliku, nesubstituovany nebo
substituovany alespon jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl,
hydroxy(C1-C4)alkyl, merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino,
di(C1-C4)alkylamino, amino(C1 —C4)alkyl;

— cykloalkylalkyl s kruhem obsahujicim 5 az 6 atomu uhliku, kde alkyl obsahuje 1 az 4
atomy uhliku, pficemz cykloalkylalkyl je nesubstituovany nebo substituovany alespon
jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl, hydroxy(C1-C4)alkyl,
merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino,
amino(C1-C4)alkyl;

— isoalkyl obsahujici 3 az 7 atomt uhliku, nesubstituovany nebo substituovany alespoil
jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl, hydroxy(C1-C4)alkyl,
merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino,
amino(C1-C4)alkyl,

jako UV—fotoprotektivnich slozek v kosmetickych piipravcich, v piipravcich pro ochranu
rostlin a/nebo v pfipravcich pro oSetfeni tkanovych kultur.

2. Pouziti podle naroku 1, kde v substituentu R6 heteroaryl obsahuje 5-¢lenny kruh, a v tomto
5-atomovém kruhu jeden heteroatom, kterym je O nebo S, pfi¢emz heteroaryl je nesubstituovany
nebo substituovany alespoii jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl,
hydroxy(C1-C4)alkyl, merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino, di(C1-
C4)alkylamino, amino(C1-C4)alkyl.

3. Pouziti podle naroku 1, kde v substituentu R6 heteroarylalkyl obsahuje 5-¢lenny kruh a C1-
C2 alkyl, a v 5—atomovém kruhu jeden heteroatom, kterym je O nebo S, pfi¢emz heteroarylalkyl
je nesubstituovany nebo substituovany alespon jednim substituentem vybranym ze skupiny
zahrnujici C1-C4 alkyl, hydroxy(C1-C4)alkyl, merkapto(C1-C4)alkyl, formyl, acetyl, halogen,
karboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl.

4. Pouziti podle naroku 1, kde v substituentu R6 heterocyklyl obsahuje 5—¢lenny kruh, a v 5—
atomovém kruhu jeden heteroatom, kterym je O nebo S, pfi¢emz heterocyklyl je nesubstituovany
nebo substituovany alespon jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl,
hydroxy(C1-C4)alkyl, merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino, di(C1-
C4)alkylamino, amino(C1-C4)alkyl.

5. Pouziti podle naroku 1, kde v substituentu R6 heterocyklylalkyl obsahuje 5—¢lenny kruh a
C1-C2 alkyl, a v 5-atomovém kruhu jeden heteroatom, kterym je O nebo S, pticemz
heterocyklylalkyl je nesubstituovany nebo substituovany alespon jednim substituentem vybranym
ze skupiny zahrnujici C1-C4 alkyl, hydroxy(C1-C4)alkyl, merkapto(C1-C4)alkyl, formyl,
acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl.

6. Pouziti podle naroku 1, kde substituent R6 je vybran ze skupiny zahrnujici cyklopentyl,
cyklopentylmethyl, isopropyl, isobutyl, isopentyl, isohexyl, isoheptyl, pti¢emz kazda z
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uvedenych skupin je nesubstituovana nebo substituovana alespon jednim substituentem
vybranym ze skupiny zahrnujici C1-C4 alkyl, hydroxy(C1-C4)alkyl, merkapto(C1-C4)alkyl,
formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl.

Pouziti podle naroku 1, kde adeninové derivaty jsou vybrané ze skupiny zahrnujici:
tetrahydrofuran—2—ylmethylamino)—9—(tetrahydrofuran—2—yl)purin
5-methylfuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
5-hydroxymethylfuran—-2—-ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
5-formylfuran—2-ylmethylamino)-9—(tetrahydrofuran—2—-yl)purin
1-furan—2—ylethylamino)-9—(tetrahydrofuran—2—yl)purin
5-methyltetrahydrofuran—2-ylmethylamino)-9—(tetrahydrofuran—2—-yl)purin
1-tetrahydrofuran—-2-ylethylamino)-9—(tetrahydrofuran—2-yl)purin
cyklopentylmethylamino)-9—(tetrahydrofuran—2—yl)purin
thiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
3-methylthiofen—2-ylmethylamino)-9—(tetrahydrofuran—2-yl)purin
(5-methylthiofen—2—ylmethylamino)-9—(tetrahydrofuran—-2-yl)purin
6—(5—chlorthiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
6—(5-bromthiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
6—(1-thiofen—-2—ylethylamino)-9—(tetrahydrofuran—2-yl)purin
2—chlor—6—furfurylamino—9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(5-methylfuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(5-hydroxymethylmran—2—ylmethylamino)-9—(tetrahydrofuran—-2—yl)purin
2—chlor—6—(5—formylfuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(1-furan—-2—ylethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(tetrahydrofuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(5-methyltetrahydrofuran—-2—ylmethylamino)-9—(tetrahydrofuran—-2—yl)purin
2—chlor—6—(1-tetrahydrofuran—-2—ylethylamino)—9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(thiofen—2-ylamino)—9—(tetrahydrofuran—2—yl)purin
2—chlor-6—(thiofen—2-ylmethylamino)—9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(3—methylthiofen—2—ylmethylamino)—-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(5—-methylthiofen—2—ylmethylamino)—-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(5—chlorthiofen—2-ylmethylamino)-9—(tetrahydrofuran—2-yl)purin
2—chlor—6—(5-bromthiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(1-thiofen—2—ylethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(cyklopentylmethylamino)-9—(tetrahydrofuran—2—yl)purin.

NN AN AN AN AN AN AN AN N

7.

6—
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6—
6—
6—
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6—
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6—

8. Pouziti podle kteréhokoliv z pfedchazejicich naroki, kde se alespon jeden adeninovy derivat

obecného vzorce I pouzije jako slozka s kombinovanym antisenescen¢nim a UV—
fotoprotektivnim ucinkem.

9. Adeninové derivaty obecného vzorce I

()
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a jejich farmaceuticky pfijatelné soli s alkalickymi kovy, amoniakem, aminy, nebo adiéni soli s
kyselinami, kde

R2 je vodik nebo halogen;

R6 je vybran ze skupiny zahrnujici
— heteroaryl s 5- az 6-¢lennym aromatickym kruhem obsahujicim alespon jeden heteroatom
vybrany z O, S a ostatni atomy kruhu jsou atomy uhliku, pficemz heteroaryl je
nesubstituovany nebo substituovany alespont jednim substituentem vybranym ze skupiny
zahrnujici C1-C4 alkyl, merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino,
di(C1-C4)alkylamino, amino(C1-C4)alkyl;
— heteroarylalkyl s 6-¢lennym aromatickym kruhem obsahujicim alespoii jeden heteroatom
vybrany z O, S a ostatni atomy kruhu jsou atomy uhliku, kde alkyl obsahuje 1 az 4 atomy
uhliku, pricemz heteroarylalkyl je nesubstituovany nebo substituovany alespoii jednim
substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl, merkapto(C1-C4)alkyl,
formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;
— heteroarylalkyl s 5— ¢lennym aromatickym kruhem obsahujicim alesponi jeden heteroatom
S a ostatni atomy kruhu jsou atomy uhliku, kde alkyl obsahuje 1 az 4 atomy uhliku, pficemz
heteroarylalkyl je nesubstituovany nebo substituovany alespont jednim substituentem
vybranym ze skupiny zahrnujici C1-C4 alkyl, merkapto(C1-C4)alkyl, formyl, acetyl,
halogen, karboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;
— heterocyklyl s 5— az 6-¢lennym alifatickym kruhem obsahujicim alesporti jeden heteroatom
vybrany z O, S a ostatni atomy kruhu jsou atomy uhliku, pficemz heterocyklyl je
nesubstituovany nebo substituovany alespon jednim substituentem vybranym ze skupiny
zahrnujici C1-C4 alkyl, merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino,
di(C1-C4)alkylamino, amino(C1-C4)alkyl;
— heterocyklylalkyl s 5— az 6—¢lennym alifatickym kruhem obsahujicim alespon jeden
heteroatom vybrany z O, S a ostatni atomy kruhu jsou atomy uhliku, kde alkyl obsahuje 1 az
4 atomy uhliku, pficemz heterocyklylalkyl je nesubstituovany nebo substituovany alespoii
jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl, merkapto(C1-C4)alkyl,
formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;
— cykloalkyl s kruhem obsahujicim 5 az 6 atomti uhliku, nesubstituovany nebo
substituovany alespon jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl,
merkapto(C1-C4)alkyl, formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino,
amino(C1-C4)alkyl;
— cykloalkylalkyl s kruhem obsahujicim 5 az 6 atomt uhliku, kde alkyl obsahuje 1 az 4
atomy uhliku, pficemz cykloalkylalkyl je nesubstituovany nebo substituovany alespon
jednim substituentem vybranym ze skupiny zahrnujici C1-C4 alkyl, merkapto(C1-C4)alkyl,
formyl, acetyl, halogen, karboxyl, amino, di(C1-C4)alkylamino, amino(C1-C4)alkyl;

10. Adeninové derivaty podle naroku 9, vybrané ze skupiny zahrnujici:
6—(tetrahydrofuran—2—ylmethylamino)-9—(tetrahydrofuran—-2—yl)purin
6—(5—methyltetrahydrofuran—2—ylmethylamino)—9—(tetrahydrofuran—2—yl)purin
6—(1-tetrahydrofuran—2—ylethylamino)-9—(tetrahydrofuran—2—yl)purin
6—(cyklopentylmethylamino)-9—(tetrahydrofuran—2—yl)purin
6—(thiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
6—(3—methylthiofen—2—ylmethylamino)—9—(tetrahydrofuran—2—yl)purin
6—(5—methylthiofen—2—ylmethylamino)—9—(tetrahydrofuran—2—yl)purin
6—(5—chlorthiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
6—(5—bromthiofen—2—ylmethylamino)—9—(tetrahydrofuran—2—yl)purin
6—(1-thiofen—2—ylethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(tetrahydrofuran—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(5-methyltetrahydrofuran—-2—ylmethylamino)-9—(tetrahydrofuran—-2—yl)purin
2—chlor—6—(1-tetrahydrofuran—2—ylethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(thiofen—2—ylamino)-9—(tetrahydrofuran—2—yl)purin
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2—chlor-6—(thiofen—2-ylmethylamino)—9—(tetrahydrofuran—2-yl)purin
2—chlor—6—(3—-methylthiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—-yl)purin
2—chlor—6—(5—-methylthiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(5—chlorthiofen—2—ylmethylamino)-9—(tetrahydrofuran—2—yl)purin
2—chlor-6—(5-bromthiofen—-2—ylmethylamino)-9—(tetrahydrofuran—-2—yl)purin
2—chlor—6—(1-thiofen—2—ylethylamino)—9—(tetrahydrofuran—2—yl)purin
2—chlor—6—(cyklopentylmethylamino)-9—(tetrahydrofuran—2—yl)purin.
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