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Abstract

Purines can be found in a multitude of naturally occurring compounds with a range of
functions. This thesis describes the design and synthesis of purines and structurally related
pyrazolopyrimidine derivatives intended for biological applications.

Pyrazolopyrimidines are structurally related to purines and are used as scaffolds for ATP-
competitive protein kinase inhibitors. A pyrazolopyrimidine based selective inhibitor of
receptor tyrosine kinase REarranged during Transfection (RET), a protein kinase involved in
cell development, was modified with a photolabile protecting group. The modification allowed
for photocontrolled release of the inhibitor. Photodependent inhibition of RET was
demonstrated in both a biochemical assay and in a cell based RET-assay. The utility of the
caged inhibitor was demonstrated in transgenic zebrafish embryos by demonstrating the effect
of photocontrolled RET-inhibition on motoneuron development. In addition, it was shown

that the timing of irradiation was critical for motoneuron development.

The purine structure is a key constituent of aminoacyl-adenosine monophosphate (aa-AMP),
an intermediate in protein biosynthesis. Stable mimics of aa-AMP could have potential as
inhibitors of protein biosynthesis, a mechanism identified as a target for antiinfectives. A series
of 8-(triazolyl)purines was synthesized as aa-AMP mimics. In addition, their photophysical
properties were studied to evaluate their potential as fluorescent probes. Unexpectedly, these
compounds displayed very low quantum yields in contrast to previous data for similar

structures.

Protein-protein interactions (PPIs) are ubiquitously present in cells, have a central role in cell
signaling and have been identified as interesting drug targets. The a-helix secondary structure
has been identified as a central element in many PPIs. In this project, 2,6,9-substituted 8-
(triazolyl)purines were evaluated as o-helix mimetics and inhibitors of the p53/MDM2 PPI.
A series of compounds were synthesized and two of the compounds exhibited micromolar
activity against MDM2. In addition, a bromination procedure for 8-bromination of purines
was developed. Bromination with pyridinium tribromide at room temperature resulted in high
yields for electron rich 2,6,9-substituted purines. The procedure is a convenient alternative to
elemental bromine for this transformation. The fluorescent properties of the compounds were
also measured. One of the compounds showed a high quantum yield of 51% and several
compounds had quantum yields between 5-10%. The fluorescent properties could be useful

tfor example to study intracellular localization of bioactive compounds.

Keywords: Purine, Pyrazolopyrimidine, Photoactivation, Caged compounds, Protein kinases,
Protein-protein interactions, Inhibitors, Fluorescence.
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1. Aim of the Study

The overall aim of this thesis was to design and synthesize bioactive compounds based on the
purine and pyrazolopyrimidine scaffolds. The wide occurrence of purines in nature and their
key role in many biological processes make them interesting starting points for the synthesis

of new bioactive compounds.

The specific objectives of the thesis were:

e To equip a pyrazolopyrimidine based protein kinase inhibitor with a photolabile
protecting group in order to gain 7z sit# control of inhibitor activity. Such compounds

can be used to study time and space dependent biological processes.

e To design and synthesize 8-(triazolyl)purine based aminoacyl-AMP mimics as potential
aminoacyl adenylate inhibitors. In addition, the possibility of using these compounds as

probes were to be evaluated by measuring their photophysical properties.

e To evaluate the 8-(triazolyl)purine structure as a scaffold for nonpeptidic o-helix
mimetics and inhibitors of protein-protein interactions by a combination of
computational tools, synthesis and biochemical testing of the compounds against the

p53/MDM2 complex.



2. Introduction

The quest to obtain a deeper understanding of the cellular mechanisms essential for all living
organisms is driven by a curiosity in how complex systems such as human beings function on
a molecular level. It is also driven by the need for medical cures. Despite successes in medicine
and medicinal chemistry, there remain a number of diseases with little or insufficient treatment.
One prerequisite if we are to move forward with new treatments is to gain further
understanding of how biological systems function. The field of chemical biology aims at doing
this. An important part of chemical biology involves the use of small molecules as tools to
solve biological problems. There are several notable examples of this in the past 15 years. For
example, bioorthogonal chemical reactions have been developed, enabling ligation of
molecular entities to cell surfaces' and enzyme catalyzed inhibitor selection? In another
interesting example, Shokat and coworkers used a combination of designed small molecule
inhibitors and genetics for studies of kinases in yeast’. Knowledge of organic chemistry is key
in designing and synthesizing these compounds and the development of target-specific small
molecules necessitates the synthesis of structurally diverse compounds. There are a number of
chemical core structures that are often present in compounds with biological activity. Such
chemical core structures, or chemical scaffolds, are known as privileged scaffolds* due to their
utility in constructing biologically active molecules. This thesis is centered on one such

privileged structure, the bicyclic purine scaffold.

2.1 Purines

Purine is the generic name of imidazo|[4,5-d|pyrimidine (Scheme 1). It is a bicyclic heterocycle
consisting of a 6-membered pyrimidine ring and a 5-membered imidazole ring. The fused ring
system fulfills Hiickels rule (4n+2 7 electrons where n=0 or any integer) and is therefore
aromatic giving it a flat geometry. Of the four theoretical tautomers of purine, 9H and 7H are

favored in solution>’.
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Scheme 1. The favored tautomers, 9H (left) and 7H (right), of purine.

The first synthesis of purine was performed by Emil Fischer in the late 1800s and was part of
the early endeavors in organic synthesis8. Purine was synthesized by reacting uric acid with PCls

to form 2,6,8-trichloropurine which was reduced to purine via 2,6-iodopurine (Scheme 2)%1°,

0] Cl
H

N PCls N, HI, PH,|
b S P
N

Scheme 2. The first synthesis of purine”.

The purine core can be found in many compounds with important functions in biological
systems. Purine constitutes a key structural element of deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA) as two of the four bases, adenine and guanine, has a purine core.
Adenine can also be found in adenosine triphosphate (ATP), known to most as the main energy
source of living organisms but which also plays a key role in cellular signaling. Other important
examples are nicotinamide adenine dinucleotide (NAD) and flavin adenine dinucleotide
(FAD), compounds involved in several important metabolic reactions. In addition to these
ubiquitous examples there is a number of natural products that has been isolated from various
plants and animals that contain the purine structure!!l. Structurally diverse examples include
asmarines'?13 and aphrocallistin'# isolated from sea sponges Raspailia sp., Aphrocalliste Beatrix,

respectively (Figure 1).
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Figure 1. Examples of naturally occurring purine containing compounds. From top left to bottom
right; ATP, asmarine A, NAD, aphrocallistin and a nucleotide segment.

The natural occurrence and importance of purine derivatives in nature has led to an interest in
the development of methods to produce both naturally occurring and synthetic purine
containing compounds. The literature on purine synthesis spanning from the late 1800s to
today is extensive and methodologies have been developed to synthesize both the ring system

as well as for substituting the core structure!>.



2.1.1 Purines from pyrimidines and imidazoles-building the core

The bicyclic system can be synthesized from pyrimidines (Scheme 3). This approach is suitable
for obtaining N7-substituted purines'®, compounds difficult to obtain selectively by

substitution of the bicyclic scaffold.

SAr |, R2COOH SAr Rt 1.mCPBA NRR*R1
N. 2 / 3R4 '
N R1 R“CHO N N ) 2.R°R*NH NTX N
=
N~ “NH, N~ N N~ N

Scheme 3. Example of synthesis of purines from a pyrimidine precursor'.

Oxopurines such as hypoxanthine and guanine can be obtained by ring closure of suitably
substituted imidazoles'”. This approach can be used to obtain acyclovir, a guanosine analog
used as an antiviral drug (Scheme 4)!8. Furthermore, ring closure of formamidinoimidazoles

provide a route to 3,9-alkylated adenines'.

o o CuS0O,4 NaOH (aq) Q

N N rt., 4h N

O = T

J—— NS

N N H,N" N7 N

H2N H HN \\ 2 \\

Q 85% O
H,N™ S \\\
OH OH

Scheme 4. Synthesis of acyclovir from an imidazole precursor'®.

2.1.2 Substitution reactions of purines-decorating the core

Commercially available purine derivatives such as adenine, 6-chloro-purine and 2-amino-6-
chloropurine provide an attractive alternative starting point to highly substituted purines and
methods for substitutions in the 2, N3, 6, N7, 8 and IN? positions have been reported (Scheme
5). This approach was used in this project to synthesize 6, 8, N? and 2, N¢, 8, N’-substituted

purines and will be the focus of this thesis.
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Alkylation (X=NH,)
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Scheme 5. Examples of reactions available to functionalize purines.

Substituents in the N°-position can be introduced by alkylation with alkyl halides under basic
conditions. Even though N? is generally more nucleophilic than N, N3 and N7, this approach
will give mixtures of regioismers in different ratios depending on reaction conditions!” and
substitution pattern of the purine?). Alkylation of adenine with alkyl halides using Cs2CO3 or
K>COs as base gives 9-alkylation as the major isomer with the N721.22 or the N?-alkyl!” as the
minor isomer. Presence of a 8-bromo substituent shifts the regioselectivity towards the -
alkylated isomer and both 2:123 and 6:4* ratios have been reported, although still in favor of
the N°-isomer. The use of biphasic reaction systems with quaternary ammonium salts as phase
transfer catalysts have also been reported to provide high N°-regioselectivity?>20. IN'-
Substitution can be achieved by protecting the N°-position followed by alkylation of N7 27.28,
Another widely used method for introduction of substituents in the N°-postion is the
Mitsunobu reaction?. This reaction generally has high selectivity for the 9-position and can be
performed under mild conditions®*-32. Aryl groups can be introduced by copper catalyzed C-N
bond forming reactions with aryl boronic acids3? or aryl halides3*. Since purines with both
halogens and amines in positions 2 and 6 are commercially available, these are practical starting
points when substituents are desired in those positions. The difference in electrophilicity
between 6-chloro and 2-fluoro in 6-chloro-2-fluoropurine can be exploited to regioselectively
introduce amines in two consecutive nucleophilic aromatic substitution (SnAr) reactions®.
Alternatively, 6-chloro-2-iodo-purines can be used enabling regioselective functionalization by

SnAr in the 6-chloro position followed by palladium catalyzed coupling in the 2-iodo



position?>. Recently, an example of a Minisci type reaction between a carboxylic acid and the
6-position of purine nucleosides without prior activation to provide 6-alkyl purines was
published?. The 8-position generally needs to be activated before further functionalization.
This can be achieved by lithiation3”-38 and more frequently by bromination?!-340 or iodination*!
which opens up for palladium catalyzed C-C bond forming reactions*? such as the Stille
coupling to introduce alkenyls*?, Suzuki coupling for aryls and alkenyls?* 4+ and the Sonogashira
coupling for alkynes®. In this study, most of the synthetic transformations in the 8-position
was based on Sonogashira couplings and this reaction will be discussed in more detail in section
2.1.3. Recently, reports have been published on methods for C-H activation to introduce indole
and pyrrole*®, and phenylacetylene*’:#8 in the 8-position of purine derivatives. These methods
are advantageous in that they do not require an additional activation step. Nevertheless, they
often require high temperature and/or pressure to work and still have a rather limited substrate

scope.

2.1.3 Sonogashira type Pd-coupling

Since their first appearance in the late sixties and seventies*’, the palladium catalyzed C-C bond
forming reactions have arguably developed into one of the most utilized reaction types in
organic synthesis®5!. Their importance was further acknowledged in 2010 when three of the
pioneers in the field shared the Nobel Prize in chemistry for Pd-catalyzed C-C coupling>2. One
subclass that is central in this thesis is the coupling of a terminal alkyne and an aryl halide or
aryl triflate. In 1975, Heck and coworker reported the coupling of aryl halides with acetylenes
catalyzed by Pd(OAc)2(PPhs)2in amine base at elevated temperatures (100 °C)>3. The same year
Sonogashira and coworkers published a similar coupling reaction with PdCl>(PPhs)2 and Cul
as co-catalyst>. The addition of Cul allowed the reaction to take place at room temperature
and the Sonogashira protocol has become the standard protocol for aryl-alkyne coupling
reactions. The mechanism is suggested to proceed as outlined in Scheme 65>, and comprises
two catalytic cycles. In the palladium cycle, R-X adds to the Pd(0)-catalyst by oxidative addition.
When a Pd(II)-precatalyst (such as PdCl2(PPhs),) is used, it needs to be reduced prior to the
oxidative addition step. This can occur either by homocoupling of acetylenes or by amines or
ethers present as reagents and/or solvents.”> Cu(l) most likely coordinates to the alkyne,

lowering its pKa and thereby facilitating the deprotonation of the terminal alkyne resulting in



a copper acetylide®”. Transmetallation, #rans/ cis isometization and reductive elimination results

in the coupled product and regenerates the Pd(0) catalyst.

VAR

R-Pd(ll)
| | R1- Pd2 X

+\/-
/ B

R'- Pd Ih— .,

CuX = R

G
E\RZ

Scheme 6. Suggested mechanism for the Sonogashira type coupling of R-X and a terminal alkyne.

In the context of purines, the Sonogashira reaction has been used to introduce alkyne
substituents in the 2-#1, 6-%59 and 8-%0lpositions of purines and has also been used to

alkynylate purine analogs®263,
2.1.4 1,2,3-triazoles

Another reaction type with relevance for this thesis is the Huisgen cycloaddition of a terminal
alkyne and an azide. The thermal version of this reaction gives a mixture of the 1,4- and 1,5-
triazole (Scheme 7). However, catalytic reactions with high regioselectivity have been
developed, making this reaction useful.

Ra. -N NcN

heat
/// + R /NS —_— ~ N + N R2

R 2

Scheme 7. Thermal azide-alkyne cycloaddition.



The reaction of a terminal alkyne and an azide in the presence of a Cu(I)-catalyst results in the
1,4-triazole with high regioselectivity and is often referred to as coppercatalyzed azide-alkyne
cycloaddition (CuAAC). This reaction can be performed under mild conditions in a range of
solvents including aqueous mixtures®*. Since its first introduction®-0, it has been widely utilized
for chemical biology applications®’. Mechanistic studies have revealed that the reaction rate is
second order with respect to copper®® and a mechanism based on these experiments in
combination with computational studies® have been proposed (Scheme 8). The reaction is
believed to proceed by coordination of copper to the alkyne followed by deprotonation.
Coordination of the azide forms a metallacycle with the internal nitrogen coordinated to the
copper. Ring contraction gives a metallated triazole and protonation releases the triazole and

regenerates the copper complex.

Ri—=F—H
R—H . +
Climbn -H N:NtN/RZ
N
N N-Re
R4 . B ]
H NSN?
N i NRe
N” N-R2 ! |
\{ R—===CuL
R1 CU\/L\ CuL
--Cu L _
\ N /
N”N\N\
=~ Cu”L
Ri \
Cu—L

Scheme 8. Mechanistic proposal for the CuAAC.

The 1,5-triazole can be obtained with high regioselectivity by Cp*Ru(ll)-catalyzed
cyclization”71. More recently, a metal-free base catalyzed reaction in DMSO has been reported

to give the 1,5-triazole, also with high regioselectivity’2.

An example of the utility of this regiocontrol is the synthesis of stable triazole analogues of 1-

and 3-phosphobhistidine by Kee et al.”? (Scheme 9).
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Scheme 9. 1-and 3-Phosphohistidine (in frames) and synthesis of stable analogues by complementing
Cu(I)- and Ru(IT)-catalysis”.

2.1.5 Examples of existing purines and their use

Needless to say, these synthetic methodologies have been developed for and resulted in a
number of compounds with interesting biologic activity. 2,6,9-Trisubstituted purines were the
first purines to be developed as kinase inhibitors’+7>. One example from this class is purvalanol
A (Figure 2) which is a cyclin dependent kinase (CDK) inhibitor3%.76. Several purine analogs are
being developed or have been approved for clinical use”’. Notably, all food and drug
administration (FDA) approved drugs containing a purine substructure are either treatments
for cancer or antivirals’®. Early examples of purine based drugs include the antiviral acyclovir”
mentioned in section 2.1, and 6-mercaptopurine®’; used to treat acute lymphotic leukemia.

Abacavir is an example of a reverse transcriptase inhibitor used to treat HIVSL

10
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Figure 2. Examples of bioactive synthetic purines. Biological activity or commercial use in parenthesis.

2.2 Pyrazolo[3,4-d|pyrimidines

The frequent occurrence and importance of purine containing compounds in nature have
spurred the interest, not only of purines but also of structurally related scaffolds. One of these

are the pyrazolo|3,4-d|pyrimidines (Figure 3).

4
5 3
N™ X
P N2
6 N
N" W
[

Figure 3. Pyrazolo|3,4-d|pyrimidine with IUPAC numbering.

Pyrazolo[3,4-d|pyrimidines can be synthesized by first forming the pyrazolo ring by reacting

ethoxymethylenemalonitrile (accessible from malonitrile and triethyl ortoformate) with
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hydrazine (monohydrate for N!-H or substituted hydrazine for N!-R). Condensation with

formamide results in 4-amino substituted pyrazolopyrimidine (Scheme 10)82.

N j\ NH,
HaN-NH,"H;0 NH,*H N HOONH Ao
= | N’N fl § N
H2N N retiux N/ H

Scheme 10. Synthesis of 4-amino-pyrazolo[3,4-d|pytimidine™.

The substituent pattern in the 4- and 6- positions can be controlled by condensation with other
substrates such as urea (4-amino-6-hydroxy) or thiourea (4-amino-6-thiol)32. Substitution in the
3-position can be introduced in the imidazolyl forming step8? or by modification of the bicyclic
system by activation using halogenation and subsequent palladium catalyzed C-C coupling®.

Substitution in N can be obtained by alkylation with alkyl halides858¢.

The pyrazolopyrimidine scaffold has been used in the synthesis of nucleoside base analogs®>87
and biologically active compounds towards several different targets®, probably most notably
as a scaffold for kinase inhibitors® due to its structural analogy to adenine and possibility of
substitution in the 3-position. Pyrazolopyrimidines as kinase inhibitors will be discussed further

in Chapter 3.

Besides being interesting from a bioactivity point of view, the conjugation of both purines and
pyrazolopyrimidines make them suitable for modifications to provide them with interesting
luminescent properties. The basis of this property and its applications in chemical biology will

be discussed in section 2.3.
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2.3 Use of light to manipulate biologically active compounds

Light is a useful tool in chemical biology. It can be used to change the physical and/or chemical
properties of molecules iz sitn enabling both visualization and manipulation of activity. The
tunable properties of light (e.g. wavelength, intensity, irradiation time) make it a potentially

noninvasive and selective method for controlling chemical properties.

2.3.1 Fluorescent probes

Luminescence is defined as the emission of light that occurs when a system makes a transition
from an electronically excited state to a lower energy state (the ground state). There are two
types of luminescence, fluorescence and phosphorescence. This process is commonly

visualized by a Jablonski diagram? (Figure 4), invented by Alexander Jablonski.

a b
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Figure 4. a) Simplified Jablonski diagram”" illustrating energy transitions associated with absorption
(blue arrows), internal conversion between vibrational states (ic, black vertical arrows), fluorescent
emission (red arrows), inter system crossing between excited singlet and triplet state (isc, black diagonal
arrow) and phosphorescent emission (green arrow). b) Schematic representation of absorption (blue)

and emission (red) spectra.

If a compound is irradiated with light of a specific wavelength, it can absorb a photon. The
compound will be excited from its ground state (So) to one of the vibrational energy levels of

the first excited singlet state (S1). The vibrational energy level transitions (internal conversions)
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are very fast and all emission occurs from the Si level. From here, the compound can return
to the ground state and in the process emit a photon. This process gives rise to fluorescence.
As an effect of the internal conversion between vibrational levels, the emitted light is lower in
energy (longer wavelength) than the absorbed light. The difference is known as the Stokesshift.
From the first excited singlet state (S1), relaxation can also occur to the excited triplet state (T'1)
by intersystem crossing (ISC). T1 to So transition results in phosphorescence. Since this
transition is forbidden, it is considerably slower than fluorescence. Phosphorescence is outside
the scope of this thesis and will not be discussed further. The quantum yield (®r) is a property
generally used to describe the efficiency of a fluorescent compound and is defined as the ratio

between emitted and absorbed photons.”!

Compounds with the ability to emit fluorescence are often referred to as fluorophores. The
tirst fluorophore that was discovered was quinine (Figure 5). Since then, the field has developed
immensely. Both quantum dots?> which are small nanocrystal semiconductors, and
fluorescent proteins® as well as small molecule entities®>? (such as quinine) have been used
for bioimaging. The two former constitute two separate scientific fields and are as such outside
the scope of this thesis. Small molecular fluorescent probes have numerous applications in
chemical biology?’. Examples of small molecule fluorophores include fluoresceins, cyanines
and boron dipyrromethene (BODIPY)-type compounds (Figure 5)?5. Fluorescent analogs
have been developed for both amino acids?, phospholipids and nucleosides!®. Fluorescent
purines and purine analogs can be converted into fluorescent nucleic acids that can be
introduced into DNA and RNA in order to study these systems!?%101, These compounds mimic
the Watson-Crick base pairing of the substituted base and are positioned within the studied
structure, in contrast to external dyes mentioned above. Examples of fluorescent nucleotide

base analogs include 2-aminopurine (2AP)192 and quadracyclic adenine (qA)!9* (Figure 5).
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Figure 5. Examples of small molecule fluorescent probes.

In contrast to the small molecule dyes discussed above, only a few examples of inherently
fluorescent enzyme inhibitors exist including fluorescent inhibitors of glutathione S-

transferase!’4, protein kinases!'® and a fluorescent tubulin inhibitor!%.

2.3.2 Photolabile protecting groups

As useful as small molecules are as biological probes, one disadvantage is that once the
molecule is taken up by the system of interest (a cell or organism), the researcher lose control
over it. When studying time and space dependent processes as for example organ or organism
development, it is advantageous to be able to control the activation of a compound, both
temporally (when) and spatially (where). One way of gaining such control is through the use
of a photolabile protecting group (Scheme 11). The principle entails attaching a photolabile
protecting group to a compound in a manner that masks its biological activity. The masked

(inactive) compound, also referred to as caged, can then be administered to the system under
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investigation and activation can be achieved by irradiation of light at a given time or at a specific

place.

Free
inhibitor
c
Active ”Caged”
enzyme inhibitor

Inactive
enzyme

Scheme 11. Schematic illustration of decaging methodology for enzyme inhibitors.

This methodology has been used successfully to study neuronal signaling by caging signal
substances such as glutamate!?” and cyclic adenosine monophosphate (cAMP)!08, study calcium
uptake by using caged ion channel agonists!?? and to develop photoreleasable phospholipids!1?.
Several classes of photolabile protecting groups have been developed and examples from some

common groups are shown in Figure 9111,

(0] o/
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(coumarin type)

Figure 9. Examples of available photolabile protecting groups.

There are a number of factors to consider when choosing a photolabile protecting group for
use in a biological system; the wavelength used for deprotection should not cause extensive

cell damage and the light needs to penetrate into cells. In practice, this means that the
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wavelength should be longer than 300 nm. Also the protected compound needs to be soluble
in a solvent mixture suitable for the test system, typically a water buffer system and should
ideally not generate any toxic or biologically active byproducts upon irradiation. The first and
most commonly used photolabile protecting groups are the o¢-nitrobenzyl alcohols. These
compounds were first used to protect ATP!12 at the terminal phosphate and have since been
modified into a subgroup of photolabile protecting groups. One notable modification is the
introduction of 4,5-dimethoxy substituents on the aromatic ring (NVOC, Figure 9). This serves
to redshift the wavelength of the light needed for deprotection which facilitates the use of these
photolabile protecting groups in biological systems. The mechanism of photoinduced
deprotection for the unsubstituted o-nitro benzyl alcohols!'? and the modified substrates!4115
have been studied. The deprotection has been proposed to proceed by absorption of a photon

by A leading to excitation (Scheme 12).
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Scheme 12. Proposed mechanism for the photoinduced deprotection of NVOC-type protecting
groups'™ "%, hv = light, * = excited state, PT = proton transfer.

The excited form (B) undergoes a proton transfer (PT) from the benzylic position to one of
the oxygens of the nitro group to form an aci-nitro compound (C). After solvent mediated
proton transfer or alternatively rotation of the nitro group, a ring closure occurs followed by
rapid decomposition (E-H) to a nitrosoaldehyde, carbon dioxide and released compound. A
recent study propose the rate limiting step to be the ring closing step (D to E) and that E to

H is a concerted reaction not passing through F and G!'.
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3. A caged pyrazolopyrimidine protein kinase inhibitor
(Paper 1)

3.1 Introduction

One type of enzymes that binds to purine containing substrates are protein kinases. In this
chapter, the development, evaluation and utilization of a photoactivatable, or caged, inhibitor

of the receptor tyrosine kinase (RTK) Rearranged during transfection (RET) is discussed.
3.1.1 Protein kinases

The Protein kinases, which are a subclass of transferases, are enzymes that transfer the y-
phosphate of ATPt to the —OH functionality of a serine, threonine or tyrosine of a substrate

(Scheme 13). The reverse reaction is catalyzed by phosphatases.
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Scheme 13. Kinase mediated phosphorylation and phosphatase mediated dephosphorylation.

T Protein kinase CK2 can use GTP in place of ATP.
M. E. Gerritsen, D. J. Matthews, Targeting Protein Kinases for Cancer Therapy, John Wiley & Sons, Hoboken, NJ, USA, 2010,
page 84.

19



This deceptively simple chemical modification infers functional changes in the phosphorylated
protein, affecting a diverse set of processes such as metabolism, neurotransmitter biosynthesis,
DNA replication and transcription, apoptosis and cell differentiation!'”.118, The main part of
intracellular signal transduction is relayed by phosphorylation cascades mediated by protein
kinases!!8. The human kinome, the part of the genome coding for protein kinases, consists of
more than 500 protein kinase genes!'!®, 11 The catalytic site of protein kinases is highly
conserved, not only within the human kinome but also across widely different species'?. The
high conservation implies that the role of protein kinases was established at an early stage of

evolution and that it was vital for survival.

3.1.2 Anatomy and function of the catalytic domain

The conserved catalytic domain of protein kinases consists of two lobes, the larger C-terminal
lobe consisting mainly of a-helices and the smaller N-terminal lobe easily recognized by the
antiparallel B-sheet structure (Figure 10)!'21. The catalytic cleft where ATP bind lies between
these two lobes. The segment connecting the two lobes is referred to as the hinge region. When
ATP binds, two hydrogen bonds are formed between the backbone of the hinge region and
N2 and 6N of the adenine moiety of ATP. Ionic interactions between the a- and 3-phosphates
and amino acid residues at the catalytic site are mediated by two Mg?* ions. The peptide
substrate binds “in front” of the ATP binding site close to the y-phosphate. Substrate binding
and kinase activity are highly dependent on the conformation of the activation loop, situated
at the substrate binding site!?2. In one end of the activation loop there is a highly conserved
three amino acid sequence, the aspartic acid, phenylalanine, glycine (DFG) motif. This motif
has two conformations, DFG out and DFG in, and plays a vital role in ligand binding which

will be discussed further in section 3.1.3.
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C-terminal lobe

N-terminal lobe

Figure 10. Left) Crystal structure of a tyrosine kinase complexed with an ATP analog and a peptide
substrate with the C-terminal and N-terminal lobes annotated. Right) The catalytic site showing the
hinge region (a), the hydrophobic backpocket (b), the gatekeeper residue (c), the DFG-region (d), an
ATP-analog (), and part of the substrate peptide (f). (PDB: 1ir3).

3.1.3 Kinases as drug targets

Because of their central role in controlling cell proliferation and apoptosis, deregulation of
protein kinases have been linked to several disease states, most notably cancer!?-125, As a
consequence, the interest in developing inhibitors for kinases has been and still is substantial.
While more than 20 ATP-competitive kinase inhibitors have been approved for clinical use!?,
these are targeted to a relatively small portion of the kinome. Inhibitors of protein kinases are
generally categorized by their mode of binding. Type I inhibitors are the most common. These
target the active form of the protein kinase and bind to the ATP-binding site, typically by
hydrogen bonding to the hinge region in a similar manner as ATP. Many of the type I inhibitors
also protrude into a hydrophobic pocket located “behind” the ATP-binding site not utilized
by ATP. The size and accessibility of this pocket is in part defined by the size and type of the
so called gatekeeper residue located adjacent to the ATP-binding site. Since the gatekeeper

residue varies between different kinases (although some residues are more prevalent than
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others!20), this pocket can be exploited to achieve kinase selectivity. Clinically approved

examples of type I inhibitors include dasatinib!?’ and vemurafenib!?8 (Figure 11).

Cl

N
“W[SH”
) N>/\\>\N/\\N
):N _/ \\\OH

Dasatinib (type 1)

0
LT -

N N
F.c HJJ\H _N ™ N
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o)

Ibrutinib (irreversible type 1) Trametinib (allosteric)

Figure 11. Examples of protein kinase inhibitors with binding mode and kinase target annotated.

The other major group, the type II inhibitors, binds to the inactive conformation of the
enzyme, often referred to as the DFG out conformation!?. This originates from observations
in several kinases that the DFG region is flipped in the inactive form. This flip causes the
phenylalanine (F) of the DFG region to point “out”, opening up an additional hydrophobic
pocket. Examples of type II inhibitors include sorafenib!3’ and imatinib!3! (Figure 11), the
latter being the first kinase inhibitor approved for treating cancer. There are also examples of
inhibitors that bind to alternative, allosteric sites, outside the ATP-binding region, so called

allosteric inhibitors!32. An example of allosteric inhibitors are the Mitogen-Activated Protein
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(MAP) Kinase/Extracellular Signal-Regulated Kinase (ERK) Kinase (MEK) 1 and 2 inhibitors
that bind to a hydrophobic pocket close to the ATP-binding site and form a hydrogen bond
to the y-phosphate of ATP!2%. One example is trametinib!3? (Figure 11). These three types of
inhibitors all bind reversibly to their target. The fourth group consists of the covalent
inhibitors. These can be type I or II inhibitors modified with an electrophilic group positioned
to make a covalent bond with an amino acid residue in the active site, often a cysteine. In the

case of ibrutinib!3* (Figure 11), a Michael acceptor has been attached to a type I inhibitor.

3.1.4 Receptor Tyrosine Kinases and RET

Of the kinase subfamilies comprising the 500+ protein kinases of the human kinome!!8, 58
have been identified as receptor tyrosine kinases (RTKs)!3>. RTKs play a central role in relaying
signals from the outside to the inside of cells, thereby regulating cellular processes such as cell
differentiation, migration and cell survivall?%135 Structurally, RTKs are anchored to the cell
membrane and consist of a transmembrane domain connecting an extracellular ligand binding
domain with an intracellular tyrosine kinase domain!3>. Binding of a growth factor to the
extracellular domain induces di- or oligomerization (exceptions include the insulin receptor
which exists as a covalently linked dimer!?®) which in turn activates the intracellular kinase

domain, either by inferring a conformational change or by (trans)phosphorylation!!.

REarranged during Transfection (RET) is a kinase belonging to the RTK subfamily. Binding
of glial cell line-derived neurotrophic factors (GDNF) to GDNF family receptor (GFR)-a
receptors located on the outside of the cell causes recruitment and dimerization of RET,
resulting in activation of the kinase domain!3¢. RET is involved in the development of the
central and peripheral nervous systems. Additionally, dysregulation of RET has been found in
thyroid cancers, including papillary thyroid carcinomas and multiple endocrine neoplasia type
2 (MEN 2)136-138_ RET is therefore interesting to study for at least two reasons. Increased
knowledge of how RET functions can give insight into neuronal development and also reveal
information useful for understanding the role of RET in certain cancer cell lines. Since the
action/activity of enzymes involved in developmental processes is inherently time dependent,
temporal control of enzyme inhibition would be a valuable tool to study these processes. As

discussed in Section 2.3.2, an inhibitor equipped with a photolabile protecting group can
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provide both spatial and temporal control of inhibitor release. Despite the potential utility of

caged protein kinase inhibitors, only a few examples have been reported!3%140,

Our group has previously developed a small molecule inhibitor of RET (1, Figure 12), with 7
vitro activity in the low nanomolar range, inhibitory effect on GDNF-induced RET
phosphorylation of extracellular signal-regulated kinase (ERK)1/2, and high selectivity for
RET'. In this study, we wanted to deactivate 1 with a photolabile protecting group and study
the effects of 7 situ release of 1in both biochemical and cell assays. In addition, we wanted to
use the caged inhibitor to study the role of RET on motoneuron development in zebrafish

embryos.

NH, //
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Figure 12. Structure of 1.

3.2 Results and discussion

Of the different photolabile protecting groups mentioned in Chapter 2.3.2, we chose to initiate
our investigations with the 6-nitroveratroyloxycarbonyl (NVOC) protecting group. Apart from
being the most widely studied caging compound, there were three main reasons for our choice;
1) NVOC has previously been used in 6N protection of purines!#?, structurally similar to 1,
providing a starting point for the synthesis; 2) NVOC can be removed at wavelengths >350
nm, i.e. wavelengths sufficiently low in energy to avoid extensive cell damage and; 3) NVOC-
caged retinoic acid has been used to study the effect of retinoic acid on the development of

zebrafish embryos!#3, providing precedence of use in our model organism.
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Compound 11is a type I kinase inhibitor, hypothesized to bind by hydrogen bonding of N> and
4N to the hinge region of RET. The phenethynyl moiety is proposed to protrude into the
hydrophobic pocket of RET. Our hypothesis was that attaching the protecting group to a
substituent that contributes to key interactions in the ATP binding site would lower the binding
afffinity, achieving a clear difference between protected and free 1. Docking 1 into the ATP-
binding site of RET complexed with an inhibitor structurally related to 1 supports that the 4N
functionality of 1 interacts with the hinge region of RET through a hydrogen bond to the amide
oxygen of E805 (Figure 13a). The position is relatively deeply buried in the active site and a
bulky group here should infer substantial steric hindrance. Superposition of caged 1 with 1
docked into the RET crystal structure clearly show steric clash between the hinge region and

the caging group (Figure 13b).

Figure 13. a) Model of 1 (turqoise) docked in the ATP-binding site of RET (blue, PDB: 2IVV) and b)

caged 1 (orange) superimposed with 1 showing steric clash of the cage and the binding site. Hydrogen
bonds between E805, A807 and 1 are represented as white lines.

3.2.1 Synthesis

Synthesis of 1 was performed following published procedures starting from commercially

available 4-amino-1H-pyrazolo[3,4-d|pyrimidine (2) (Scheme 14).

¥The N°and 4N substituents of pyrazolopyrimidines are homologous to the N' and 6N of purines, respectively.
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Scheme 14. Synthesis of 1. a) NIS (1.1 equiv.) in DMF, 80 °C, 5 h 30 min. b) /PrCl (1.1 equiv), KoCOs
(1.8 equiv.) in DMF, 200 °C, 5 min, then /PrCl (0.5 equiv), 200 °C, 5 min. ¢) Pd(PPhs)4 (5 mol%), Cul
(9 mol%), Amberlite IRA-67 (4 equiv.), phenylacetylene (3.0 equiv.) in THF, 60 °C, 18 h.

Since the acyl chloride of NVOC is commercially available, it is a natural starting point for the
carbamate formation. However, reacting 1 with 6-nitroveratrylchloroformate (NVOC-CI) (5)
directly resulted in bisprotected 1 as the main product. Following a procedure for NVOC
protection of ATP, 6-nitroveratryloxycarbonyltetrazolide'#? was preformed 7z situ by reacting
NVOC-CI (5) with tetrazole in the presence of base. Subsequent addition of 1 gave 6 in 42%
yield (Scheme 15).
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Scheme 15. Synthesis of 6. a)(i) Tetrazole (0.45 M in MeCN), Et;N (1.2 equiv.), 0 °C to r.t. in THF.
(i) 1 (0.8 equiv.), 70 °C, 48 h.

One of the criteria that needs to be fulfilled for a tool compound to be useful in biological
experiments is that it is soluble in aqueous media, generally a buffer system. Although 1 is
soluble in aqueous media, the protecting group adds considerable lipophilicity and 6 was found

to have insufficient solubility for biochemical experiments.

Our next strategy was to introduce a hydrophilic group to increase aqueous solubility while

keeping the structural modifications to a minimum. Introduction of a hydroxyl function in the
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position of the isopropyl substituent of 1 was expected to have a small effect on binding affinity
since this group is located in the sugar binding part of the ATP-binding pocket (see Figure 10).
The new pyrazolopyrimidine substructure was synthesized by alkylation of 4-amino-3-iodo-
1H-pyrazolo[3,4-d|pyrimidine (3) with (2-bromoethoxy)-tert-butyldimethylsilane under
anhydrous basic conditions to give 7 in 74% yield (Scheme 16). Pd(PPhs)s-catalyzed
Sonogashira coupling gave 8 in 95% yield. The 4N carbamate formation was performed as for
6 providing 9 in 65% yield. The NVOC protected hydroxyl-1 was finally isolated after cleaving
the silyl protecting group using tetrabutylammonium fluoride (TBAF) in THF (35% yield). The

low yield in the last step was not optimized due to the low solubility of 10 in aqueous media.
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Scheme 16. Synthesis of 10. a) (2-Br-ethoxy)-OTBDMS (1.2 equiv.), Cs2COs (1.2 equiv.) in DMF, r.t.,
48 h. b) Pd(PPhs)s (2.4 mol%), Cul (18 mol%), Ambetlite IRA-67 (4 equiv.), phenylacetylene (2.9
equiv.) in THF, 60 °C, 4 h. ¢) (i) tetrazole (0.45 M in MeCN), Et;:N (1.0 equiv.), 0 °C to r.t. in THF, 1
h. (i) 8 (0.5 equiv.), 70 °C, 4 h. d) TBAF (2.1 equiv.) in THF, r.t., 3 h.

At this point, the increased lipophilicity caused by the introduction of NVOC shifted our
attention to modifying the protecting group. One strategy for increasing the hydrophilicity of

NVOC was to introduce a carboxylic acid on the protecting group. Nitrobenzyl protecting
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groups bearing a carboxylic acid functionality have been reported'# as a handle for attaching
the PG to a solid support!*>146 and as a prodrug strategy!?. We hypothesized that attaching a
carboxylic acid to one of the methoxy substituents would have a minimal effect on the quantum
yield of deprotection while increasing the hydrophilicity of the caged compound. The new
protecting group 4-ethyloxycarbonylmethoxy-5-methoxy-2-nitro-benzyl alcohol 11 was
synthesized from vanillin (Scheme 17). The alkylation, nitration and reduction were carried out
without intermittent purifications. The short reaction time (10 min) and low temperature in
the aldehyde reduction was necessary to avoid reduction of the ethyl ester. Running the
reaction in ethanol at room temperature for 3 h resulted in a 3:1 mixture of diol and alcohol.
Purification by column chromatography provided intermediate 11 in 14% yield over three
steps. The relatively low yield was not optimized due to the affordable starting materials and

the ability of postponing column chromatography to the last step.
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Scheme 17. Synthesis of carboxylate NVOC protecting group (11). a) K,CO; (2.4 equiv.), KI (0.2
equiv.), ethyl bromoacetate (1.2 equiv.) in MeCN, 18 h. b) HNO; in HOAc, 0 °C to r.t., 18 h. ¢) NaBH,
(1 equiv.) in THF:EtOH 1.2:1, 0 °C, 10 min.

Since the benzyl alcohol of 11 is not activated, a new approach for the carbamate formation

was necessary. Using a protocol developed for Boc-protection of primary anilines'#’, 1 was
heated at 105 °C with carbonyldiimidazole (CDI) in DMF followed by addition of 11 which
resulted in 12 (50% yield, Scheme 18). Hydrolysis of the ethyl ester with LiOH in water and

28



dioxane (1:1) resulted in 13 (80% yield). As expected, this compound was soluble in aqueous

buffer (1 vol% DMSO, up to 100 uM).
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Scheme 18. Synthesis of 13. a) (i) CDI (2.9 equiv.) in DMF, 105 °C, 2 h. (i) 11 (2.9 equiv.), r.t., 19 h.
b) LiOH (2.3 equiv.), .t., 20 min.

Next, the photoinduced cleavage of the protecting group was investigated. 13 was irradiated
with 365 nm light. The reaction kinetics was deduced by monitoring the deprotection using
HPLC and the decaging followed first order kinetics with respect to disappearance of 13 as

well as liberation of 1 (see Appendix 1, Figure Al).

3.2.2 Biochemical and Cell Assays

As a first evaluation of the photocontrollable inhibition of RET with 13, an 7 vitro assay with
purified RET kinase was used. The readout of the assay is luminescence originating from
phosphorylation of a luciferase enzyme by ATP which in turn has been formed by ADP
production during substrate phosphorylation by RET. The luminescence is therefore directly
linked to RET activity. Two preparations of compound 13, RET kinase and substrate were
made, one of the preparations was exposed to light (365 nm, 15 min), while the other was kept
in the dark. Next, ATP was added and the plates were incubated at room temperature for 30
min. Measuring the kinase activity revealed that the ICsp-value of the compound kept in the

dark was 12 times higher than the light irradiated compound (6.8 uM to 590 nM, Figure 14).
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Figure 14. In vitro RET assay. The ATP depletion induced by RET-activity was monitored by
luminescence intensity. The activity readout following incubation with 1 (circles), 13 (triangles) and
light-exposed 13 (15 min 365 nm, squares) was referenced to a negative control incubation (without
compound added). ICsp-values of 72 nM, 6.8 uM, and 590 nM for 1 (dashed line), 13 (dotted line), and
irradiated 13 (solid line), respectively. Data is represented as mean * standard deviation of duplicate
samples.

These results show that the inhibitory activity of 13 can be controlled by light. The inhibitory
activity that is observed for 13 without irradiation could result from weak binding of 13 to
RET. Given the expected binding mode of 1 and the size of the protecting group, this is
somewhat unlikely but cannot be excluded completely. There is also the possibility that the
effectis a result of small amounts of contamination of free 1 (<0.5% by HPLC). For reference,
the ICs0 of 1 was determined to 72 nM. Since deprotection was not complete within the applied
15 min of irradiation, the higher ICso measured for the decaged compound compared to free 1
(72 nM) was expected (Appendix 1, Figure Al). Tolerance to the UV-light used is essential for
any light controlled biochemical or biological experiments. RET activity was therefore
measured excluding the inhibitor with and without 365 nm irradiation. No changes in kinase
activity could be detected after up to 15 min of light exposure (Appendix 1, Figure A2),
validating the use of the applied light dose.
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The photoactivation of 13 was then evaluated in a commercial whole cell assay with cells
expressing RET148.149. Compound 13 was incubated with the cells for 3 h at 37 °C. Then, one
of the preparations was irradiated with light (365 nm, 15 min), while the other was kept in the
dark. Neurturin, a growth factor that activates RET was added and the cell plates were
incubated for 3 h at 22 °C. Measurements of RET activity after addition of detection reagent
revealed a clear difference in kinase activity between the irradiated and non-irradiated
preparations. Irradiated 13 showed an ICso of 8.7 uM (Figure 15) while non-irradiated 13
displayed partial inhibition at concentrations higher than 1 uM. However, no 1Cs value could
be obtained for non-irradiated 13. As expected from the cell free assay, incubation with free 1
resulted in a lower ICs0 (470 nM) than for irradiated caged 1. The observed negative (lower
than positive controls without growth factor) activities in the cell assay (Figure 15) have been
reported for comparable assays and is likely an effect of growth factor independent RET-
activity'. To confirm that irradiation did not cause any side effects, cells without inhibitor
were irradiated for 15 min and no significant decrease in kinase activity could be observed

(Appendix 1, Figure A2).
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Figure 15. Dose-response curves from live-cell RET assay. The activity readout following incubation
with 1 (circles), 13 (triangles) and light-exposed 13 (15 min 365 nm, squares) was referenced to a
negative control incubation (without compound). ICse-values were 470 nM for 1 (dashed line) and 8.7
uM for irradiated 13 (solid line). We were unable to extract meaningful 1Cs-data with non-irradiated
13 included in the fit. Data is represented as mean * standard deviation of duplicate samples.
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3.2.3 Effects of inhibitor release on motoneuron development

The gene coding for Ret$ has been found to be expressed in motoneurons in both humans!30
and in zebrafish 151-153, Although this expression suggests that Ret has a role in motoneuron
development, this has not previously been shown for zebrafish. We wanted to test if
photocontrolled inhibition of Ret could be performed iz vivo as well as to gain additional

information of the role of Ret in zebrafish motoneuron development.

A transgenic zebrafish line (tg(o/ig2:dsRed) was used for these studies. These fish have ventral
spinal cord precursor cells that express the gene for a fluorescent protein that allows detection

of motoneurons and oligodendrocytes (developed from these cells) using confocal microscopy.

A solution of 13 (final concentration of 50 uM) was added to Zebrafish embryos 3 hours post
tertilization (hpf). Since the precursors of the axons start developing at 18 hpf!>4, and Ret
activity was assumed to be important for this process, irradiation was performed at 14 hpf. At
14 hpf, the embryos were washed with fresh medium and irradiated for 15 min (365 nm). The
embryos were then allowed to develop until 2 days post fertilization when they were analyzed
by confocal imaging. Control experiments were performed with non-irradiated embryos
exposed to 13 and irradiated embryos in 1 vol% DMSO without compound. These embryos
did not show any phenotypic anomalies and displayed normal motoneuron development

(Figure 16a and b).

§ Ret refers to the protein in zebrafish while RET refers to the human ortholog.
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a) 13 (50uM) — UV 14 hpf b) 1 vol% DMSO + UV 14 hpf

¢) 13 (50uM) +'UV 14 hpf d) 13 (50pM) + UV 24 hpf
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Figure 16. Confocal images of tg(v/ig2:dsRed) zebrafish fish showing motoneuron axons after treatment
with 13. Triangles mark stalling (white) and erroneous (yellow) axons. Scale bar: 20 um. a) 50 pM 13
without irradiation, b) 1vol% DMSO with irradiation, ¢) 50 uM 13 irradiated at 14 hpf, d) 50 uM 13
irradiated at 24 hpf and e) quantification of axonal phenotypes in the different treatments. n = number

of axonal processes quantified.

Embryos incubated with 13 and irradiated for 15 min at 14 hpf displayed motoneurons with

shortened and malformed axons compared with the controls (Figure 16¢). This phenotype was
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also observed when embryos were treated with free 1 (10 and 50 uM), indicating that the effect
of irradiated 13 was a result of released inhibitor (Appendix 1, Figure A3). Apart from altered
axonal extensions, these embryos developed normally and formed motoneurons, indicating
that the effect of Ret inhibition was specific to motoneuron extension. These results show that
13 can be absorbed by the embryo and that incubation with 13 without irradiation (at 50 uM)
or irradiation without 13 (15 min at 365 nm) does not affect motoneuron development of
embryos. Embryos exposed to 13 were also irradiated at 24 hpf (Figure 16d). This resulted in
similar but less severe effects compared with irradiation at 14 hpf. These results show the time

dependence of Ret-activity during development.

3.3 Conclusion

In this project, a water soluble caged RET kinase inhibitor was developed. The caged
compound was shown to inhibit RET 7z vitro, both in a biochemical and in a cell assay with a
clear difference between irradiation and no irradiation. The inhibitor can also be released in
zebrafish embryos and it was shown that decaging by irradiation with light resulted in inhibition
of motoneuron development 7z vive. The time of release was shown to be essential for the
inhibition process, highlighting the significance of a photocontrolled approach. The non-
irradiated compound does not affect axonal extension at the concentrations used. The caged
inhibitor in combination with two-photon excitation techniques could offer possibility of
spatial control of the inhibition of RET, adding one more dimension of RET activity to be

explored.
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4. 8-(Trazolyl)purines as potential aminoacyl adenylate

mimics (Paper II)

4.1 Introduction

Adenylate forming enzymes catalyze the functionalization of a range of biomolecules and play
an important role in several biological processes!®. Aminoacyl transfer RNA (aa-tRNA)
synthetases are members of the adenylate forming enzymes and catalyze the coupling of amino
acids to their cognate tRNAs, a key step in protein synthesis. Because of their role in protein
synthesis, aa-tRNAs have been identified as targets for antiinfectives!. In this project, we have
synthesized a series of 8-(triazolyl)purines designed as aminoacyl-adenosine monophosphate

(aa-AMP) mimics intended as aa-tRNA synthetase inhibitors.

4.1.1 aa-tRNA synthetases and their inhibitors

The aa-tRNA synthetases are divided into two classes (I and II), consisting of 10 enzymes
each!®’. The classes are further subdivided in three subclasses (a-c), depending of the structural
teatures of the proteins!®8. The general reaction catalyzed by the aa-tRNA synthetases proceeds
by first forming an aa-AMP by reaction between a carboxylate and ATP, a reaction driven by
pyrophosphate release!®®. A nucleophilic attack by an adenosine on the 3” end of tRNA gives
aa-tRNA and releases AMP. The aa-tRNA is then used in protein synthesis (Scheme 19).
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Scheme 19. Enzymatic adenylation mechanism. Reaction between a carboxylate and ATP forms
an aa-AMP (a) and nucleophilic attack by an adenosine on tRNA (b) gives aa-tRNA (c) and
releases AMP.

aa-tRNA synthetases have been linked to a wide range of disorders, including neuronal,
autoimmune and cancer related diseases'. Due the essential role of aa-tRNA in protein
synthesis, inhibitors with selectivity for bacterial or fungal over human aa-tRNA synthetases
are interesting drug candidates!>6.158, Figure 17 provides examples of four different types of aa-
tRNA synthetase inhibitors. Pseudomonic acid (mupirocin) is a natural product Ile-tRNA
synthetase inhibitor being used as a topical antifungal agent'®. The benzoxaboroles,
represented by AN2690 are Leu-tRNA inhibitors, also developed as antifungal agents!¢!. These
compounds have been shown to bind to and lock Leu-tRNA in the editing site of Leu-tRNA
synthetase!®2. Another type of compounds investigated as aa-tRNA synthetase inhibitors are
mimics of the aa-AMP reaction intermediate, exemplified by the sulfamoyl-adenosines!¢3.

Quinolones have also been investigated as aa-tRNA synthetase inhibitors!o4,
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Figure 17. Examples of aa-tRNA synthetase inhibitors and their target when applicable.

4.2 Results and discussion

The design of a series of 8-(triazolyl)purines as aa-AMP mimics was based on the structure of
the sulfamoyl adenosine derivative shown in Figure 17. Our hypothesis was that the triazole
could act as a linker between the amino acid and the purine ring system while maintaining their

relative positions in space (Scheme 20).
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Scheme 20. Design strategy of 8-(triazolyl)purines as aa-AMP mimics.

As these 8-(triazolyl)purines are structurally similar to adenosine analogs previously synthesized
in our group!% as fluorescent base analogs, we hypothesized that this scaffold could be utilized

for small molecule fluorescent probes.

4.2.1 Synthesis

Our initial strategy incorporated a 4-(purinyl)triazole and an imide linker between the

aminoacyl and the triazole (Figure 18).
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Figure 18. a) 4-(purinyl)triazole, b) 1-(purinyl)triazole and c) imide linked 4-(purinyl)triazole.

Starting from commercially available adenine (14), alkylation with ethyl iodide under anhydrous

basic conditions provided 9-ethyladenine (15) in 66% yield (Scheme 21).

NH2 Etl, Cs,CO5 in DMF NHz NHz
60 °C, 7 h )j: )j:
\ i)
I > - t > o U
N
14 15 (Ng) 16 (N7) 17 (N3)

66% 10%

Scheme 21. Alkylation of adenine (14). EtI (1.2 equiv.), Cs,COs (1.2 equiv.) in DMF, 60 °C, 7 h.

There are theoretically five nucleophilic positions on adenine, although alkylation generally
occurs at only two of these. Besides N?-alkylation, we observed a minor isomer isolated in 10%
yield. This isomer corresponded to the TH-NMR (DMSO-ds) chemical shifts published for 7-
ethyladenine?! for which nuclear Overhauser effect spectroscopy (NOESY) was used to
determine the structure. Other accounts!'®® however, state that alkylation generally favors the
N°-position but that the minor isomer is the N3-alkylated isomer despite the fact that the major
NH-isomers observed in solution are N’H and N°H5. We analyzed the major and minor
isomers using 1D and 2D-NMR spectroscopic methods in order to elucidate the structures of
the regioismers obtained in our case. According to a recent NMR study of N?- and N?-alkylated
purines, the 13C signals for C-8 and C-2 switch places depending on the substitution pattern,
C-8 being upfield of C-2 in N-alkylation and the reversed being observed for N3-alkylation!¢7.
This would account for the initially confusing observation that the methylene protons seem to

couple to the “same” C-H carbon (at 140.4 ppm in the major isomer and 143.0 ppm for the
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minor isomer) in heteronuclear multiple bond coherence (HMBC) experiments for the major

and minor product (Figure 19).
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Figure 19. 1D and 2D NMR-elucidation of the two isomers obtained in the alkylation of adenine. Key

’] C-H couplings are indicated by arrows. Assignment of °C signals follows the purine numbering (see
Appendix 2 for additional 'H- and "C-NMR spectra).

This is also likely to be the reason for the inconsistency in assighments mentioned above.
However, the methylene protons have a 3] 3C-'H coupling to C-4 in both isomers, an
observation that clearly supports that the N3-ethylated compound is the minor isomer. In the
minor isomer, there is also a 3] 13C-"H coupling between H-2 (8.36 ppm) and the methylene
carbon signal (154.9 ppm). H-2 is assigned by 3] 13C-'H coupling to C-6 (155.0 ppm) and C-4
(149.5 ppm) and H-8 (7.78 ppm) has 3] BC-'H coupling to C-5 (120.5 ppm) and C-4. The
upfield shift of C-5 has been observed by others, and so has the low intensity of C-4 and C-5,
being bridging carbons (affecting T1-relaxation)!%8. It can also be noted that in N°-alkylated
compounds, H-8 and H-2 have very similar chemical shifts while in N3-alkylated derivatives,

H-8 shifts upfield and H-2 downfield'¢’. The similar chemical shift for N° corresponds with
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our assignment of 9-ethyladenine. There is also a NOE coupling between the methylene
protons and the downfield aromatic proton (H-2) in the byproduct, further supporting that
the correct structure is an N3-alkylated species. The pattern of the methylene carbon chemical
shift in 15 being upfield of 17 also matches the literature!¢’. The NMR spectral analysis supports

the N3-alkylated product as the minor isomer obtained in our study.

Returning to the synthesis of the 8-(triazolyl)purines, bromination of the alkylation product

with Brz provided 8-bromo-9-ethyladenine (18) (Scheme 22).
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Scheme 22. Synthesis of the imide linked aminoacyl triazolylpurines. a) Etl (1.2 equiv.), Cs,COs (1.2
equiv.) in DMF, 60 °C, 7 h. b) Br, in HOAc buffer/THF/MeOH, 0 °C to t.t., 24 h. ¢) Pd(PPh3).CL (5
mol%), Cul (20 mol%), amberlite IRA-67 (5 equiv), ethynyltriisopropylsilane (3.3 equiv) in THF, MW
120 °C, 30 min. d) PS-fluoride (2.4-3.6 equiv, 2-3mmol/g loading) in THF, r.t., N, 24 h. ¢) (i) NaNj3
(1.2 equiv), 2-bromoacetamide (1.1 equiv) in DMF, MW 80 °C, 20 min. (ii) 20 (1.0 equiv), sodium
ascorbate (0.6 equiv), Cul (0.2 equiv), N,N’-dimethylenediamine (0.3 equiv), MW 80 °C, 2 h. f) NaH
(2.0 equiv), R*—amino acid-ONp (1.1 equiv.) in THF, 0 °C 15 min then at r.t., 3-5 h. g) Ho/Pd/C (10%
CatCart, 30x4 mm, H-cube®, 21 °C, 25 min, MeOH, flow rate: 1 ml/min). h) 50% TFA in DCM,
1-1.5 h. “Unstable compounds.
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Sonogashira coupling to introduce an ethynyl in the 8-position was initially attempted using
TMS-acetylene which resulted in a mixture of protected and deprotected product as well as
poor yields. Changing to acetylene with the more stable TIPS-acetylene gave the 8-alkynyl
purine 19 in 84% yield and the terminal alkyne 20 was accessed after silyl deprotection with
polymer supported fluoride (83% yield). The use of a polymer bound ammonium counter ion
for fluoride facilitates the workup and purification of the reaction. A copper catalyzed alkyne
azide cyclization (CuAAC) with 2-azidoacetamide provided 21 which was set up for the imide
formation. As discussed in section 2.1.4, this reaction allows regioselective cyclization of a
terminal alkyne and an azide to obtain 1,4-triazoles. Imide synthesis with #-Bul.i as base and
nitrophenyl activated ester!'®” resulted in only traces of the target compound. Using NaH as
base with either Cbz-L-valine 4-nitrophenyl ester or /Boc-L-leucine 4-nitrophenyl ester
provided the imides 22a and 22b in 35% and 47% yield, respectively. Removal of the Cbz
protecting group by hydrogenation (H-cube® with Pd/C 10 wt% catalyst cartridge) and
subsequent purification by preparative HPLC provided 23a in 22% yield. A byproduct (24)
resulting from nucleophilic attack by methanol on the imide was observed by TH-NMR and
LCMS (Scheme 23) and in part explains the poor yield. The same byproduct was observed
when purification was attempted on silica with methanol in dichloromethane (DCM) as eluent.
Deprotection of the Boc protecting group of 22b with TFA (50% in DCM) and subsequent
purification by preparative HPLC provided 23b in 63% yield. Unfortunately, these compounds

were also unstable when stored at -10 °C.
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Scheme 23. Byproduct formed during purification with flash column chromatography using
methanol in DCM as eluent.
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Because of their instability, both in the presence of methanol and during storage, an alternative
linker was needed. In the second strategy, the imide was replaced with an amide linker and the

triazole was inverted (Figure 20).

t\H% WY

Figure 20. Amide linked 1-(purinyl)triazole type compound.

Inverting the triazole ring reduces the number of reaction steps and opened up to performing
the CuAAC with easily accessible alkynyl amides and zz situ formed 8-azidopurine!”’. Again,
the synthesis started from 8-bromo-9-ethyladenine (18). Propargylamides 25a-c and (-
alkynylamides 25d-e were synthesized by amide coupling of N-protected amino acids with
propargylamine and 4-butynylamine with either HOBt and EDC or DCC (25a and b, 55%
and 72% yield, respectively), or HATU and EtN (25c-e) in 66-88% yield. 8-Azido-9-
ethyladenine was obtained by heating 18 and sodium azide at 90 °C for 22 h in DMF with the
exclusion of light. Formation of the heteroarylazide was confirmed by LCMS and without
isolation of the formed azide intermediate, Cul, sodium ascorbate (NaAsc), N,IN -
dimethylethylenediamine (DMEDA) and Cbz-valine-propargylamide were added to the
reaction mixture and heated at 90 °C for 24 h. Existing protocols for similar azidopurine
forming reactions using DMSO failed to provide satisfactory conversions in our hands!'7!. 172,
The reaction resulted in the isolation of a compound which corresponded to the debenzoylated

product 26a by 'H-NMR while the HRMS data did not correspond to the expected 7/ (Table
1).
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Table 1. Synthesis of compounds 26a-h.
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Compounds 26b-e were purified by preparative HPLC while compounds 26f-h were purified by flash chromatography on

silica. (i) NaNj; (1.8 equiv) in DMF, 90 °C, 22 h. (i) alkyne (1.4 equiv), sodium ascorbate (0.4 equiv), Cul (20 mol%),
DMEDA (0.3 equiv), t.t., 24 h, in the dark. "No product isolated.
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Cyclization with Cbz-Leu-propargylamide under these reaction conditions also failed to
provide the expected product in practical yields. To avoid deprotection during the cyclization,
the protecting group was changed to Boc and the reaction was carried out at room temperature
overnight. Under these conditions, triazoles 26b-e were isolated in 38-45% yield after
purification by preparative HPLC. The target compounds were accessed by Boc deprotection
by TFA in DCM (Table 2). In order to better compare the potentially fluorescent properties
of these “inverted” 1-(purinyl)triazoles with 4-(purinyl)triazoles previously published in the
group, 26f-h were synthesized. The 7z situ formed azido-purine was reacted with alkynes 25f-h

using the same reaction conditions as for 26b-e providing 26f-h in 48-50% yield (Table 1).

Table 2. Deprotection of 26b-e.

NH, NH,

N)j:N\ Ny a N)j:N\ Ny
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A A

Entry R Compound Yield, %
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o)
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XQN NHR' 26¢ 27c
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H : 26d 27d
3 N : 99
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E{\/ Tl/\ R'=/Boc R'=H

H
N NHR' 26e 27e
I 1 7
R'=Boc R!=H

Reaction conditions: a) 50% TFA in DCM, r.t., 1h.
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The moderate yields (38-50%) for these cyclizations can at least partially be explained by
reduction of 8-azido-9-ethyladenine to the corresponding amine. The /% cotrresponding to
the 8-amino byproduct was observed by LCMS and reduction of aromatic azides by excess
NaN3 in the presence of copper has been reported!”. This issue is difficult to avoid since using
less than 1.8 equiv. of NaNj resulted in low conversion of 8-bromo- to 8-azidopurine. This is
also supported by the fact that an excess of NaN3 is generally used in the synthesis of 8-azido

purines! 71172174,

4.2.2 Absorption/Emission properties of 1-(purinyl)triazoles

To determine the fluorescent properties of the synthesized compounds, absorption and

emission spectra were collected and quantum yields were calculated for five of the compounds

(Table 3).

Table 3. Absorption and emission properties of compounds 26f, 26g, 26h, 27b and 27d in MeOH.

Compound Absm. (nm) Empmax (nm) Dy [%]
26f 282 401 0.60
26g 283 404 0.57
26h 282,291 401 0.21
27b 283 408 0.55
27d 284 409 0.64

The investigated compounds had similar absorption maxima at approximately 283 nm and
emission maxima between 401-409 nm. The quantum yields were below 1% for this series.
This is a dramatic difference compared with the previously reported 4-(purinyl)triazoles!o>.
Comparing for example the benzyl substituted triazoles, the 1-purinyl compound (26g) had a
quantum yield of 0.6% while the 4-purinyl analog had a quantum yield of 64%!16>. These results
reveal a strong correlation between the position of the substituents of the triazole and quantum

yield. Additionally, purines with a triazolyl substituent in the C2-postion was recently published
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and quantum yields up to 53% were reported!”s, further supporting a substantial influence of

the purine substitution pattern on the quantum yield.

4.3 Conclusion

Two 4-(purinyl)triazoles and eight 1-(purinyl)triazoles were synthesized. The imide
functionalized 4-(purinyl)triazoles proved impractical due to low stability. While the 1-
(purinyl)triazoles were fluorescent, their quantum yields were very low and in stark contrast to
similar 4-(purinyl)triazoles. These results can serve as guidance for the design of triazole
bearing fluorescent probes in the future. Although not suitable as fluorescent probes, these

compounds could be tested as Leu-tRNA synthetase inhibitors.
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5. 8-(Triazolyl)purines as a-helix mimetics (Paper III and
IV)

5.1 Introduction

Physical interactions between proteins constitute an important mechanism for cell function
and are found in numerous cellular processes!’®, possibly all of them. Their high prevalence
and involvement in for example cell signaling has attracted attention to protein-protein
interactions (PPIs) as potential drug targets. However, the features of PPIs make them
challenging targets for small molecule inhibitors. One protein complex that has been identified
as a target for treatment of cancer is that of p53/MDM2. This chapter will describe the

development of 8-(triazolyl)purines as potential o-helix mimetics and p53/MDM2 inhibitors.

5.1.1 Features of protein-protein interactions

Besides multiprotein complexes, for example formed by activated protein kinases such as
RET!7 discussed in Chapter 3, there are dimeric complexes which can be divided into
homocomplexes, which are often stable complexes of two identical proteins and
heterocomplexes, made up of proteins that can often exist independently as well as in
complexed form!78. In this context, the focus will be on PPIs between heterodimeric
complexes since these are the ones most often targeted by small molecules. Although proteins
interact with a large surface area compared with well defined substrate binding pockets!78,
common features between interfaces have been identified. The contribution to the binding free
energy (AG) is not evenly distributed over the amino acid residues at the interface. Amino acid
residues with a disproportionately large contribution to AG have been identified. Such residues
are referred to as hotspot residues and are defined by a large change in binding energy (AAG
>2 kecal/mol) when removed in an alanine scan!’6. These residues ate clustered in hot

regions!”, often near the center of the interface!’s. Moreover, the hot regions are generally

48



surrounded by residues that contribute less to binding but are believed to exclude water from
the hotspot and thereby contribute to binding!76180, In the literature related to design of
inhibitors of PPIs, the term hotspot is used interchangeably for single residues and for what is
described as hot regions above!®l. One of the different methods used to affect PPIs focuses

on mimicking secondary structures found at the interaction interface!82.

5.1.2 a-Helices

The a-helix is the most common secondary structure found in proteins!8!, it commonly occurs
on the surface of proteins!®? and has been found to be prevalent at protein interfaces!'®. An a-
helix is a polypeptide chain twisted in a corkscrew fashion with about 3.6 amino acid
residues/turn!®s, rising 1.5 A /residue!®3, The helix is stabilized by hydrogen bonding between
the carbonyl oxygen of the backbone of amino acid 7 and the carboxamide proton on the
backbone of amino acid 7+4 (Figure 21). The amino acid side chains protrude out from the
faces of the helix and residues at 7, 7+4 and /+7 positions protrude in the same direction (on
the same face of the helix)!8. The topography of the side chains have implications for the

design of a-helix mimics discussed in the next section.
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i+7

Figure 21. Model of an Ala a-helix (sideview left and topview right). Side chains on one face of the
helix are illustrated as spheres. Hydrogen bonds are shown as dashed lines.

5.1.3 a-Helix mimetics and other inhibitors

Synthetic a-helix mimetics can be divided into three classes based on design strategy. The first
class (type I inhibitors) consists of small peptide fragments, chemically modified to stabilize an
a-helical structure!®. This class is outside the scope of this work and will not be discussed
further. The other two classes are both nonpeptidic and great efforts have been focused on
developing nonpeptidic mimetics of the a-helical structure. The first class of the nonpeptidic
mimetics aim at replacing the peptidic backbone with a scaffold that s able to place substituents
in the same space as the side chains of selected residues of the helix being mimicked. These
have been referred to as type III inhibitors!®!, and this nomenclature will be used hereafter.
Although multifaced a-helix mimetics have been published!®-18 most of the efforts has been
directed towards scaffolds mimicking substituent positions on one face which will be the focus
below. The first nonpeptidic a-helix mimic were the terphenyls from Hamilton’s lab!8? (Figure
22). These have been followed by for example the terephtalamides!”’, benzyolureas!!, and
pyridazine centered compounds!?? (Figure 22). Another noteworthy example is the approach
to mimic all secondary structures from Burgess laboratory!®3. a-Helix mimetics based on a
pyrrolopyrimidine scaffold!%4, structurally related to purines, have been reported and will be

discussed further in Section 5.2.1.
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Figure 22. Examples of o-helix mimetics. a) terphenyls, b) terephtalamides, c¢) benzyolureas, d)
pyridazine derivatives and e) pyrrolopyrimidines. 7 7+4 and /+7 substituents are marked with dashed
lines.

The third class (type II inhibitors)!8! comprises scaffolds that can place substituents in the
correct spatial arrangement but that are structurally remote from an «-helix. Several noteworthy

examples will be presented in section 5.1.4 in the context of p53/murine double minute 2

(MDM?2) inhibitors.

5.1.4 The p53/MDM2 complex

p53 is a transcription factor that regulates the cell cycle, DNA repair and apoptosis as a
response to DNA damage!®. Inactivation of p53 is commonly occurring in cancer cells.
Mutation in TP53, the gene coding for p53, is common as part of the apoptosis-avoiding
mechanisms of cancers!®. With or without mutation in the TP53 gene, p53 activity is
controlled by a complex network of positive and negative feedbacks!?’, an important part of
which is played by MDM2, a protein that binds to p53, resulting in ubiquitination and
subsequent degradation!?>1%, It has has been demonstrated that inhibition of MDM2 in cancer
cells without TP53 mutation could reactivate p53 and initiate apoptosis!®®. The PPI interface
of p53/MDM2 is well characterized!®. A hotspot consisting of a short a-helix of p53 binding
to a largely hydrophobic crevice on the MDM2 surface has been identified. The amino acid
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side chains protruding from the o-helix face towards the MDM2 crevice are leucine (Leu),

tryptophan (Trp) and phenylalanine (Phe) (Figure 23).

Figure 23. X-ray crystal image of p53-peptide (turquoise) bound to MDM?2 (blue). The hotspot
residues Phe, Trp and Leu of the p53 helix are visible. (PDB: 1YCR).

Several efforts have been made to develop compounds that mimic the p53 hotspot a-helix as
inhibitors of MDM22%. The nutlins (Figure 24) were the first small molecule inhibitors of
p53/MDM2198 identified by HTS, and the contribution of the substituents of this compound
class has been thoroughly studied?’!. Another successful and more recent example are the
piperidinones?’? (AMG232 in Figure 24)203 and related morpholinone compounds?%4. AMG232
is one of seven p53/MDM2 inhibitors cutrently in clinical trials2%5. A number of inhibitors
based on indolyls?96207  structurally related spiro compounds?® and benzodiazepinediones??

have also been reported.
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Figure 24. Examples from different compound classes of p53/MDM2 inhibitors. The binding sites
for the LeuTrpPhe residues of p53 are represented by curved lines.

5.2 Results and discussion

5.2.1 Design, part 1

As mentioned above, pyrrolopyrimidine o-helix mimetics with low micromolar inhibitory
activity against MDM2 and MDMX was reported in 2010194, These compounds have an amide
in what would be equivalent to the 8-position of purines. Since triazoles are known amide
bioisosters?!%:211 we decided to investigate if the 8-(triazolyl)purine scaffold substituted in the
2-, 6- and 9-positions could be used as o-helix mimetics. In addition, since several 8-
(triazolyl)purines have shown to be fluorescent!>, this could potentially be used for example
for intracellular localization. Comparison of low energy conformations of 8-(triazolyl)purines,

obtained by a conformational search using Macromodel in Maestro?!2, with an idealized o-helix
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indicate that the spatial arrangement of the substituents on the triazole, 2N and N\’-position

coincides in space with the 7 /+4 and /+7 on one face of the helix (Figure 25).

i (2N)

i+4 (N°)

i+7 (triazole)

Figure 25. Superposition of low energy conformations of 8-(1,4-triazolyl)purine (brown) and 8-(1,5-
triazolyl)purine (blue) with an Ala a-helix (yellow). Positions of the residues indicated with spheres are
given to the right followed by the substituent positions on the triazole (in parenthesis).

5.2.2 Synthesis, part 1

The route to the triazole in the 8-position was planned to proceed analogously with the
synthesis of the aa-AMP mimics (Chapter 4). In this project, we wanted access to both the 1,4-
and 1,5-regioisomers of the triazole as this allows for variation of the spatial arrangement of
substituents at a later stage in the synthesis. Substituents in the 6-position can be introduced
by SxAr provided that the position is preactivated. The N-position should be possible to
selectively alkylate as discussed in Chapter 1. If the starting material is a 2-aminopurine, the

2N-position should also be possible to functionalize by reductive amination or alternatively by
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the Mitsunobu reaction. 2-Amino-6-chloropurine (28) is commercially available and would

serve as a suitable starting point for the synthesis.

Initial attempts to obtain compounds substituted on N” and on the 2-amino group through
alkylation with an alkyl halide under basic conditions on N’ and subsequent reductive
amination of the 2-amino group were unsuccessful due to low reactitvity in the reductive
amination. While it is possible to alkylate the 2-amino group with alkyl halide and base, this

procedure is not practical since it leads to a mixture of mono- and dialkylated compounds.

An alternative method for alkylation of nucleophilic functionalities is the Mitsunobu reaction®
213 which uses a primary or secondary alcohol as the electrophile in the presence of
dialkyldiazodicarboxylate and a trialkyl- or triarylphosphine. This methodology has been used
to sequentially substitute 2-amino substituted purines in the N° and 2N positions®> 214, The 2-
amino position needs to be activated by Boc protection and the difference in acidity together
with the steric bulk of the Boc group provide regioselectivity between 2N and N°. This
methodology was used to obtain three 2N, N°-substituted purines (30a-c) in high yields from

2-amino-6-chloropurine (28) (Scheme 24).

N N
N7 NH N7 N-R 29a: R, = PheEt, 74%

\ a \ 29b: Ry = iBu, 91%
cl / N — /_<N 29c: R4 = cyclophentylmethyl, 86%

NHBoc NHBoc
28 29 30a: Ry = PheEt, R, =Bn, 94%
30b: R4 = iBu, R,= 1-naph, 91%
l b 30c: R, = cyclophentylmethyl, R, = Bn, 82%
31a: Ry = PheEt, R, =Bn, 95%
NAN’R1 NAN’R1 31b: R4 = iBu, R, = 1-naph, 94%

31c: Ry = cyclophentylmethyl, R, = Bn, 82%
\ < \
MezN42/_< N CI42/_< N

N=( N=(
HN-R, BocN-R,
31 30

Scheme 24. Synthesis of 31a-c a) ROH, DIAD, PhsP in THF, r.t. b) ROH, ADDP, #BusP in THE,
r.t. ¢) DMF, MW, 180 °C.

Heating 30a-c in a microwave reactor at 180 °C in DMF?!5 introduced a dimethylamino group

in the 6-position by SnAr and simultaneously thermally removed the Boc-protecting group in
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high yields (31a-c, 82-95%). To set the stage for the Sonogashira coupling, the next step was
bromination in the 8-position, an expectedly simple reaction that led to a detour described

below.

5.2.3 8-Bromination of 2,6,9-trisubstituted purines (Paper I1I)

In both bromination of 9-ethyladenine (Chapter 2) and iodination of pyrazolopyrimidine
(Chapter 1), commonly used reagents (Br> and N-iodosuccinimide (NIS), respectively) resulted
in the expected products in fair yields. However, when bromination was attempted on the
2,0,9-trisubstituted substrates, poor results were obtained with common bromination reagents
such as N-bromosuccinimide (NBS) in acetonitrile®* and bromine in NaOAc/HOAc buffer in
THF/MeOH!"0 which was used to brominate 9-ethyladenine. Pyridinium tribromide (PyrBr3),
a brominating agent that has been shown to brominate other aryl compounds?!6217 as well as
alkenes?!8 and the a-position of ketones?'%?20, was tested on purine 31d (Scheme 25) which

provided the 8-brominated derivative (32a) in excellent yield (93%).

NMeZ NMez
NN a N \
_a, B
HzN)l\ Z N> 93% 4 N)l\N/ N>— r

Scheme 25. 8-Bromination using PyrBrs. a) PyrBrs in DCM, r.t., 5 h.

Workup and purification of the reaction mixture proved more convenient than with bromine.
Furthermore, while elemental bromine is a high viscosity, low vapour pressure and pungent
liquid, PyrBr; is a crystalline solid that can be weighed out. The high yield of our initial reaction
together with the features of PyrBr3 just mentioned encouraged us to explore the possibility of
using PyrBrs as a more general alternative in purine bromination. We tested PyrBrs in the
bromination of a range of purines with varying substituent pattern in 2-, 6- and 9-position

(Table 4). Our initial reaction was run in DCM which was also chosen as a starting point for
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the substrate screen. However, several of the purines tested had poor solubility in DCM and
therefore DMF and acetonitrile were used in these cases. The general trend was that for the
bromination to be successful, electron donating substituents were necessary in both the 2- and
6-position and high yields were obtained within 1-5 h when amino substituents were present

in both positions.
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Table 4. 8-Bromination of purines using PyrBrs.

Re
N a N )j N
\ _ | \ Br
N> Rz)\ N N\>_
Ro

32
Entry rsnt;‘f:;:i R R R Solvent  Time (h) Product  Yield (%)
1 31e Cl H H DCM 24 32b nte
2 31f Cl NH; H DCM 0.n? 32¢ tad
3 31g N(Me) NH: H DMF 6 32d 38
4 31h N(Me) NH: H DCM 55 32d 46
5 31 NH H Bn DCM 48 32e nr
6 315 Cl H Bn DCM o.n 32f nr
7 31k OMe H Bn DCM o.n 32¢g nr
8 31 N(Me) H Bn DCM o.n 32h ta
9 31m N(Me) NH; Bn DCM 3 32i 90
10 31n NHBn NH: Bn DCM 3 32j 87
11 310 NH: NH: Bn DMF 5 32k 27
12 31p N(Me), NH; Isobutyl DCM 2.5 321 80
13 31q N(Me), NHBn Phenethyl DCM 1 32m 91
14 31r NHBn NHBoc Bn DCM 3 32n 36
15 31m N(Me), NH; Bn DMF 3 32i 47
16 31d N(Me)2 NH: Phenethyl DMF 3 32a 59
17 31im N(Me)2 NH> Bn MeCN o.n 32i 80
18 31s OMe NH: Bn DCM o.n 320 37
19 31t OMe NH; Bn DCM o.n 320 43¢
20 31u Cl NH; Bn DCM 16 32p nr
21 31m N(Me) NH; Bn DCM 4 32i 93f

2 o.n=overnight

bIsolated yield.

°nr = no teaction i.e. only starting matetial could be obsetved by LCMS and/or TLC.

dta= trace amounts i.e. only trace amounts of the product could be observed by LCMS.

<3 eqvivalents of PyrBr; was used.
fPolymer supported PyrBrs was used.
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Switching for example to 6-chloro derivatives resulted in only trace amounts of product. For
2-amino-6-dimethylaminopurine, moderate yields were obtained both in DMF and DCM. In
this case, the poor solubility of the 9-H derivatives was most likely the main reason for the
poor yield. The strong correlation between yield and electron donating substituents indicates
that the reaction is ionic and proceeds through an Ea;S mechanism. PyrBrs is in equilibrium

with bromine and pyridinium bromide in solution (Scheme 20).

B o
’C:I-l)/ —_— ’C:I-l)/ Br2
H H
’ Br—Br—Br] © Br®

Scheme 26. Equlibrium between PyrBr; and bromine and pyridinium bromide.

Although both bromine and PyrBrs has been reported to act as brominating agents??!, the
expected Ea:S mechanism suggests that bromine is the main brominating reagent in this case

since electrophilic attack from an anion (tribromide) is not plausible.

5.2.4 Synthesis, part 1 (continued)

With the bromination protocol described in the previous section, 32m,q,r were synthesized in
high yields (84-93%), followed by Sonogashira coupling with TMS-acetylene catalyzed by
PdCl2(PPhs)2 and Cul (Scheme 27). Removal of the silyl protecting group without prior
purification gave the terminal alkynes in 57-74% yield over two steps. As in paper 11, polymer
supported base in the Sonogashira coupling and fluoride in the deprotection were used to

facilitate workup and purification.
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N“N-Ri a

—_—
\
MeZNAQ/tiN Me,N

HN-R,
31

N7 N-Ri N7 N-Ri
—_—
\ \
7 N Me,N— N
N= N=(
HN-R, HN-R,
32 33

32m: Ry = PheEt, R, =Bn, 93%
32qg: R4 = iBu, R, = 1-naph, 84%
32r: R4 = cyclophentylmethyl, R, = Bn, 90%

33a: R4y = PheEt, R, =Bn, 73%
33b: Ry = iBu, Ry = 1-naph, 74%
33c: R4 = cyclophentylmethyl, R, = Bn, 57%

Scheme 27. Synthesis of 33a-c a) PyrBr; in DCM, r.t. b) (i) PdCly(PPhs),, Cul, Amberlite IRA-67,
TMS-acetylene in THF, MW, 110 °C. (ii) PS-F in THF, r.t.

Cyclization with alkyl and benzyl azide in the presence of Cul, sodium ascorbate and DMEDA

at room temperature overnight afforded 1,4-triazoles 34a-c (55-82% yield) (Scheme 28). To

avoid isolation of low molecular weight, potentially explosive alkyl azides, isobutyl azide was

tormed 7n situ trom isobutyl bromide and sodium azide in DMF and used without purification

in the cyclization reaction. Cyclization with benzylazide??? catalyzed by Cp*RuCl(PPhs).

provided the 1,5-triazole 35a in 22% yield.

N$

\N/ \N/ \N/
R
DRSS o o SRSy (.
Rz\N)\N/ N‘ N RZ\N)\N/ N RZ\N)\N/ N‘ N,N
H R H R4 H R 3

1
34

34a: R4 = iBu, Ry= 1-naphtyl, R3 = Bn, 55%
34b: R4 = phenethyl, R,= Bn, R3 = iBu, 80%

s+ R
33 35

35a: Ry = iBu, R, = 1-naph, R3 = Bn, 22%
35b: Ry = phenethyl, Ry= Bn, R3 = iBu, 4%

34c: Ry = cyclophentylmethyl, R, = Bn, Rz = Bn, 82%

Scheme 28. Synthesis of 34a-c and 35a-b. a) R;=Bn, BaNj; (1.6 equiv.), Cul (18 mol%), NaAsc (40
mol%), DMEDA (46 mol%) in DMF, r.t. Rs=/Bu, (i) BuBr (2.1 equiv.) NaN; (2.1 equiv.) in DMF,
100 °C, 30 min. (ii), Cul (20 mol%), NaAsc (27 mol%), DMEDA (27 mol%), t.t., 22 h. b) R;=Bn,
BnN; (1.8 equiv.), Cp*RuCl(PPhj), (10 mol%) in DMF, MW, 110 °C, 1 h. R;=7Bu, (i) /BuBr (2.0 equiv.)
NaN; (2.0 equiv.) in DMF, 100 °C, 30 min. (ii) Cp*RuCl(PPh;), (10 mol%), MW, 110 °C, 5 h.
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Compound 35b was isolated in trace amounts after extensive purification. The lower yield in
the 1,5-cyclization can be partly attributed to difficulties in purification. In order to be useful,
the reaction conditions for the 1,5-triazoles would clearly need to be optimized. However, the

compounds were first evaluated as p53/MDM2 inhibitors in a biochemical assay.

5.2.5 Biochemical evaluation and redesign

Four of the compounds (34a-c and 35a) were tested in a fluorescence polarization (FP) assay
that measures the displacement of a fluorescently tagged ligand (in this case a peptide segment
from p53) by the investigated compound. In this assay, the system is irradiated with polarized
light at a wavelength absorbed by the fluorophore. The polarization of the emitted light is
affected by the molecular rotation of the fluorophore which in turn is dependent on if it is
bound to the protein or not. In the presence of a ligand, the displacement of the fluorescently

tagged compound is reflected in the polarization of the emitted light?23,

Unfortunately, none of the products showed any activity towards MDM2. During our work
with these compounds, a number of highly active (low nanomolar) MDM2 inhibitors were
published?02-204,208,224.225 "These compounds all belonged to the type II PPI-inhibitors discussed
in section 5.1.3 and 5.1.4, with at least two features distinguishing them from the o-helix
mimetic design used for compounds 34a-c and 35a-b. The compounds were generally smaller
than typical a-helix mimetics and had a hydrophilic substituent attached to the “face” that
would point out from the pocket towards the solvent. Crystal structures of a number of these
compounds cocrystallized with MDM2 were also published?/2226, After analysis of the crystal
structures??’ and published compounds, as well as docking of 8-(triazolyl)purines in the p53-
helix binding site of the MDM2/inhibitor crystal complexes, we decided to redesign our
compounds according to the type II inhibitors. The new series of compounds had smaller
substituents on the triazole and the 2N substituent (the Phe and Leu pockets). Since the
tryptophan pocket of MDM2 is the deepest of the hydrophobic pockets, a large hydrophobic
group was kept in this position. The dimethylamino group in the 6-position was exchanged for
substituents that could possibly form hydrogen bonds with the hydrophilic amino acid residues
on the edge of the hotspot region. An example of docking of an 8-(triazolyl)purine in MDM?2

using Glide in the Schrédinger suite??8 is shown in Figure 26.

61



a¥ \

Figure 26. Docking of a 8-(triazolyl)purine derivative in MDM2. a) LeuTrpPhe-binding pocket of
MDM?2 (blue) with cocrystallized ligand (yellow) and b) with purine-compound (brown) docked into
the binding site. (PDB: 4HBM).

5.2.6 Synthesis and biochemical evaluation, part 2

Introduction of the - and 2N-substituents was achieved as described for the first set of
compounds. When p-chlorobenzyl substituents were present, milder reaction conditions for
the introduction of the dimethylamino group were used to avoid amination of the
chlorobenzyl. Dimethylamine in ethanol (5.6 M) at 80 °C and subsequent removal of the Boc-
group with TFA in DCM provided 38c in excellent yield (95% over two steps). SNAr at the 6-
position with thioglycol ethylester and glycine ethylester under basic conditions followed by
Boc removal (TFA in DCM) provided 38d-g in 60-98% yields over two steps. To complement
these substituents with a smaller hydrophilic functionality, a primary amine was introduced.
Amination with NH4OH (aq.) at 100 °C provided the aminated product. Subsequent
bromination with PyrBrs with the Boc group still in place failed to provide the product in
accordance with the reactivity pattern observed in the bromination study (Section 5.2.3). The
highest yields were obtained when the Boc group was removed with TFA in DCM after
workup of the amination. PyrBrs bromination was then performed on the crude product from
the deprotection without prior purification. This procedure provided 39h and 39i in 51 and
73% yield over three steps, respectively. The Sonogashira reaction was performed as described

above to provide terminal alkynes 40a-i in 50-72% yields over two steps (Scheme 29).
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N7 NH N7 ON-R
N \ 37a: Ry = 2-indanyl, R, = Bn, 94%
c—" N c— N 37b: R, = 2-indanyl, R, = nPr, 75%
N:< N=< 37c: Ry = 2-indanyl, R, = p-CIBn, 91%
NHBoc NHBoc 37d: Ry =Bn, R, =Bn, 78%
28 36 38a: Ry = 2-indanyl, R, = Bn, R4 = NMe, 94%
b 38b: Ry = 2-indanyl, Ry = nPr, Ry = NMe;, 87%
l 38c: Ry = 2-indanyl, R, = p-CIBn, R4 = NMe;, 95%
38d: R, = 2-indanyl, R, = Bn, R, = NHCH,CO,Et, 91%
38e: Ry = 2-indanyl, R, = nPr, R4 = NHCH,CO,Et, 98%
NZON-Ri N&\N,R1 38f: Ry =Bn, R, =Bn, R4 = NHCH,CO,Et, 62%
389: Ry =Bn, R, =Bn, R4, = SCH,CO,Et, 60%
\ \
R4 7 N ca— "N 39a: Ry = 2-indanyl, R, = Bn, R, = NMe, 84%
N= N= 39b: R, = 2-indanyl, R, = nPr, R4 = NMey, 83%
HN-R; BocN—-R, 39c: Ry = 2-indanyl, R, = p-CIBn, R, = NMe,, 86%
38 37 39d: Ry = 2-indanyl, R, = Bn, R4 = NHCH,CO,Et, 73%
39%e: Ry = 2-indanyl, R, = nPr, R4 = NHCH,CO,Et, 96%
q 39f: R; = Bn, R, = Bn, R, = NHCH,CO,Et, 81%
l 399 R1 = Bn, R2 = Bn, R4 = SCH2C02Et, 35%
39h: Ry =Bn, R, =Bn, Ry = NH,, 51% (over 3 steps)
| | 39i: Ry = 2-indanyl, R, = nPr, R4 = NHy, 73% (over 3 steps)
Br J\ 40a: R, = 2-indanyl, R, = Bn, Ry = NMe,, 70%
N)\N’R'I N z N’R'I 40b: R1 = 2-.indanyl, R2 = nPr, R4 = NMez, 72%
40c: R = 2-indanyl, R, = p-CIBn, R4 = NMe,, 69%
/N /N 40d: R4 = 2-indanyl, R, = Bn, R4y = NHCH,CO,Et, 52%
R4 N R4 N 40e: R, = 2-indanyl, R, = nPr, R, = NHCH,CO,Et, 60%
N= N:< 40f: R, = Bn, R, = Bn, R4, = NHCH,CO,Et, 69%
HN—R, HN—-R, 409: Ry =Bn, R, = Bn, R4 = SCH,CO,Et, 50%
39 40 40h: R»] = Bn, R2 = Bn, R4 = NH2, 82%

36:

R4 = 2-indanyl, 83%

40i: R, = 2-indanyl, Ry = nPr, Ry = NH,, 51%

Scheme 29. Synthesis of 40a-i. 2) R;OH, DIAD, PhsP in THF, r.t. b) R,OH, ADDP, nBu,P in THF,
r.t. ¢) Ry= NMes, DMF, MW, 180 °C. Ry = NHCH,CO,Et, (i) NH,CH,CO,Et, Et:N in EtOH, 100
°C. (ii) 50% TFA in DCM, Ry = SCH,CO,E#, (i) SHCH,CO,Et, NaH in toluene, 70 °C. (ii) 50% TFA
in DCM. d) PyBr; in DCM, r.t. Ry = NH,, (i) NH,OH (aq.) in dioxane, 100 °C. (ii) 50% TFA in DCM.
(iii) PyBr; in DCM, r.t. €) (i) PACL(PPhs), Cul, Amberlite IRA-67, TMS-acetylene in THE, MW, 110
°C. (ii) PS-F in THF, r.t.

Since the first set of compounds were expected to be too large and possibly too lipophilic, it
was decided to introduce a methyl group on the triazole ring. When methylazide was used in
the Cu-catalyzed cyclization, the highest yields were obtained when the 77 situ azide formation
was run at room temperature followed by cyclization at 60 °C (Scheme 30). Low yields were
obtained when the reaction vial was flushed with nitrogen after azide formation which is
assumed to be due to the volatility of methylazide. The 1,5-regioisomers were abandoned due

to poor yields and cumbersome purification in these cyclizations.
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NN
)l\ Z N: _ 41a: Ry = 2-indanyl, R, = Bn, R4, = NMe, R; = Me, 83%
Hl}l N \ 41b: Ry = 2-indanyl, R, = nPr, R4 = NMe, R3 = Me, 52%
Rz R 41c: Ry = 2-indanyl, R, = p-CIBn, R4 = NMe, R3 = Me, 87%
33a. 33c. 40a-i 41d: R1 = 2-indanyl, R2 =Bn, R4 = NHCHQCOQEt, R3 = Me, 85%

41e: R4 = 2-indanyl, R, = nPr, R, = NHCH,CO,Et, R3 = Bn, 74%
41f: R, = 2-indanyl, R, = nPr, R, = NHCH,CO,Et, Rs = Me, 87%
a 41g R»] = Bn, R2 = Bn, R4 = NHCHchZEt, R3 =Bn, 46%
41h: R1 = Bn, R2 = Bn, R4 = SCH2C02Et, R3 = Bn, 40%
41i: R1 = Bn, R2 = Bn, R4 = NH2, R3 = Me, 66%
41j: Ry = 2-indanyl, Ry = nPr, R4 = NHy; R3 = Me, 84%

R4 41k: R, = phenethyl, R,= Bn, R, = NMe,, R; = Me, 53%
N7 XN ISV 411: R, = cyclophentylmethyl, R, = Bn, R4, = NMe,, R3 = Me, 68%
S e W
= N
HN” N~ N "R,
R, Ry
41

Scheme 30. Synthesis of 41a-1. a) Rs=Bn, (i) BnBr (1-2 equiv.), NaN; (2 equiv.) in DMF, 100 °C, 30
min. (i) Cul (20 mol%), NaAsc (30-50 mol%), DMEDA (20-30 mol%) in DMF, r.t. Rs3=Me, (i) Mel
(2 equiv.) NaN; (2 equiv.) in DMF, r.t., 3 h. (if) Cul (20 mol%), NaAsc (30 mol%), DMEDA (20-30
mol%), 60 °C, 3 h.

The new series (41a-1) was also tested in a FP-assay. Two compounds, 41f and 41j (Figure 27),
showed micromolar inhibitory effect in this initial assay. Compound 41f was tested in two

independent runs and the results showed high variability (18 £ 15 pM).

o N N NS N N:N
N =N N \
PP R W PP e W

HN” N” ~N N P“ N >

41f 41j
ICs0: 18 (+ 15) UM (FP) ICs0: 56 UM (FP)

Figure 27. Compounds with activity towards MDM2 in a FP-assay.

To confirm specific bnding to MDM2, 41f was further tested in a surface plasmon resonance
(SPR) assay. In this assay, MDM?2 is immobilized on a functionalized gold surface. Polarized

light is emitted through a prism and reflects on the surface. A dip in intensity of the reflected
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light is caused by plasmon resonance. The angle of the reflected light is affected by the
environment near the surface and will therefore be different if ligand is bound to MDM?2 or
not. This method allows direct detection of binding??. Compound 41f showed nonspecific
background binding in this assay and binding could not be confirmed with this method. The
nonspecific binding could be explained by binding of 41f to neutravidin on the surface of the
chip used to immobilize MDM2, although additional experiments are required to confirm this.
One way to avoid this issue in future tests is to use an alternative immobilization mechanism
for MDM2 or to treat the plate with a neutravidin binder after immobilization of MDM2, to
saturate superfluous neutravidin sites. The low potency for the type II compounds can possibly
be explained by that while the methyl group on the triazole seem to fit into one of the

hydrophobic sites of MDM?2, it might bury the more polar triazole as well.

5.2.7 Evaluation of fluorescene properties

A discussed eatrlier, intrinsically fluorescent inhibitors could be used for example for
localization of the compounds in cells. Since these 8-(triazolyl)purines are structurally related
to fluorescent base analogs!%5, we wanted to determine the absorption/emission properties of
these newly synthesized purine derivatives. The absorption and emission maxima as well as
quantum yield was determined for 19 different 2,6,8,9-tetrasubstituted purines. The results are

summarized in Table 5 and a selection of absorption and emission spectra are shown in Figure

28.
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Table 5. Absorption and fluorescent properties of 8-(triazolyl)purine derivatives.

Ry
N
[
HN™ "N N
R, R
Aabsmax  Aem,max D
Entry  Cmpd Ry R> R3 R4
(am)  (am) (%)
41a 2-indanyl Bn 1,4-Me NMe; 310 376
2 41k phenethyl Bn 1,4-Me NMe: 315 376
3 34c Cyclopentyl- Bn 1,4-Bn NMe; 317 377 2
methyl
4 41b 2-indanyl nPr 1,4-Me NMe» 311 378 1
41d 2-indanyl Bn 1,4-Me NHCH2COzEt 311 377 8
6 411 Cyclopentyl- Bn 1,4-Me NMe; 316 376 2
methyl
7 41i Bn Bn 1,4-Me NH, 314 375
41j 2-indanyl nPr 1,4-Me NH; 311 377
9 41g Bn Bn 1,4-Bn NHCH2COzEt 318 381 10
10 41e 2-indanyl nPr 1,4-Bn NHCH:CO:Et 316 382 4
11 41f 2-indanyl nPr 1,4-Me NHCH2CO:Et 313 380
12 34a Bu 1-naphtyl 1,4-Bn NMe; 318 378 2
13 34b phenethyl Bn 1,4-Bu NMe, 316 378
14 35a Bu 1-naphtyl 1,5-Bn NMe; 322 437 37
15 35b phenethyl Bn 1,5-Bu NMe; 320 422 51
16 41h Bn Bn 1,4-Bn SCH,COzEt 340 398 2
17 31q phenethyl Bn -E-H NMe; 292 351 <1
18 32m phenethyl Bn -g-Br NMe, 294 412 <1
19 33a phenethyl Bn -EE NMe, 319 391 <1

The 1,4-triazolyl compounds (entry 1-13 and 16) all had absorption maxima between 310-322
nm, with the exception of 41h (entry 16), bearing a sulphur substituent in the 6-position. The
absorption maximum of 41h is redshifted to 340 nm. The substitution pattern on the triazole
and in the N\’ and 2N positions seem to have little effect on the quantum yield. This can be
expected since none of the substituents in these positions affect the conjugation of the

heterocyclic core. Compounds with a 6-dimethylamino substituent all had low quantum yields
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between 1-5% (entry 1-4, 6, 12, 13). Changing from tertiary to primary (entry 7, 8) or secondary
amines (entry 5 and 9-11) gave slightly higher quantum yields (4-10%).
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Figure 28. Normalized absorption (solid lines) and emission (dashed lines) spectra of five of the

measured compounds.

Interestingly, changing the regioisomerism of the triazole form 1,4 (entry 13) to 1,5 (entry 15)
resulted in a 10 fold increase of the quantum yield from 5% and 51% accompanied by an
increase in Stokes shift from 62 to 102 nm. One explanation to this difference could be that
the 1,5-isomer has hindered rotation around the triazole-purine bond. This would minimize
rotational relaxation, a mechanism that is known to lower the quantum yield®>. This explanation
could perhaps also be extended to explain the difference between tertiary and secondary 6-
amino substituents, assuming that an intramolecular hydrogen bond can form between the
lone pair on N7 and the hydrogen on the secondary amine. This would hinder rotation around
the C-N bond and possibly lead to an increase in fluorescence. To investigate if the triazole is
essential for fluorescence in these compounds, absorption and emission of 31a, q and m
bearing a proton, bromine and an alkyne in the 8-position was also measured. These
compounds all displayed very weak fluorescent properties. These results show that the 8-

triazole substituent is necessary to obtain measurable quantum yields on this set of compounds.
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5.3 Conclusion

In conclusion, two series of 2,6,9-trisubstituted 8-(triazolyl)purines were synthesized. Two of
the compounds of the second series, the smaller type II inhibitors, showed micromolar activity
against MDM2, although their binding mode need to be evaluated further. The study of
photophysical properties revealed a 10 fold difference between 1,4- and 1,5-regioisomers.
Although the 1,5-triazoles tested in this study did not show activity as MDM?2-inhibitors, the
high quantum yield for the 1,5-isomer could have interesting implications for development of
triazole containing fluorescent probes in other areas. In addition, we developed a convenient
route for 8-bromination of electron rich purines using PyrBrs in equimolar amounts at room

temperature.
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6. Concluding remarks and future perspectives

This thesis describes the synthesis of purine and pyrazolopyrimidine derivatives for different
biological applications. The ubiquitous presence of purines as constituents of our internal
molecular machinery poses potential problems with selectivity which has to be taken into
account. The question of selectivity is especially important when the goal is to study the
phenotypic effects of modulating the activity of a certain enzyme in a biological system?3. In
addition to the importance of selectivity, the timing and spatial localization of the process might
also be of importance. Using photoactivatable compounds as described in the first paper in
this thesis gives the researcher control of when, and potentially also where, a compound is
activated. We applied this technique to study a receptor tyrosine kinase and were able to
demonstrate that the timing of irradiation was essential for the phenotypic response. In the
tuture, this and possibly other caged kinase inhibitors could be used to study time dependent

processes. It would also be possible to extend this methodology to space dependent events.

Bioactive compounds with intrinsic fluorescent properties have the added advantage that they
can be followed visually in for example cells. Such compounds would not need conjugated
labels, the use of which risks to perturb the system being studied. These possibilities aside, the
difficulties in developing compounds with both fluorescent and bioactive properties is well
illustrated in the last manuscript dealing with a-helix mimetics, which has been recognized as
a difficult task in its own right. One possible application for fluorescent inhibitors would be as

displacement probes in assays.

It is interesting to note that despite the effort invested in synthesizing purine derivatives, new
methods are still being developed and the purine scaffold still poses a synthetic challenge.
Substituent effects have a substantial impact on reactivity, as demonstrated by the dependence
on substituent electronegativity in the bromination study in paper III. In the future, further
development of the C-H activation reactions in the 8-position of purines*-4 would be

advantageous in that they avoid halogenation altogether.
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Appendices

Appendix 1: Decaging of 13
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Figure Al. Light-induced decaging of 13. A Tris buffer solution (1 vol% DMSO) of 13 (100 uM) was
irradiated with light (365 nm, light flux: 700 uW/cm?) and aliquots were drawn and analyzed using
HPLC-UV. The integrated areas for the chromatogram peaks associated with 1 (hollow squares) and
13 (solid circles) were fitted globally (shared time constant) to a first order exponential (solid line),
yielding a time constant of 7 = 9.6 min for the decaging of 13. It should be noted that the individually
extracted time constants for the liberation of 1 and consumption of 13 (z = 13.1 and 8.7 min,
respectively) do not differ significantly from the globally fitted value.
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UV tolerance of RET biochemical and Cell assays

104 @ N °
. o °
0.5
D
—
x
:-..: 0.0 T T T u T T T
E 4o &
o 04 O T
= [ o) Q
0.5 -
00 T T T T
0 5 10 15
t/ mn—-

Figure A2. UV tolerance of RET incubation assays. Top panel: Cell-free assay; A reaction mixture
comprising RET kinase (0.8 pug/mL) and substrate (40 pg/ml) without inhibitor was subjected to
t=0,3,9, or 15 min of 365 nm light. Thereafter, ATP was added (50 uM) and the RET kinase activity
was assessed (solid circles). Bottom panel: Live-cell assay; Thawed and acclimatized cells (100 000
cells/mL) without inhibitor was subjected to #= 0, 3, or 15 min of 365 nm light. Thereafter, neurturin
was added (at ECso, determined to 15 ng/mL) and the RET kinase activity was assessed (hollow circles).
Error bars are mean * standard deviation of duplicate samples. It is clear that the applied UV-light has

no apparent effect on the enzymatic activity in the cell-free or live-cell assay.
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Additional control experiments of zebrafish spinal cord

1 vol% DMSO

Figure A3. Maximal intensity projections of one hemisegment of the spinal cord in tg(o/ig2:dsRed)
zebrafish at 2 dpf. Dechorinated embryos were treated at 6 hpf with 1 vol% DMSO or 1 (50 pM)
during 90 min, and then washed. Scale bar: 20 um.
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Appendix 2: NMR spectra of adenine alkylation products

NMR spectra were recorded in DMSO-ds (24 mg sample in 0.75 ml) using a Varian 400/54
spectrometer at 400 MHz ('H) and 100 MHz (13C). The chemical shifts were referenced to the
solvent peak (2.50 ppm for 'H and 39.5 ppm for 13C).
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Figure A4. 'H-NMR spectrum of 3-ethyladenine.
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Figure A5. "C-NMR spectrum of 3-ethyladenine.
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Figure A6. 2D-NOESY spectrum of 3-ethyladenine. The cross peaks corresponding to the NOE
between the methylene protons and H*are circled.
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Figure A7. gHMBC spectrum of 3-ethyladenine.
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Figure A8. 'H spectrum of 9-ethyladenine.
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