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1. Introduction

1. 1. Peptide binding and cleavage

Proteins and peptides consist of 20 amino acid with different side chain functional
groups, thus their possibilities to form diverse structures are immense.""' Because of this
large structural variety, proteins fulfil a wide range of functions in nature. Examples are
the use of proteins as structural material or for the storage of nitrogen. Probably the most
important function of proteins is the catalysis of chemical reactions as enzymes.

Selective interactions between proteins are crucial not only for enzyme function but also
for signal transduction. The principles that govern such intermolecular interactions are
still not fully understood because of the complexity of protein structures. Studies on small
model systems might lead to a better understanding of these complex interactions.
Therefore, the development of small receptors for peptides has attracted much attention in
recent years.” Apart from serving as a model for the study of complex protein-protein
interactions, such receptors have many potential applications. These include the use as
stationary phases for the separation of peptides'®, the development of selective sensors!”
as well as the use as pharmaceutical drugs.

Although selective receptors for single amino acids have been rationally designed,™ the
binding of small peptides is a much more challenging task. The reason for this lies in the
conformational flexibility of peptides, that complicates the design of a suitable receptor.

An example that demonstrates the difficulty to predict selective peptide binding is the

antibiotic vancomycin.” It is a macrotricyclic glycopeptide that binds with high affinity



to theC-terminal peptide motib-Ala-D-Ala. This sequence plays an important role in the
cell wall crosslinking of gram positive bacteria. When this peptide is blocked, the bacteria
are not able to build up their cell wall and cannot survive.

Resistant bacteria appeared that Dig8la-D-Lac instead ob-Ala-p-Ala.™® This small
modification (just one atom is changed) results in a 1000 fold decrease of the binding
affinity."™ The reason is a repulsive electrostatic interaction of the oxygen instead of a
hydrogen bond in case pfAla-D-Ala (figure 1.1.). This clarifies what big consequences

a minute structural change can have on the selectivity and strength of intermolecular

binding.
0,
HO
o H N
R-L-Ala-y-D-Glu- D-Lys )\\ N\)X ©
H o)
D-Ala-D-Lac D-Ala-D-Ala

Figure 1.1.: Intermolecular interactions between vancomycintaAth-D-Lac



In analogy, the rational design of a receptor for a given peptide is very difficult. At this
point, where rational design reaches its limits, an empirical approach using combinatorial
chemistry proves to be helpful. This concept relies on random mutations and selection of
the best binding partner out of a big pool of different compounds.

Using combinatorial chemistry, Ellman and co-workers found selective receptars for
Ala-D-Lac varying a vancomycin fragment combinatoridflyA more general concept

for peptide receptors is given by tweezer like receptorslt involves two arms with

possible sites for interactions that are bound to a structure defining backbone.

co
L e
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/ oc co ocC co
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ey 5- 0T e
S— - HN
B HN

Wennemers/Stift

1 2
template 0, R* Oz R
- N’S\/LN'S\/\NHBOC
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o H H
NHBoc
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2 O R1 (o)) R2

arm

Liskamp®!

Figure 1.2.: Scematic structure of tweezer like receptors and two examples

There are several examples of tweezer-like receptors that bind to peptides selectively

(figure 1. 2.)**'1 However, the existing tweezer-like peptide receptors bear certain

drawbacks, such as the lack of possibility to introduce molecular divetsiy difficult



synthesis (2). Thus, we were interested in the development of a novel class of tweezer
like receptors.

An even larger challenge than the selective binding is the selective cleavage of peptides
since amide bonds are very stable. In nature, this is accomplished by proteases."’ They
lower the activation barrier for amide hydrolysis and also assure that peptide bonds are
cleaved specifically. While proteases provide for the controled cleavage of peptide
bonds, also undesired peptide cleavage occurs in nature, for example by radical mediated
damage catalyzed by metals.!"*

One example is the Fenton reaction. Although first described already in 1894, it was
about 40 years later, that its mechanism was studied thoroughly by Haber and Weiss
among others. They were able to show that the iron(II) dependent formation of hydroxyl
radicals from hydrogen peroxide is only the first step in a complex cascade of radical

formation %!

@ .
Fe(ll) + H,0, > Fe(ll + OH + OH

Figure 1.3.: The Fenton reaction

Since iron is a very important metal in nature for example as part of the active centre of
many enzymes, the Fenton reaction occurs also in living organisms. The highly reactive
radicals produced can then attack biomolecules such as lipids, DNA or proteins and cause
damage.””! Protein damage initiated by hydroxyl radicals involves side chain
modifications as well as backbone cleavage. This damage is believed to play an important

role in several diseases like diabetes, athereosclerosis, neurodegenerative diseases and



ageing.” For that reason, the effect of the Fenton reaction on biomolecules has been
studied intensely for many years. The reaction of single amino acids with radicals
generated by the Fenton reaction has been studied”" as well as the mechanistic pathways
of protein oxidation.”” However, almost no studies have addressed the influence of the
peptide sequence on the extent of the oxidative damage. Davies and coworkers studied
oxidative damage of collagen by a Fenton like reaction using copper focussing on site
specificity of the radical attack caused by binding of the metal to the protein.”®

However, so far there exist to the best of our knowledge no systematic studies of the

sequence dependence of the Fenton reaction.

1. 2. Research project

The task of this thesis is on one hand to develop a class of receptors that are able to bind
peptides selectively and on the other hand to examine whether peptides are cleaved
selectively under Fenton conditions.

In the first part the class of diketopiperazine receptors is presented. Their binding
properties are studied by combinatorial on-bead screenings against a tripeptide library in
organic solvents as well as in water. Furthermore, the importance of the central
diketopiperazine as a template for two-armed receptors is emphasised. Structural
prerequisites of two armed receptors are studied by exchanging the central
diketopiperazine against other templates as well as by conformational analysis of the

diketopiperazine template.



In the second part the sequence dependence of peptide cleavage under Fenton conditions
is examined by combinatorial screenings of a peptide library where each peptide is

flanked by a fluorophore and a quencher.



2. Combinatorial Chemistry

The advent of combinatorial chemistry in the early 1990s has revolutionised the
discovery process of new therapeutics.””! While it was first applied mainly in bioorganic

28] and

and medicinal chemistry it has since spread to other fields like material science
catalyst development.”*"!

The principle of combinatorial chemistry is to synthesise a large number of different
molecules ("library"), screen them simultaneously and select the active members. This
can be viewed as an attempt to imitate natures' evolution principles of random mutation
and survival of the fittest. Combinatorial chemistry is an excellent tool where rational
prediction reaches its limits. The success of a combinatorial method relies on two factors,
firstly on the capacity to produce a large variety of molecules and on the other hand on
the existence of effective screening methods to identify active members of the library. A
very simple method to create molecular diversity is the "split-and-mix synthesis" that was

presented by Furka and Lam in 1991.°'7* Although many other methods have been

introduced™ ** split-and-mix synthesis is still one of the most elegant methods.

2. 1. Split-and-mix synthesis

Split-and-mix synthesis allows for the synthesis of a huge number of different molecules
on solid phase with relatively few reaction steps as shown in figure 2.1. It starts with a
pool of solid phase resin that is split into several equal portions (In the example three).

Then, in each individual reaction vessel a different reaction (A, B or C) is performed.



Afterwards, the resin is recombined leading to a mixture of three different types of beads.
The resin is split up again for the second cycle of the synthesis, reactions D, E and F are
performed and the beads are mixed again. In our simple example with just three different
reactions per cycle we end up with a library of 9 compounds but this number increases
exponentially with an increasing number of reaction cycles. After x reaction cycles with n

different reactions performed in each cycle the maximal number of compounds equals n*.

It must be pointed out that each single bead carries just one compound ("one bead one

compound").

1+ cycle

74
=2
=
3
>

|
SLE
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$

n*=3!= 3 compounds
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n*=32= 9 compounds

Figure 2.1.: split-and-mix synthesis



The analysis is limited by the amount of compound on a single bead, which is usually
around 100 pmol. This allows for the analysis by Edman degradation but this method is
restricted to linear peptides. Mass spectrometry”’>" as well as "C-NMR and 'H-NMR "
I (only with especially large beads) are possible but the distinction of compounds with
identical mass is rather difficult if not impossible by these methods. An alternative to the

direct analysis is the use of encoding.*!

2. 2. Encoded split-and-mix synthesis

The concept of encoding relies on the attachment of tags to the beads in the course of the
synthesis. These tags can later be analysed easily and unequivocally. Each reaction step is
thus encoded and the tags can later tell the "history" of the corresponding bead. A further
advantage of encoding is the fact that the analysis can even be performed when the
compound of interest has been modified during the screening.

The tag molecules should ideally have the following properties: They should be inert
under various reaction conditions, detectable on a very small scale and they should be

easily attached and detached from the solid support.

!
HD\/<CH Cl  H CH HO__| CH Cl
n n n
C Cl C cl C cl
(n=7-10) Cl (n=7-10) (n=7-10)

Figure 2.2.: Tag alcohols used for library encoding



All these requirements are fulfilled by the polyhalogenated aromatic alcohols (figure 2.2.)
introduced by Still et al."> *" These molecules can be analysed on a 1 pM scale by gas
chromatography using electron capture detection (ECGC) since this detection method is
very sensitive to halogenated aromates. The varying halogenation patterns as well as the

differing chainlengths result in different retention times in the GC. The tags can either be

[43] [44]

attached to the solid support via a photocleavable'" or an oxidatively cleavable linker.

ECGC-ANALYSIS

OYO T —{TAG |
o) L HO CAN H3CO.

COH COH

Figure 2.3.: Linkers to attach the tags to the solid support

The tags are coupled either via a carbonate bond to 3-nitro-4-hydroxymethyl-benzoic
acid or via an ether bond to vanillic acid. Via the acid functionality, the linkers can be
attached to the solid support via amide or ester bonds. Irradiation with UV-light in case of
the nitrobenzoic acid or oxidation with ceric ammonium nitrate (CAN) releases the tag
alcohols that are then analysed by ECGC after silylation of the alcohol function.

The detection sensitivity (1 pmol) of these tags is so high, that 1-2% of tags in respect to
the bead loading is sufficient for analysis. Therefore, in peptide libraries the tags can

normally be attached to the free N-terminus before the amino acid is coupled. The

10



resulting capping of a few percent of the peptides can usually be afforded. However, by
attaching the tags at a parallel chain, this capping and the resulting inhomogenity of the

product peptides can be avoided.

L le
L) /Ld

/TN

EERE
—
- —
"

Figure 2.4.: Encoded split synthesis

For encoding of the reactions, a binary code is used: Each reaction is encoded by an array
of tags rather than by one single tag. In our example (figure 1.8.), tag 1 encodes for
reaction A and tag 2 for reaction B while the combination of tag 1 and tag 2 can be used
to encode for reaction C (rather than a third tag). Thus, binary encoding allows to encode

2"-1 reactions with N different tags.
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2. 3. Screening of combinatorial libraries

The real power of combinatorial chemistry lies within the possibility to screen thousands
of compounds simultaneously in "on bead screenings" rather than testing each compound
individually. An experiment is needed to identify the active compounds in a readily
detectable way. Here, two screening methods that are relevant for this work are

presented.

2. 3. 1. Screening for selective binding

To visualise selective binding of a receptor to a substrate, the receptor is marked with a

[45]

dye, a fluorophore'*” or with radioactivity.*" A solution of this (for example) dye-marked

EQUILIBRATION

\

ADDITION OF A SOLUTION ISOLATION OF COLOURED
OF A DYE MARKED RECEPTOR BEADS AND TAG ANALYSIS
TO A LIBRARY

Figure 2.5.: On bead screening of a dye marked receptor against an encoded library
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receptor is then equilibrated with an on-bead library. When a library member interacts
with the receptor, the receptor and therefore the dye accumulates on the corresponding
bead. In case of selective binding, only few beads will pick up the colour. For analysis,

the red beads are then isolated and the tags are cleaved and analysed.

2. 3. 2. Screening for Selective Cleavage

On bead detection of selective peptide cleavage can be achieved by a fluorophore
quencher library: A fluorescent molecule is attached to a solid support and an adequate
quencher is linked to it over a combinatorially varied peptide chain. Fluorescence will not
occur as long as the peptide is unharmed. Cleavage of the peptide will lead to removal of

the quencher. This, in turn will make the bead appear fluorescent.'*”

selective peptide cleavage N \ | / /

O IR -marArr— (TS > () Fluorophore—AA—AA,
fluorescence quenched N AA3_m / / | \\

Figure 2.6.: Screening for selective peptide cleavage
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3. Selective Binding of Peptides by Diketopiperazine Receptors

3. 1. Receptor design

In order to find a selective receptor for any desired peptide sequence we need a receptor
type that can be easily varied combinatorially at sites where such variations have
considerable effects on the binding selectivity. A library of such a receptor family should
contain receptors for any peptide. As demonstrated in previous studies on synthetic

receptors, >

a suitable receptor type has to fulfil certain prerequisites:
-The receptor should possess a certain rigidity
-It should contain functionalities that allow for non covalent interactions with a substrate

-These functionalities should be easily variable

Furthermore, a rather straightforward synthesis that can be transferred to the solid phase
is also desirable with respect to the generation of an on-bead library.

Two-armed peptidic molecules with a general structure 3 as shown in Figure 3.1. fulfil all
these requirements. The central diproline diketopiperazine restricts the flexibility of the
molecule and directs the peptidic arms in positions that should allow for intermolecular
interactions with a peptidic guest. The amino acid sidechains of the peptidic arms provide
for functionalities that can interact with a peptidic substrate. Since peptide synthesis is
well established, these functionalities can be varied combinatorially.

Also the synthesis of the diketopiperazine template should be rather straightforward,
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peptidic arms

sites for interaction

A
e N
’ o) R2 ’ 0
R N N
‘Y%u&( %NH
9] RS 1 <
>
0] R” H J
)I\)\’(N\H‘\
R8 N
H
0 R

diketopiperazine template

rigid, structure directing

Figure 3.1.: General structure 3 of the cis-diketopiperazine receptors

since diketopiperazines are known to form easily. Because the proline diketopiperazine is
the essential structural element we termed these molecules "diketopiperazine receptors".
The denotation of the template can be further specified in terms of the stereochemistry of
Cy of the proline (the C atom carrying the substituents and thus the arms): This work
focuses on diketopiperazines with substituents at Ca and Cy that are on the same side;
these receptors were termed "cis-diketopiperazine receptors" or short "cis-receptors".

This is in contrast to the corresponding trans-receptors with inverse stereochemistry on

Cy that will be introduced later in this chapter.

In order to study the binding properties of this receptor type towards peptides we first

synthesised several dye-marked cis-receptor prototypes and screened them against a

tripeptide library.
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3. 2. Synthesis of theis-diketopiperazine template

The synthesis of the template starts with commercially available N-Boc protectegtrans-
hydroxy--proline 4. After esterification of the acid group using caesium carbonate and
methyl iodide, the hydroxyl functionality & was activated with mesyl chloride. The

mesylate was then substituted by an azide under inversion of the configuratipn at C
The methyl este6 was then hydrolysed with sodium hydroxide and the acid was

activated as a pentafluorophenyl egter

CO,H a CO,CH; b, c CO,CH; d,e
ol e ™
NBoc 99% NBoc quant. NBoc 93%

4 5 6
H H
CO,CsFg f, g z N h 5 N
Ng-CY/ Ng | N3 —~ BocHN ! NHBoc
NBoc 47% : 66% :
H H
0 0

8 9

a: i. 0.55 eq CsCQOMeOH/H20 (5:1), r.t., 1 h;ii. 2 eq Mel, DMF, r.t., 1.5 h; b: 1.2 eq MsCl, 1.2 eg, NEt
CH,CI,, 0°C, 0.5 h; c: 5 eq NaNDMF, 80°C, 3 h; d: 1.2 eq NaOH in,®&, MeOH/THF (1:1), r.t., 1.5 h; e:
1.1 eq GF;OH, 1.1 eq EDC, CKCl,, r.t., 1h; f: TFA/ICHCI(1:3), r.t., 1.5 h ; g: 2 eq iMEt, THF, r.t., 60

h; h: 10 % Pd/C, k 3 eq BogO, MeOH, r.t., 2 h.

Figure 3.2.: Synthesis of the bis-Boc-protected diketopiperyzine terfiplate

After deprotection of the Boc group by TFA, the cyclisation to the diketopiper8zine

was performed in C}l, in the presence of Hlnigs base at a concentration of 0.3 M.
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Reduction of the azide groups with in situ Boc protection of the amino groups gave the

well storableN-Boc protected diketopiperazi®an an overall yield of 29%.

3. 3. Synthesis of five dye-marked receptor prototypes

To study the binding properties of two-armed receptors based orsiti&etopiperazine
template, we synthesised a series of dye-marked receptor prototypes in order to screen
them against an on-bead peptide library.

For the prototypes, the peptidic arms were chosen to be symmetrical in order to simplify
the synthesis. For all prototypes, eitlberor L-tyrosine was attached to the template as

first amino acids of the arms. Phenylalanine and either trityl protected asparagine or
glutamine was chosen as amino acids for positions 2 and 3. We chose tyrosine because a
dye, that is required for the combinatorial screening, can be easily attached to its phenolic
hydroxyl group. As a dye Disperse red 1 was chosen that could be attached to the
tyrosine via an ether linkage. It is known, that Disperse red 1 does not bind to pébtides.

We were particularly interested how the binding properties are affected by small changes
in the sequences of the peptidic arms. Therefore, the sequences of the receptor arms of
the prototypes were chosen to be very similar with only slight differences:

Namely the prototype$0 and11 differ only in the configuration of the first amino acid
tyrosine. The order of amino acids at positions 2 and 3 are changed in retépacs

12. Receptorl3 differs from receptolO by the exchange of asparagine by the one

methylene group longer glutamine. The same is the case for recEptord14.
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AA3 AA2 AAlL

10 Ac-L-Phe L-Asn(Trt)  L-Tyr(dye)

11  Ac-L-Phe L-Asn(Trt)  D-Tyr(dye)
12 Ac-L-Asn(Trt) L-Phe D-Tyr(dye)

13  Ac-L-Phe L-GIn(Trt)  L-Tyr(dye)

14 Ac-L-GIn(Trt) L-Phe D-Tyr(dye)

dye = %LLOXJN—Q*I\FN—QNOZ

AA3 F' AA? H AA! f a

Figure 3.3.: Structures of prototypé&® - 14

The prototypes were synthesised by removal of the Boc grouparmd coupling of the
dye-marked pentafluorophenylesterdBoc-D- or L-tyrosine 16 or 16ato yield 17 or
17arespectivelyl6 and 16a were prepared by coupling Disperse red 1 to the phenolic
group ofN-Boc-protected tyrosine allyl est&éb or 15a via a Mitsunobu reaction with
subsequent activation as a pentafluorophenylester. After Boc-deprotectldh) d¥a
respectively, the two other amino acids of the arms were assembled by standard
couplings of FMOC-amino acids using EDC as coupling reagent and TAEA for FMOC-
deprotection&? 5% After the removal of the FMOC group of the third amino acid, the
aminogroups were acetylated with /&cin the presence of NEto yield receptor
prototypesl0 - 14 The binding selectivities of these receptor prototypes towards

peptides were now determined by combinatorial on-bead screenings.
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OH o> N\C
L
OAllyl OCeFs NO

BocHN
15 o

BocHN 2

0]

15a: Boc-D-Tyr-OCH3 16
16a: Boc-D-Tyr(dye)-OCgFs

17: AA! = Boc-L-Tyr(dye)

17a: AA! = Boc-L-Tyr(dye)

a: 1 eq Disperse Red 1 (dye), 1 eq PRheq DEAD, toluene, r.t., 16 h, %; b: i. 1.2 eq NaOH ®H
MeOH/THF (1:1), r.t., 1.5 h; ii. 1.1 eqsE.OH, 1.1 eq EDC, CKCl,, r.t., 1h, %; c: i. TFA/CKCI, (1:3),
r.t., 1h;ii. 1 eq 16 or 16a, 4 eq jREt, CH,CI,, r.t.,, 16h; d: i. 4M HCI in dioxan, MeOH, r.t., 1 h; ii. 3 eq
iPr,NEt, CH,CI,, r.t.; e: 3 eq FMOC-amino acid, 3 eq EDC, LH, r.t. 0.5 h; f: TAEA, CHCI,, r.t. 1 h;

repetition of (e) and (f); h: 5 eq 4@, 5 eq NE}, CH,CI,, r.t., 1 h.

Figure 3.4.: Synthesis of the receptor prototypes 14
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3. 4. Binding properties of the receptor prototypes

In order to test the binding properties of the receptors, we screened them against an
encoded tripeptide libra? The library we usedl@) consisted of 29 different side chain
deprotected- andL- amino acids in each position leading to a maximal variety 5£29
24389 different peptides. The library had been synthesised on polystyrene resinfind the

terminus was acetylated. The general structure is shown in figure 3.5.

o) R3 y e R1 y
N N N
H H H
o) R2 o)

u v I\ v I\ v J .
= polystyrene resin

AA3 AA2 AAl

Figure 3.5.: General structure of the tripeptide librar§, AAL1 - AA3 = Gly, L-Ala,
D-Ala, L-Leu, D-Leu, L-Val, D-Val, L-Pro, D-Pro, L-Phe, D-Phe, L-Ser, D-Ser, L-Thr,
D-Thr, L-Asn, D-Asn, L-GIn, D-GIn, L-His, D-His, L-Asp, D-Asp, L-Glu, D-Glu, L-Lys,
D-Lys, L-Arg, D-Arg.

The screenings were performed in chloroform (filtered over aluminium oxide) at a
receptor concentration of ~3@M. For the screenings, five theoretical copies of the
library were used to ensure that every sequence was present at least once in every
assay>" %4 After two days of equilibration, in the assaysl6fand13, about one bead out

of 1500 picked up the red colour of the receptor (figure 3.6.). In contrast, no red beads
were observed in the screeningsldf, 12and14 even when the concentration was

augmented up to 50@M indicating that these two-armed molecules don't bind to any of
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the 24389 different peptides of the libr&d,. Remarkably, both prototypes with e yr

in the first position of the arms bind to peptides with high selectivity, all the prototypes
with a D-Tyr as first amino acid do not bind to any of the 24389 peptides within the
library. Thus, the amino acid that is directly attached to the template has the largest
influence on the binding properties. This phenomenon will further be investigated in

chapter 4.9.

Figure 3.6.: Screening of recept®® against the tripeptidelibrarg8in chloroform

The sequences of the peptides bountitand13 were elucidated by separating the red
beads manually, cleaving and analysing the encoding tags on these beads. Table 3.1.
shows the sequence on the red beads of the assKysiwd13.

Both receptors preferentially select peptides withlastidine in position AA1 followed

by two hydrophobim-amino acids. Furthermore the two receptors although differing

only in a single methylene group show certain differences in the binding selectivities.
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Table 3.1.: Binding specifities of the receptbfsand 13 against the tripeptide library

AA3 AA2 AA3 Frequeny| Frequency
found® | expectef
[%] [%]

10 D-Hph! D-Hph D-His 59 0.10
D-Ala L-Asn D/L-Hph 26 0.04
D-Asn D-Hph D-Val/Gly 9 0.04
13 D-Val D-Hph D-His 56 0.02
D-Pheb-Ala D-Pheb-Ala D-His 19 0.02
D-GIn D-Val/D-Phe D-Val/D-Leu 19 0.02

[a] The frequency found column lists the percentage of the corresponding peptide sequence among the
selected beads [bThe frequency expected column lists the percentage of the corresponding peptide
sequence among all the library beads. Comparison between the frequency found and the frequency
expected gives a measure for the selectivity of the receptbipfcl hydrophobic amino acid. Can either

be Gly, Ala, Val, Leu or Phe

Receptorl0 also selects for peptides with amsn in position AA2 or AA3 together

with hydrophobicb-amino acids while receptal3 shows a further preference for
peptides with @-GIn at theN-terminal position in combination with two hydrophobic

amino acids in the other two positions. Most importantly, diketopiperazine-receptors are
indeed able to bind to peptides selectively and small differences in the arms can alter the
binding selectivities.

To get an idea about the nature as well as the strength of these interactions we attempted
to perform NMR binding studies with receptt8 and a representative peptide with the

D-Hph-D-Hph-D-His sequence. We chose rece8rather than receptdrO because of
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its better solubility in chloroform. However, the peptides tA®al-D-Val-D-His-
NH(CH,),CH; as well as A®-Pheb-Pheb-His-NH(CH,),CH, were insoluble in
chloroform, thus preventing binding studies withNMR spectroscopy.

Because of these solubility problems the binding affinities were measured by solid phase
binding assay8? In table 3.2. théAG of receptord0 and13 against the peptides Az-
Val-D-Val-D-His-resin and A@-Pheb-Pheb-His-resin are shown. The affinities lie in

the range of ~ 5 kcal/mol which is a reasonable strong affinity for a small receptor.

Table 3.2. Binding affinitiesAG = -RTInK)

Receptor Ac-Val-D-Val-D-His-resin Acb-Pheb-Pheb-His-resin
10 -5.6 -5.3
13 -4.9 -4.9

Each measurement was repeated multiple times to ascertain the accuracy of the binding affinities within

errors of#0.2 kcal/mol.. Resin = polystyrene ( loading/280l/g)

3. 5. How does the length of the peptidic arms influence the binding properties?

To investigate the influence of changes in the length of the receptor arms, two variations
of receptorl0 were synthesised with one amino acid more or less in each arm. The arms
of prototypel9 consist of one amino acid less thhd in prototype20 the arms are
elongated by one asparagine. These two prototypes were screened against the tripeptide
library 18 in chloroform. While two-armed molecul®d didn't show any selective

binding, several beads turned red in the assay with rec2@tdn Table 3 the binding
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selectivities of20 are shown. It is apparent that the bound sequences differ substantially
from the peptides bound by recept®. Although?20 binds to sequences containing
asparagine combined with hydrophobic amino acids that were also bodGdtbg most
abundant sequence found in the assay @fthe b-Hph-D-Hph-D-His motif, is not

recognized by recept@o.

AcL-Asn(Trt)—L-Tyr(dye) AcL-Asn(Trt)—L-Phe—L-Asn(Trt)—L-Tyr(dye)
AN N

/ /
AcL-Asn(Trt)—L-Tyr(dye) AcL-Asn(Trty-L-Phe—L-Asn(Trt)—L-Tyr(dye)

19 20
Figure 3.7.: Variation of the number of arm amino acids

These results indicate that three amino acids in the arm are minimally necessary to
observe selective binding to peptides. By adding one amino acid, the binding selectivity
changes.

So far, we have concentrated on the effect of changes in the receptor arms. In the
following, we will examine the influence of the backbone by replacing the

diketopiperazine with other diamines.
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Table 3.3.: Sequences bound by receptr

AA3 AA2 AAl Frequeny| Frequency

found® | expectef

[%] [%]
20 L-Asn L-Hph L-Asn 55 0.02
D-Hph D-Asn D-Hph/b-Asn 18 0.13
D-Asn/Gly L-Hph L-Asn 18 0.04

[a] The frequency found column lists the percentage of the corresponding peptide sequence among the
selected beads [A]he frequency expected column lists the percentage of the corresponding peptide
sequence among all the library beads. Comparison between the frequency found and the frequency
expected gives a measure for the selectivity of the receptdpfcE hydrophobic amino acid. Can either

be Gly, Ala, Val, Leu or Phe

3. 6. Changing the configuration of the template froneis to trans

First we wanted to investigate the effect of a relatively small change in the template on
the binding properties of the corresponding receptors. We were therefore interested in the
diastereomeritrans-diketopiperazine with inversed stereochemistryyat C

Based on thd@ranstemplate, receptor prototypd®' - 14' analogue talO - 14were
synthesised by attaching the same sequences as recept6f arnetrans-receptorsl0’

and13' bound to similar peptide sequences as the correspoadingceptorslO and13.

More surprisingly also receptorkl’, 12' and 13" showed highly selective binding

towards peptides in contrast to thes-diastereomeric analogu#&$, 12 and13 that don't
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N H 2 HZN.---H

@]
cis-template trans-template

Figure 3.8.: The two diastereomeric diketopiperazine templates

bind towards peptides. Thus, the change fterto D- in the configuration of the first
tyrosine residue has not the same dramatic effect on the binding ability foartise
receptors as it has on this-receptors.

We thus showed that representatives of two-armed molecules based on bo# the
diketopiperazine template and ttrans diketopiperazine template are able to bind to
similar peptides selectively. This gives rise to the question if any template that can anchor

two peptidic arms is good enough to serve as a backbone for two-armed receptors.

3. 7. Can a simpler diamino template replace the diketopiperazine?

To address this question we synthesised two-armed molecules based on several diamines.

In addition to the commercially available diaminocyclohexaBé4, bis-

aminomethylcyclohexan22*® and 1,7 diaminohepta28, diketodiazabicyclooctap4®"

was used.
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The templateg1l - 24differ not only in the distance of the two amino groups that serve as

anchors for the arms but also in their rigidity. While the tempRitesd24 are rigid, the

direction of the amino groups is not fixed2@. The diaminoheptan23 is completely

flexible and was chosen because the distance between the two amino groups is the same

as in the diketopiperazine.

Q Q
= =i
o o
Qo (D)
o o HoN
NH2
HoN
HaN., (YO
template } = /O N—N
HoN o;\)
HoN B
NH»>
21 22 HN 23 24
diaminotemplates
receptor arms 21 22 23 24
Ac-L-Phe-L-Asn(Trt)-L-Tyr(dye)- 25 26 27 28
Ac-L-Phe-L-Asn(Trt)-L-Tyr(dye)- 29 30 31 32

Figure 3.9.: Diamine&1 - 24used as templates for two-armed molecules and the

corresponding two-armed molecul@s - 3258

As arms we used the peptide from recep@r(Ac-L-Phet-Asn(Trt)L-Tyr(dye)) as well

as the arm ofL1 (Ac-L-Phet-Asn(Trt)-D-Tyr(dye)). We thus chose one representative

that bound to the peptides with both ttie- and thetrans template as well as its

diastereomer with changed configuration on the tyrosine that binds to peptides with the
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trans-diketopiperazine as backbone but not with ¢reediketopiperazine. In figure 3.9.,

the four templates and the resulting eight two-armed molecules are listed.

Unlike the two-armed molecules based on the diketopiperazine tem@ate82were

not synthesised step by step but the peptidic arms were synthesised separately and then
coupled to the diamines using either HATU or TBTU as coupling reagents (chapter 6.5.).
Screening against the deprotected tripeptide libt&8rgit concentrations of up to 500
revealed that all eight potential receptors showed no binding against any of the 24389
peptides within the library.

Thus the template is crucial for selective binding of peptides and exchanging the
diketopiperazine template by completely different diamines results in a complete loss of
binding ability.

However, already the relatively small change fromtthasto thecis-template has a big
effect on the binding properties. The most dramatic difference betwetankeandcis-
receptors is the fact that only receptors based ortréms-template are binding to
peptides when the first amino acid of the armtha®nfiguration. In order to understand

this phenomenon, conformational studies of the diketopiperazine templates were

performed.
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3. 8. Structural studies on the diketopiperazine receptors

In order to explain the binding results of #is- andtrans-diketopiperazine receptors we

now needed to answer the two following questions:

Firstly, is it possible to find a reasonable explanation for the worse binding properties of
the receptors based on ttis-diketopiperazine in comparison to the corresponthiags
diketopiperazine diastereomers by analysing the structure of the two diastereomeric
templates?

Secondly, why are two armed molecules based onithgiketopiperazine template only

able to bind to peptides when the first amino acidlhesnfiguration?

Structural studies on the diketopiperazine template were thus performed in the solid state

as well as in solution bYH-NMR spectroscop{?

3. 8. 1. Structure of the template

The receptor prototypes are rather complex molecules which complicates the
conformational studies usirtgl-NMR by overlapping signals. Furthermore, all attempts

to crystallise the receptor prototypes were unsuccessful. Because of these difficulties, we
decided to base our structural studies of the template on simpler model compounds. We
thus synthesised a couple @$-diketopiperazine derivatives with different substituents

on Cy. The preparation of thbis-azide 8 as well as théN-Boc-protected diamino-

diketopiperazine9 has already been presented in chapter 3.2. The bis-acetyl
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diketopiperazine83 was synthesised by reducing azi@lan the presence of acetic
anhydride.

8: R=N

o R = NHBoc

33 R = NHAc

34 R =NH*HCI

35 R =NHCO(CH); CH,

Figure 3.10.: cis-diketopiperazine model compounds

Ammoniumsalt34 was prepared by the deprotectiorBatith HCI. Model compoun@5
was synthesised by removing the Boc groups of bisBoc diketopipefhzné reacted
with heptanoic acid anhydride. The corresponding model comp@jin@lsand33' - 35’

based on th#rans-diketopiperazine (figure 3.11.) were obtained in an analogou$Svay.

O 8:R=N,
9" R = NHBoc
R--IIII - R 33' R = NHAC

34" R = NH,*HCI

35" R = NHCO(CH).CH,

Figure 3.11.: trans-diketopiperazine model compounds
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3. 8. 1. 1. Crystal structure of the bis-acetylated diketopiperazine templates

Crystals were obtained from the bis-acetylated derivat®8sand 33" of both
diketopiperazine diastereomers. Figure 3.12. shows the crystal structures of the two
moleculed®®

The conformation of the tricyclic skeleton of the two diastereomers is nearly identical.
The central six-membered ring of the diketopiperazine adopts boat conformation. The
pyrrolidine rings possess enveloped)Econformations that are slightly perturbed to
twisted ("Tz) conformations in both compounds. However, the two structures differ
significantly in the orientation of thil-acetyl groups. In theis-compound33 they
occupy the pseudo-equatorial positions @ti€ thetrans-compound3' the pseudo-axial
positions. As a result, the distances between the two N- atoms and also the angle formed
between the two side chains and the tricyclic skeleton are considerably different in the
two diastereomers. While the distance between the N-atoms of the two N-acetyl groups
is 8.7 A in the crystal structure of this-template, this distance is almost 1 A smaller in

the crystal structure of theanstemplate, namely 7.8 A. As a result, the angle between
the two G/-N bonds is much narrower in ti@nstemplate. Therans-diketopiperazine
adopts a turn-like conformation, while tbis-diketopiperazine is a rather linear structural
element. This observation gives a first hint for the explanation of the different binding
properties of theis- andtransreceptor prototypes: Thieans-diketopiperazine directs

the two receptor arms into the same direction, thereby favouring an interaction with the
peptide. However, the unit cell of both crystal structures contains two nearly identical

molecules that are connected by two hydrogen bonds that stabilise these conformations.
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The structure in solution might therefore differ from the one observed in the crystal

structure. Thus conformational studies'bBlyNMR in solution were performed.

Figure 3.12.: Crystal structures of bis acetyl cis-diketopipera2®and bis acetyl trans-

diketopiperazing3'

3. 8. 1. 2. Conformation of thecistemplate in solution

The structure in solution was investigated using one and two dimensitNVIR

spectroscopy experiments. In &#1-NMR spectra, only six spin systems were observed,
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indicating that all compounds possesssgmmetry on the average time scale of the
NMR measurement. The unambiguous assignment of the proton signals was achieved
using a combination of COrrelated SpectroscopY (COSY) and either Nuclear Overhauser
Effect SpectroscopY (NOESY) or Rotational Overhauser Effect SpectroscopY (ROESY).
The Karplus curv&! allows for a comparison between the'H coupling constants and

the expected torsion angles.

Table 3.4.:*H-'H-coupling constants (Hz, +0.1Hz) observed for cis-model comp@jnds

9 and 33 - 35compared to the coupling constants that would be expected for the torsion
angles found in the crystal structure3#

NMR, NMR, NMR, NMR, NMR, X-ray *J,u
Torsion angl& T e Fan FJem pm 33 expH
8 9 33 34 35 33

Ha-Ca-CB-HB 8.8 75 nd@ nd® 7.7  30:8 6589
Ha-Ca-CB-Hp’ 5.7 75 nd nd® 7.7 15249  9.0-
11.5

HB-CB-Cy-Hy 5.6 7.5 né nde 6.9 30+8 6.5-8.5
HB -CB-Cy-Hy 4.5 7.5 né nd 7.4 152+9 9.0-
11.5

Hy-Cy-Cd-Hd 5.6 6.7 5.9 nd 6.9 17+7  7.5-9.5

Hy-Cy-Cd-H& 3.8 6.0 3.7 nd 6.0 13948 6.5-9.5

[a] Ha, HB, Hy, HO and H3', HY respectively are on opposite faces of the pyrrolidine ringAfigrage

over all torsional angles within the pyrrolidine rings of the two molecules in the asymmetric unit of the
crystal structure. [clicinal coupling constants expected for the conformation observed in the crystal
structure of33.[d] The coupling constants could not be determined unambiguously due to overlapping
signals of Hr and Hyas well as 8 and H3". [e] 34 is not soluble in chloroform

The coupling constants of theans-diketopiperazine model compounds correspond very

well with the expected values from the crystal structure. Furthermore, neither the
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substituent on €nor the solvent has a considerable influence on the structure. Thus, the
trans-diketopiperazine template is conformationally well defined and adopts the same
single conformation in solution as in the crystal.

In contrast to theérans-diketopiperazine, the configuration of tbis model compounds

do not match with the expected values from the cristal structure. Table 3.4. shows that
none of the coupling constants of the four model compounds soluble in chloroform lie
fully within the range that would be expected from the crystal structu88 of

Particularly the azid83 shows the biggest deviation. Compourgdsand 35, whose
coupling constants are likewise, look more like the crystal structure although some of the
coupling constants still lie outside the expected range. Thus, the crystal structure is not
identical with the template structure in chloroform solution. As shown in figure 3.13. two
main conformations are conceivable for tiediketopiperazine: a conformation with the
substituents at ¥in the pseudo equatorial positions ("pseudo-equatorial conformation")
as seen in the crystal structure and another one with pseudo-axial-positioned substituents

and ring flipped pyrrolidine moieties.

substituent pseudo equatorial substituent pseudo axial

Figure 3.13.: Simplified conformational equilBBum of the cis-diketopiperazine
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In table 3.5., the expected coupling constants for these two conformations as estimated by
the Karplus curve are listed. The most obvious differences exist for the coupling
constants betweenoHand H3', Hy and H3' as well as for Mand H'. The torsion angle

for all three proton pairs changes from an angle of almost 180° at the pseudo equatorial
conformation to a nearly 90° angle at pseudo-axial conformation. This leads to a

difference in the coupling constants from >9 dowr @

Table 3.5.: ExpectedH coupling constants for the two possible conformations of the cis-
diketopiperazine

Torsion angl& *J i expected i EXP.
pseudo equatorial pseudo axial
Ha-Ca-CB-HP 6.5-8.5 5.5-8.5
Ha-Ca-CB-Hp” 9.0-11.5 < 2
HB-CB-Cy-Hy 6.5-8.5 4.0-7.0
HPB -CB-Cy-Hy 9.0-11.5 <2
Hy-Cy-Co-Hd 7.5-9.5 4.5-7.5
Hy-Cy-C3-H& 6.5-9.5 < 2

When the expected values from table 3.5. are compared to the experimental coupling
constants in chloroform, we clearly see that none of the two conformations can be used to
describe the situation in solution. For all four model compounds, the measured values are

approximately an average of the expected values for the two conformations.
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X, O

Figure 3.14.: NOE's observed for the cis-diketopiperazine model comp8uad33 - 35.

The different values found for the model compounds indicate that the position of the
equilibrium depends on the substituents. While for all four compounds roughly a1 : 1
equilibrium between the two conformers is observed the equilibrium lies slightly more on
the pseudo equatorial side #oand35 compared t@ and33.

In order to investigate the influence of the solvent on the equilibrium all model
compounds were also measured in the more polar solvemtstbdanol and gDMSO. In

these solvents, the bis-amiBé was also measured. In table 3.6. the coupling constants
of all model compounds in all three solvents are listed including the ones in chloroform.
For all compounds, the coupling constants measured in the two polar solvents methanol
and DMSO are almost identical. A significant difference to the values obtained in
chloroform is only observed for bis-acetyl diketopiperadBeThe equilibrium for that

compound is shifted towards the pseudo equatorial conformation.
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Table 3.8.:'H-'H-coupling constants (Hz, +0.1Hz) observed for model comp@in@ls
33, 34 and35 in the solvents CDEC(A), CD,0D (B) and ¢DMSO (C).

8 9 33 34 35

A|/lB|C|A|B|C|A|B|C|A|B|C|A|B|C

Ha-Ca-CB-HB [8.8 9.1 9.1 75 6.7 7.0 6.9 7.3 né 82 82| 7.7 9.6 9.8
Ha-Ca-CB-HB | 5.7 4.9 49 7.5 9.7 10{2 B4 9.7 95| né 82 82| 7.7 74 7.5
HB-CB-Cy-Hy |5.6 54 53 75 6.7 6.2 #4169 69/ n# 7.2 7.0/ 6.9 9.8 9.8
HR-CB-Cy-Hy |4.5 3.9 3.6 7.5 9.7 10{2 9.7 9.7| n# 8.0 7.0/ 7.4 6.9 6.8
Hy-Cy-C3-H5 |5.6 5.3 52 6.7 7.8 8P 59 7.9 7/8%d7.2 7.2/ 6.9 7.6 7.6

Hy-Cy-Co-Hd” (3.8 3.1 2.8 6.0 7.8 85 3.7 7.7 76 %d5.7 51| 6.0 79 7.8

[d] The coupling constants could not be determined unambiguously due to overlapping signalanef H
Hyas well as I8 and H3'. [e] 34 is not soluble in chloroform

In conclusion, the structural studies on ¢t andtrans diketopiperazines revealed that

the trans-diketopiperazine is conformationally defined and adopts a turn-like structure
with pseudo-axial standing substituents. For receptors built upontréms
diketopiperazine, this means, that the receptor arms are directed into the same direction
by the template. In contrast, tlees-diketopiperazine is flexible and the pseudo axial
conformation coexists with a conformation with pseudo equatorial standing substituents.
Thus, the observed different binding propertiesief andtrans-diketopiperazine based
receptor prototypes were rationalised based on structural studies on the two templates.
However there's still no explanation why we don't see any binding forcithe
diketopiperazine based molecules wheb-gyrosine is the first amino acid while the

receptors have almost the same binding properties asttsreceptors when-tyrosine
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is the first amino acid. We thus analysed why the configuration of the first amino acid of

the arms has such a big influence on the binding properties of the receptors.

3. 8. 2. How does the configuration of the first amino acid affect the structure of the

cis- template?

To find an explanation for the different binding propertiescofdiketopiperazine
receptors depending on the configuration of the first amino acid, conformational studies
in solution were performed. We decided to take a look at simple model compounds to
avoid solubility problems and to minimise overlapping of proton signals in the NMR-

spectra.

36: AA! = Ac-D-Tyr(OMe)
37: AA! = Ac-L-Tyr(OMe)

Figure 3.15.: Model compoun®$ and37

The investigations were started with the diastereomeric3gand37 with either a Ac:-
Tyr(OMe) or Acb-Tyr(OMe) respectively coupled to thas-diketopiperazine. By
comparing theéH-NMR spectra of36 and37 in chloroform, we observed a remarkable

difference in ppm for the proton signal$'+and H'. In 36 these protons appear 0.52
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ppm or 0.23 ppm, respectively, further downfield comparetirttiable 3.7.). The trend
is reverse for the other signals. These chemical shift differences indicate that the
conformation of thecis-diketopiperazine is influenced to a significant extent by the

configuration of the amino acid that is directly coupled to the diketopiperazine.

Table 3.7:'H chemical shiftsqin ppm) for the pyrrolidine ring protons of compourdds
and 37 in chloroform. 86: R = NH-D-Tyr(OMe)Ac;37: R = NH-L-Tyr(OMe)Ac)

Proton 36 37
a 4.26 4.14
B 242 2.22
B 2.42 3.14
Y 4.35 4.09
o 3.43 3.21
0 3.74 3.97

In table 3.8. the mutual coupling constants between the pyrrolidine ring protons for
compounds36 and37 are listed together with the expected values for either the
conformation with pseudo equatorial or pseudo axial substituents. In addition the
coupling constants of the bis-azi@are listed.

These data show, that the conformatior836{D-Tyr(OMe) resembles the conformation

of bis-azide8. The'H-'H coupling constants of compouB@ however fit perfectly with

the values that would be expected for the pseudo-axial conformation. The coupling of

close to ~ 0 Hz for the couplings betweepaihd H3', Hy and H' as well as ¢ and H3'
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indicate torsion angles of nearly 90°. This is only possible for the pseudo axial

conformation.

Table 3.8.:'H-'H coupling constants for the pyrrolidine ring protons of compoBgis
and 37 and8in chloroform as well as the estimated values for the pseudo equatorial and
the pseudo axial conformation.

NMR, 3y NMR, 33 NMR, 33 g EXP.  meXP.

Torsion angl@ 36 37 8 pseudo pseudo
(D-Tyr) (L-Tyr) (Ny) equatorial axial

Ha-Ca-Cp-Hp 8.7 10.1 8.8 6.5-8.5 5.5-8.5
Ha-Ca-CB-Hp” 5.0 15 57 9.0-11.5 < 2

HB-CB-Cy-Hy n.d!" 9.0 5.6 6.5-8.5 4.0-7.0
HB -CB-Cy-Hy n.d!" 1.0 4.5 9.0-11.5 < 2

Hy-Cy-C&-Hd 5.9 9.0 5.6 7.5-9.5 4.5-7.5
Hy-Cy-Cd-H& 3.3 1.0 3.8 6.5-9.5 < 2

[a] Ha, HB, Hy, HO and H3', HJ respectively are on opposite faces of the pyrrolidine ringT o
coupling constants could not be determined unambiguously due to overlapping signaisanfl HHy as

well as H3 and H3'.

NOESY measurements confirmed this result by showing crosspeaks betfieen Hd
as well as betweenfi1and H' for 36. For 37, only a crosspeak betweeif tdnd Hb is
observed but no crosspeak betweef' ldnd H'. Thus model compoun@7 is
conformationally much better defined th@86 and the pseudo axial conformation is

preferred.
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It was now interesting to see, if this stabilisation can also be observed for model
compounds with longer "arms". We thus synthesised two diastereomeric pairs of two-

armed molecules with two amino acids per arm (Figure 3.16.).

2
AIA AAZ AA!
AAL 38: Ac-D-Ser(OBu) D-Tyr(OMe)
/ 39: Ac-L-Ser(OBu) L-Tyr(OMe)
NH 40: Ac-D-Ser(OtBu) D-Leu

41: Ac-L-Ser(OfBu) L-Leu

Figure 3.16.: Model compoun@s - 41

In 38 and39, D-Ser(Q-Bu) orL-Ser(Q-Bu) respectively is coupled as a second amino
acid afterp-/L-tyrosine. To check, if the stabilisation effect can also be observed with a
different amino acid than tyrosine as first amino abidor L-Tyr was substituted byp-

or L-Leu to yield40 and41. The NMR-spectra o40 and41 were measured in CDCI
while for 38 and39 5% d-methanol had to be added because they were insoluble in pure
chloroform. A look at the chemical shifts of the proline signals of compo8@&ds41
(table 3.9.) reveals a similar effect as for compout@land41. Proton signals B and

H&' appear more downfield iB9 than in38 while the other protons appear more
highfield.

When the tyrosine is replaced by leucin the same trends are observed except for H
Unfortunately, not all the coupling constants3& - 41 could be determined due to

overlapping signals or unresolved couplings. In the NOESY spectra we observed a
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crosspeak betweenfHand H' not only for38 but also for39. The crosspeaks between

HB' and H' as well as betweenf-and H for 38 and39 were integrated. Comparison of

the ratios revealed slightly higher population of the pseudo axial conformatid@ for

All these results indicate a stabilisation of the pseudo-axial conformation when the first
amino acid ig.-configurated. This means, that the two-armed molecules based @s-the
diketopiperazine look very much alike ttr@ansreceptors with parallel receptor arms.
This would be a very reasonable explanation for the different binding behaviour of the

cis-receptors, depending on the configuration of the first amino acid.

Table 3.9.:'H chemical shiftsq in ppm) for the pyrrolidine ring protons of compounds
38 and39in chloroform. with 5% d4-MeOH and of compoud@sand41in chloroform

38 39 40 41
Proton (D-Serb-Tyr) (L-Ser+-Tyr)  (D-Serb-Leu)  (L-Seri-Leu)
a 4.26 4.17 4.35 4.22
B 2.44 2.32 2.60 2.38
B 2.44 2.76 2.71 2.95
Yy 4.30 4.15 4.30 4.23
o 3.36 3.28 3.22 3.32
0 3.74 3.99 4.03 4.38

By measuring'H-NMR at low temperature with model compour@ - 41, another
interesting effect was observed: By cooling down to 225 K, the proton sigrizéqm{

Tyr(OMe) started broadening while the signals of diastereo®TelL-Tyr(OMe)
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remained sharp showing the expected temperature shift. The sigisdadl lost any
coupling pattern at this temperature while the couplir@jiwas still visible.

When the two-armed model compounds with two amino acids pei3a&rndlwere
measured in chloroform at low temperature, even a stronger effect was ob8&raad (

39 were measured in chloroform with 1% DMSO). The signals of the two compounds
with D-configurated amino acid38 and40 were broadening by cooling down to 265 K.

By further cooling down, the signals sharpened again, giving rise to two signal sets. One
set resembles the NMR-spectrum observed at room temperature with only three amide
protons as would be expected for asgmmetrical conformation. The second signal set
shows doubled peaks as would be expected for an asymmetric conformation. In contrast
to this dramatic temperature effect for the compounds with arms containirgroino

acids, no such effect was observed36rand41 with arms containing-amino acids. In

Figure 3.17., this different behaviour is illustrated by means of the amide NMR signals of

40 and41 at different temperatures.

R _ 20K
M }\ | 235K
I LU 4V N 230K

- MM 265 K
WA M | 280 K
MM 295 K

Figure 3.17.:'H-NMR-spectra oft1 (left) and40 (right) amide protons at different

temperatures
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By measuring'H-NMR-spectra at different concentrations it was found, that the ratio
between the asymmetric and the symmetric signal set depends on the concentration. The
higher the concentration, the more dominant is the asymmetric signal set. On the other
hand, dilution of the sample down to a concentratior=ofmM results in total
disappearance of the asymmetric signal set. This indicates that an intermolecular
interaction occurs.

Thus, the pseudo axial conformation is especially stabilised wheraamno acid is
attached to the template rather tham-amino acid. Furthermore, dimerisation of model
compounds witlb-amino acid in the arms was observed at low temperature but not with

two-armed molecules with-amino acids.
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3. 9. Selective binding in water

The excellent binding selectivities of representativesisfeceptors in chloroform is
very encouraging. Even more challenging is the binding of peptides in water.
Unfortunately none of the receptor prototyd€s- 14presented in chapter 3.3. is water
soluble, even after the hydrophobic trityl protecting groups of the asparagin or glutamine

residues were removed.

AA3 AAZ AAL

42  Ac-L-His L-Asn L-Tyr(dye)

dye = x X)NO N- NO NO,

NH
I e

Figure 3.18.: Receptor prototypk2

We exchanged the two phenylalanines of recefptbby more hydrophilic histidine
moieties in order to compensate the hydrophobicity of the dye. The resulting retptor
thus still possesses an aromatic side chain in the same positibd lag the two
imidazole residues should render the molecule water-soluble. Indeetph&tected
molecule42 dissolved in watef? To investigate the binding properties4f in water,
polystyrene-based library6 could not be used, since polystyrene beads don't swell in

water. Instead, 3entaGef® based peptide library with three combinatorially varied
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positions was used. For each varied position, 31 diffevemndL- amino acids were

used leading to a variety of'3= 29791 different peptides. (For more details see chapter

3.1)
ROHN
AA3 AA2 AAl
2 2
H 0] H (0] R H (0] H (0] H
N
o} o} R3 o} R1 o} 0|,
RY: tag / Ac
1-3. o . : 43
O,N OH R~"°: aminoacid sidechains
O = Tenta Gel HN
(0]
NH-

Figure 3.19.: General structure of the tripeptide libra#8 on TentaGeP® (AA1 - AA3

= Gly, L-Ala, D-Ala, L-Leu, D-Leu, L-Val, D-Val, L-Pro, D-Pro, L-Phe, D-Phe, L-Ser,
D-Ser, L-Thr, D-Thr, L-Asn, D-Asn, L-GIn, D-GIn, L-His, D-His, L-Asp, D-Asp, L-Glu,
D-Glu, L-Lys, D-Lys, L-Arg, D-Arg, L-Cys, D-Cys)

When42 (0.10uM) was screened against libra4$ in acetate buffer at pH 4.0, several
beads (ca. 10 %) turned feebly red indicating a selective binding of reckbtor
peptides.

Analysis of the peptides of 17 of the red beads revealed sequences either containing two
acidic amino acids (Glu or Asp) or an acidic amino acid in combination with a primary
amide (GIn or Asn). The selectivity observed is rather moderate and the observed
selectivities are not surprising, since the basic imidazole moiety of the receptor would be

expected to interact with acids.
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However, it could be shown, that the peptide binding abilitgisfdiketopiperazine

receptors is not restricted to organic solvents. Also in water peptides are bound.
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4. Detection of Selective Peptide Damage by the Fenton Reaction

4. 1. Synthesis of a fluorophore quencher library

To monitor the sequence dependence of the peptide damage caused by the Fenton
reaction we needed an appropriate detection method for selective peptide cleavage. Since
rational predictions of the cleavage selectivity are difficult, we wanted to address this
guestion by combinatorial chemistry. We used a library where the peptide is flanked by a
fluorophore on the side of the solid support and a quencher on the terminal side. Peptide
cleavage will thus lead to fluorescing beads (chapter 2. 3. 2.). For such a library, a potent
fluorophore-quencher system is needed, which works efficiently up to a distance of at
least 15 chemical bonds. A suitable system is the anthranilic acid nitrotyrosine pair
(figure 4.1.). The fluorophore anthranilic acid emits light at a maximum of 440nm when
irradiated at 320nm. The efficiency of nitrotyrosine to quench this fluorescence over a

distance of up to 10 amino acids has been demonstrated by lgteddlakho used a

fluorophore quencher
NH, O NHp NO,
J\/\/\ OH
HOOC N NH
HOOC
44 45
= H-F-OH = H-Q-OH

Figure 4.1.: The fluorophore and the quencher used for the library
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similar library to investigate the sequence selectivity of protdds¥sThe anthranilic

acid can be coupled to the side chain amino group of lysine and is thus easily introduced
into a linear peptide.

The synthesis of the building block8 and49 (the Nu-FMOC protected forms of4 and

45) that were used for the solid phase synthesis is shown in figure 4.2. Anthranilic acid
46 is first N-Boc protected. The acid group4ifis then activated as a pentafluorophenyl
ester and coupled via an amide bond toethenino group of M-FMOC protected lysine.

The quencher building blockO was obtained in one step from nitrotyrosine using

FMOC-CI.
O O._OH
O /\/\I
OH
oH a b ¢ N NHFmoc
T NH N NH
NH; A By
O OBoc O~ OBoc
46 47 48
o O
OH d OH
NHFM
o NH; "o oc
NOz 49 N2 50

Figure 4.2.: synthesis of the building bloek&and 50

In figure 4.3. the general structure of libra¥¥ is shown. As solid phase resin we chose

amino functionalized TentaGel since it swells in wéter.



Edman degradation is ruled out for the analysis of peptides on fluorescing beads, since
the sequences of interest are not present anymore at the time of selection. Therefore
chemical tags were used for encoding of the library (chaptef?2.2).

ROHN

w0 y O R0 H o 9 = H
N N\XJ\ )\(N\HJ\ N - N
v e T G dih SRR

(0] o 3
RY: tag / Ac
1-3. o . : 43
O,N OH R~"°: aminoacid sidechains
O = Tenta Gel HN
(0]
NH-

Figure 4.3.: General structure of the fluorophore quencher libdByAAl - AA3 =
Gly, L-Ala, D-Ala, L-Leu, D-Leu, L-Val, D-Val, L-Pro, D-Pro, L-Phe, D-Phe, L-Ser, D-
Ser, L-Thr, D-Thr, L-Asn, D-Asn, L-GIn, D-GIn, L-His, D-His, L-Asp, D-Asp, L-Glu, D-
Glu, L-Lys, D-Lys, L-Arg, D-Arg, L-Cys, D-Cys)

As attachment site for the tags we could not use the peptide backbone because this would
have resulted in capping of a few percent of the peptides on each bead and therebye have
lead to ineffective quenching. Furthermore cleavage of the peptide would also result in
loss of the tags. As alternative attachment sites for the tags, we therefore coupled three
side-chain Alloc- protected lysines to the bead before the fluorophore was coupled. The

entire library synthesis was performed using the standard FMOC protocol. Following the
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fluorophore building blocld8, a glycine moiety was coupled as a spacer. Starting from

precursoibl, we synthesised a library of combinatorially varied tripeptides.

BocHN AllocHN AllocHN
- O ’
. |H  2x(ba) y | N
HoN 2x (a, b) .| d c N x (b, N N
N
O ™ Fmoc N/W O » Fmoc Nﬁ \O — FmocHN/\( Hq \O
a H H O
o o (¢] 3
3 3
51
. . HN
coupling conditions:
a: FMOC-Aminoacid-OH, DIC, HOBt, DCM o
b: F’|per|d|ne, DMF"(l:A) _ NHBoc
c:i): TFA, CHoCly. ii): allylchloroformiate, NEt3

ROHN

—
3

o9 TR A T Ho 9 = H
N N N N > N
e N \')J\ N/‘\( \')J\ N N/\
\fo]/ % H/\o( ra H o] R? H/\o( H C‘> O
O,N  OH

43 HN
(6]
R tag / Ac
RY-3: aminoacid sidechains NH

Figure 4.4.: Synthesis of the fluorophore-quencher librd8y

For each of the three varied positions, 31 different FMOC-protectaddL-aminoacids
were used. This leads to a combinatorial variety of maximafy22I791 peptides.
All proteinogenic aminoacids except for methionine, isoleucine, tyrosine and
tryptophane were included in the library. Before quencher building Blogkas coupled,

another glycine spacer was introduced. The quencher was then acetylated as well as the
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remaining amino groups of the tag-carrying lysines. Finally all of the sidechain protecting

groups were cleaved with TFA to complete librdBy

4. 2. Sequence selectivity of peptide damage under Fenton conditions

To test the sequence selectivity of peptide cvleavage under Fenton conditions we treated
the fluorophore quencher librad8 with iron(lll), ascorbic acid and hydrogen peroxide.
Complexing of the library with Fe¢[0.3M) followed by washing with }© (5x) and
treatment with ascorbic acid (0.05M) and hydrogen peroxide (0.5M) resulted, after

guenching of the reaction by washing with water after 20 minutes, in several fluorescing

beads (Figure 4.5.).

a b

Figure 4.5.: a: iron treated library after addition of ascorbic acid (0.05 M) and
hydrogen peroxide (0.5 M) b: library without treatment

The reaction was then performed in different buffer systems. In table 1, the applied

reaction conditions are summarised together with the resulting contrast observed between

fluorescing and non fluorescing beads. As shown in table 4.1., the observed effect is
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highly pH dependent. At pH 5 or below, the contrast between fluorescing and non
fluorescing beads is biggest, while at higher pH's the effect becomes smaller until at pH >

6 almost no fluorescence is observed.

Table 4.1.: Effect of the pH / buffer system on the damage caused by the Fenton reaction.

Buffer pH Contrast
no buffel! 3.0 High

no buffer with 2@l HCI (1M) 4.5 High
acetate 5.0 High
MES 5.0 High
MES 59 Small
no buffer 6.0 Very small
HEPES 7.0 Very small
Tris 7.3 Very small
Tris 8.5 Very small

Procedure: Library beads were equilibrated with 0.3M Fe@lution and washed five times with water.
Then 65@l water was added followed by a solution of sodium ascorbate (0.1M) jr 608 specified

buffer and 100l of 1M hydrogen peroxide. After 20 minutes, the reaction was quenched by washing with
water. [a]: Ascorbic acid was used instead of sodium ascorbate.

Control experiments showed that all three components are required to observe fluorescent
beads (table 4.2.). When either the ascorbate or the hydrogen peroxide is left out, no
fluorecent beads are observed. The same is the case for library beads that are treated by
ascorbate and hydrogen peroxide without previous equilibration with iron(lll). No

selectivity is observed when the beads are not washed after the equilibration with iron.
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Table 4.2.: Control experiments

Ascorbic Acid (0.05M)| Hydrogen Peroxide (0.5M) Iron(lll) Fluorescing bead
YES YES YES YES
YES YES NO NO
YES NO YES NO
NO YES YES NO

s?

Analysis of the sequences of 70 of the brightest fluorescing beads (table 4.3.) revealed
that almost all of the peptides on the selected beads contain two acidic amino acids
(glutamic acid and ascorbic acid). In 80% of the cases, the two acidic amino acids are in
successive positions, while in about 15% of the sequences, they are separated by another

random amino-acid.

Table 4.3.: Sequences on fluorescing beads (X = random amino acid)

AA3 AA2 AAl Freq. Found
L/D-Asp/Glu L/D-Asp/Glu X 34 %
X L/D-Asp/Glu L/D-Asp/Glu 47 %
L/D-Asp/Glu X L/D-Asp/Glu 13 %

In order to explain these observations we hypothesised the following:

Peptides with two subsequent acidic amino acids are able to coordinate to iron as a
chelate complex. Thus, after washing the iron treated beads with water the iron

concentration on those peptides will be considerably higher than on peptides without this

motif. By the following addition of ascorbate and hydrogen peroxide, radicals are
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generated near these peptides. Therefore the extent of cleavage of these acid-rich peptides
should be higher.

In order to test this hypothesis, we first studied the complexation behaviour of model
peptides containing two subsequent acidic amino acids. These experiments are described
in chapter 3.3. while in chapter 3.4. quantitative studies on the cleavage selectivity are

presented.
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4. 3. Iron complexation of peptides with two consequent acidic amino acids

To study the complex stability of peptides containing two subsequent acidic amino acids

with iron we performed experiments on solid phase and in solution.

4. 3. 1. Experiments on the solid phase

First we performed a complexation experiment with libréBy The library beads were
equilibrated with a 0.3 M iron(lll)chloride solution and then washed five times with

water. To visualise the iron on the beads we then added a 1M KSCN solution to the

beads.

©)
3SCN~ + Fe?t >  Fe(SCN); (red)

Figure 4.7.: Formation of the red iron rhodanide complex

Thiocyanate anions form red B£{N), complexes with iron which was observed on
about 5 - 10 % of the beads (figure 4.8.). Analysis of the peptides on these red beads
revealed similar sequences (two subsequent acidic amino acids in most cases) as for the
fluorescing beads.

To quantify the complex stability we analysed how much Feamained on the beads

after complexation with iron. We thus synthesised two sequences on TentaGel following
a hexanoic acid spacer. In addition to IAGlu-L-Glu 52 the negative control Ac-Gly-

Gly 53 was synthesised.
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Figure 4.8.: library43 after treatment with iron(lll), washing with water and addition of

KSCN.

Both of these immobilised peptides were treated with a 0.3 M iron (lII) solution. The
beads were then washed five times with water. The complex between the iron and the
peptide was broken by washing five times with 0.1 M HCI. The iron in the collected
acidic washing phases was then quantified by adding KSCN (1M) and measuring the UV
absorbtion of the red iron rhodanide complex at 480 nm. This allowed a estimation of the
iron content (table 4.4.).

In the case of the negative control pep&3econly about 7% of iron was found compared

to the loading of the beads. On the other hand A&u-L-Glu 53 complexed iron to an

approximately equimolar extent.

Table 4.4.: Iron complexed by the pepti@@sand 53 by treating with excess iron and
washing with water. The values are given in % relative to the amount of peptides.

Ac-L-Glu-L-Glu 52 Ac-Gly-Gly 53

105 (+ 5) % 7(x5) %
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Thus, a clear difference was found between the peptide containing two acidic amino
acids and the negative control.

To get an idea about the dimension of the complexation constant we equilibrated resins
52 and53 with an equimolar amount of a 0.6 mM iron(lll)chloride solution at pH 5 using
acetate buffer. After 30 hours of equilibration time, the iron remaining in solution was
measured as well as the iron on the bead (after washing with HCI).

From this data, the complex stability constant was calculated by:

[complex]
K =

[peptide][iron]
where [iron] is the iron concentration measured in solution after equilibration and
[complex] is the concentration of the iron washed from the bead with HCIl. The
concentration of the free peptide [peptide] is given by: [pefitideomplex] where
[peptid€] is calculated from the weighed sample of resin. We found a value in the range
of 3x1C for the Glu-Glu peptid®2 while the complex stability constant of the negative
control53was about two orders of magnitude smaller.
Table 4.5.: K values fds2 and 53 obtained by equilibration experiments on solid phase

(30 h equilibration of resin bound peptide with 1 eq iron(lll)chloride (0.6 mM) in 0.5 M
acetate buffer pH 5. Values averaged over three experiments).

Complex stability constant®

52 (L-Glu-L-Glu) 2900 (+/- 300)

53 (Gly-Gly) 55 (+/- 30)

[a] complex concentrtion and free iron concentration were obtained by measuring the iron concentrations
in solution and on the bead after equilibration (30 h).
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These results give us an idea about the dimension of the stability of the iron peptide
complex. The values are however not absolute since in the calculation no interference
from the buffer or the resin has been considered. Therefore these values can only be
compared when obtained under exactly the same conditions. A more accurate way to
determine the complex stability would be a pH-titration of the peptide in solution in the

presence of iron.

4. 3. 2. Complexation experiments in solution

For solution phase complexation experiments we synthesised peptid&he--Glu-
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Figure 4.10.: Peptid®4 synthesised for solution phase studies of the iron complexation

By titration of 54 (2mM) with NaOH first in the absence of iron the pkalues were

determined to be 3.95